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In this thesis, I will describe the polarization properties of two sep-

arate but similar optical systems. I will begin by showing anisotropy in a

dielectric photonic crystal slab patterned with a periodic circular hole array.

This anisotropy can be utilized in manipulating the gain properties of surface

emitting photonic crystal lasers. I will then describe a metallic, planar meta-

material patterned similarly with a 2d periodic array of holes. The enhanced

optical transmission of this system is demonstrated computationally and ex-

perimentally, with a good agreement between the two. I will also demonstrate

polarization rotation in this array. The effect is shown to minimize the back-

ground contribution to the transmission resulting in the narrowing of the line

width and improvement between on and off resonance contrast. I then provide

a theory behind the polarization rotation in transmission through a metama-

terial based upon a Jones matrix formulation, which is dependent only upon

the existence of separate s and p resonances in a photonic system.
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Chapter 1

Introduction

Nature has done well in providing materials with unique optical prop-

erties. From the birefringence of calcite to the natural iridescence in opal

crystals, there is no shortage of interesting optical materials. From an engi-

neering standpoint, however, natural systems typically have the shortcoming

of possessing their unique characteristics for only certain parameters or for

small subsets of the broader electromagnetic spectrum. To answer this prob-

lem, the fields of Photonic Crystals[18, 46] (PCs) and metamaterials[10, 36]

(MMs) have grown in the past two decades, seeking to engineer materials with

artificially created optical properties.

Both photonic crystals and metamaterials rely upon the periodic vari-

ation of one or more material parameter, usually dielectric permittivity or

conductivity. The difference between the two is that metamaterial research

focuses on using such systems to create a collective, bulk material behavior.

Usually the features are very subwavelength [14, 27], so that as far as the inci-

dent light is concerned, the material is a homogeneous material with a tailored

ε, µ [13]. Metamaterials have been used in perfect absorbers [21], biosensing

[4] and so on.
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Photonic crystals on the other hand, are usually scaled on the order

of the wavelength. Photonic crystals utilize their periodicity to introduce a

photonic band gap, analogous to the electronic band gap that semiconductors

possess as a result of crystal periodicity [34]. This photonic band gap results in

part from the near fields effects of the neighboring cells, allowing their effects

to occur with just a few periods of variation. Optical fibers [30] utilize this

fact by surrounding the fiber core with a photonic crystal consisting of three

to six layers of high dielectric contrast fibers. The photonic band gap that

these inclusions provide work to confine the beam to within the optical fiber.

Other applications of photonic crystals include surface emitting photonic crys-

tal lasers (SEPCL) [1, 5, 15], photonic crystal mirrors [26], and novel antenna

designs [44].

The imposition of a periodic system in both metamaterials or photonic

crystals leads to a bulk effect due to the collective behavior of the inclusions.

Part of this collective behavior is in diffraction channels[10, 18] for wavelengths

close to the periodicity, but for wavelengths far from the periodicity the bulk

behavior is a result of the interaction of surface waves. Surface waves are

the channel that allow neighbors to interact in optical materials: for example

leaky and guided modes in photonic crystals [32, 34]; and surface plasmons

polaritons[41], spoof surface plasmons [29] and surface phonon polaritons [4]

in metamaterials. The collective behavior of these modes primarily leads to

resonant contributions on top of the underlying background that the bulk

constituent materials provides. These resonant states typically have a Fano
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profile [7, 12, 14, 20] in the response, and lead to optical effects such as enhanced

optical transmission[8] or enhanced absorption[21].

These optical responses from a periodic material depends greatly on

the polarization of the excitation. Polarization is a inherent property of light

that can be quite useful depending upon the intended application, such as

polarizing beam splitters[20] and high resolution sensors [40]. Affecting the

polarization of the outgoing wave usually requires nonlinear materials[23] or

magneto-optics [16]. Even for linear materials, a form birefringence in the

periodic inclusion can bring about an effect upon the polarization [20, 25, 35].

However, symmetric apertures can demonstrate polarization conversion for

oblique incidence. When there is a linear excitation of a two dimensional pho-

tonic system at an arbitrary polarization angle, up to two orthogonal Fano

modes are excited in the crystal along the periodic axes of the film. These

modes combine to form responses that are parallel and perpendicular to the

incident excitation. Observation of this effect has been seen in the SPP ex-

citation of a one dimensional grating [3], and in the excitation of dielectric

photonic crystals [20] and two dimensional metallic gratings [40, 41].

Simulations of these photonic systems can provide information regard-

ing these Fano resonances. Eigenvalue analysis of the fundamental wave

equations in these optical systems provide not only dispersion curves in fre-

quency/wavenumber space that predict the resonance poles in the Fano lan-

guage, but also their field profiles, symmetries and properties which illuminate

the polarization necessary for the mode’s excitation. These simulations pre-
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dict and describe the full set of orthogonal modes which combine to provide

the polarization rotation effect in the region of interest. Such a treatment can

also be applied to other photonic systems in which the Fano language applies.

These include scatterers of different shapes [9, 39], complementary structures

[7, 22], introduction of exotic materials [16, 23], and so forth.

This thesis will investigate the optical polarization properties of two

systems. Both rely upon the simple structure of a two dimensional, square ar-

ray of circular holes. In chapter 2, the polarization effects of a dielectric, pho-

tonic crystal system will be explored along with the description of anisotropy

of the group velocity of modes. Enhanced optical transmission for a metallic

metamaterial will be demonstrated in chapter 3, where a connection between

simulation and experiment will be demonstrated. Chapter 4 will describe the

polarization rotation effect of the same metallic metamaterial. Both of these

systems exhibit strong polarization effects that arise from the inclusion of a

relatively simple periodic pattern.
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Chapter 2

Anisotropy and Birefringence in a 2d, Planar

Photonic Crystal

2.1 Introduction

Ever since their introduction, photonic crystals rest at the center of

a great amount of study [18, 34, 38], due in no small part to the effects of

their material periodicity on the behavior of light. This periodicity imposes

symmetry to the crystal’s material parameters, which in turn require the fields

of the photonic crystal modes to possess the same symmetries. Through the

symmetries of the photonic crystal modes, many of the unique features of the

photonic crystal system can be predicted and computationally demonstrated.

To begin, such modal symmetry determines the ability for incident

radiation to couple to PC modes. If the symmetry of the mode does not

match the incident radiation, then it is described as an uncoupled mode. This

behavior has been previously shown for two dimensional photonic crystals

(2dPCs) [34], two dimensional PC slabs (2dPCSs) [32] and in a fcc crystal [33].

Of particular note is a switching phenomenon in many modes of the 2dPC;

along the two principal axes, modes that couple to s–polarized planes waves

along one axis will couple to p along the other axis, providing an anisotropic

5



behavior with respect to the angle of the crystal’s in–plane orientation. This

behavior has been found in simulation of reflections off of a PCS mirror [26].

In addition to interaction with external sources, the mode’s angular

frequency also demonstrates anisotropies. Analogous to semiconductors, ma-

terial periodicity allows the application of Bloch’s theorem in solving Maxwell’s

equations within the photonic crystal [18]. This application provides the dis-

persion relationship between ω and the Bloch wave vector k within a finite

region of the wave space known as the Brillouin zone (BZ). At the center of

this region is the Γ point (k = 0), a point where the group velocity for PC

modes is zero. This property has been utilized in applications that include

antenna design [44], optical fibers [30] and surface emitting photonic crystal

lasers (SEPCL)[1, 5, 15].

The angular frequency ω, on which the group velocity is determined, is

typically circular with respect to the Bloch wave vector within 2dPCs. This

follows from the fact that for an analytic function ω (k), as k → 0, ω2 ≈

ω2
0 +Cδnmknkm. This circular shape within the equal frequency surface (EFS)

described by ω (k) ensures, in part, that the directions of the group velocity

and wave vector are (anti–)parallel, as well as allowing the properties of the PC

to remain isotropic with respect to azimuthal orientation (where the azimuthal

angle ϕ = arctan (ky/kx)).

However, the symmetry of the guided resonance modes close to the

Γ point (GP) can enable the angular frequency to become non-analytic with

respect to the Bloch wave vector, leading to non-circular, and sometimes hy-
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perbolic, equal frequency surfaces. Such non-analyticity arises from from a per-

turbation approach to Maxwell’s equations for k → 0, leading to anisotropic

behavior in ω (k) for those modes that are degenerate at the Γ point[43]. It

was even shown that extreme anisotropy can occur, where the EFS’s become

hyperbolic in shape, with two regions with differing signs of vg · k separated

by separatrices at ω (k) = ωΓ.

This unique topology of the anisotropic dispersion relationships leads to

unique effects on the group velocity and photonic density of states for the PC.

Such behavior can be exploited in systems reliant on these parameters, includ-

ing the use of PCs as the resonator component of surface emitting lasers [31].

These systems, made with gain medium based on a quantum cascade laser,

utilize a PC structure etched onto or within the active gain medium [9–11].

By utilizing the anisotropic behavior of the crystal, there is an introduction of

a in-plan wave vector dependence within the laser gain.

In this chapter, I will confirm the presence of anisotropic behavior,

including an extremely anisotropic mode with hyperbolic EFS. In addition, by

modelling the crystal with an active gain medium, I will demonstrate similar

anisotropic behavior in the optical gain of the crystal, with the extremely

anisotropic mode possessing regions where the lasing condition is not met.

My results have been obtained utilizing Comsol [6] finite-element methods to

solve Maxwell’s equations.
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2.2 Simulation and Theory

My models of photonic crystal structures are computed utilizing Com-

sol’s finite element method software [6], applied to the wave equations

∇×
(
ε−1
r ∇×H

)
=
ω2

c2
H, (2.1)

ε−1
r ∇× (∇× E) =

ω2

c2
E. (2.2)

The crystal is modelled with a radius of r = .2a, thickness t = .5a and εr =

12. The region of interest within the ω − k space lies above the light cone

(ω > |k| = c ·
√
k2x + k2y). Within this region, the modes of the PCS are leaky;

ω is a complex value representing not only the mode, but also describing a loss

rate of mode energy into the surround medium. In order to model an open

system with respect to the z-direction, Perfectly Match Layers (PMLs) were

implemented, artificial sub-domains that possesses absorbing εPML and µPML

[17]. These domains do produce additional, artificial eigenmodes, but these

”PML” modes are easily filtered via fundamental differences in the distribution

of modal energy [37].

To determine the properties of the PC modes, it is important to be

able to characterize the symmetry of the mode. For the 2dPC, the choice of

field was made easy via the separation into TE (Hz) and TM (Ez) modes.

Guided resonance modes within the 2dPC slab, however, are a mixture of

TE and TM, possessing full field profiles. In order to characterize the modes,

they are classified in two ways. However, the symmetries along the Brillouin

zone boundary provide for the symmetry properties of all the fields to be
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determined from just one field. Considering the y mirror symmetry (σy) along

the Γ−X (≡ k = (π/a, 0)) BZ edge, where a is the lattice period, for a non–

trivial field ψ(r)

σyψ(r) = ψ(σ−1
y r) = χσy(ψ) · ψ(r), (2.3)

where χσy = ±1. Applying the divergence conditions of Maxwell’s equations,

along with the identity χσi
(∂jψ) ≡ (−1)δij χσi

(ψ), we arrive at

for (i, j, k) = permutation of (x, y, z)

χσi
(Ei) = χσi

(Hj,k) ,

= −1 ∗ χσi
(Hi) ,

= −1 ∗ χσi
(Ej,k) . (2.4)

Figure 2.1: These are the fields for the lower TM doublet at the Γ point
(k = 0). Note that for each mirror plane, equation (2.4) describes the inter–
field relationships. Crystal parameters: radius = .2a, film thickness = .5a,
εr = 12.

As a result, the symmetries of all of the fields with respect to the mirror

planes can be determined from the mirror symmetries of a single field. In this

9



chapter, modes will be characterized by the z component of both fields. Modes

are also characterized as being TE or TM, taking such classification from the

originating dielectric slab mode (determined by taking the radius r → 0).

Figure 2.1 shows the fields of one of the TM doublet modes.

Figure 2.2: The Brillouin zone for the 2dPC and the 2dPC slab. Along the
edges, modes possess symmetries with respect to lateral mirror planes. Insets
showHz for the lower TM singlet mode at wave vectors along the BZ boundary
(at the air-slab interface). Note how along either edges, Hz maintains the same
mirror symmetry as the GP, with respect to the k− z plane.

Along the boundary of the Brillouin zone (pictured in figure 2.2), the

symmetry of the dielectric function permits the reduction of the number of

symmetric modes into an irreducible set, known as point groups. For the

2dPCs, the Γ point (and the M point, k = (π/a, π/a)) possess the point group

D4h [34], containing 5 irreducible representations (irr–reps) at the two possible

σz symmetry values; four singlet modes labeled A1, A2, B1 & B2 and a doublet

mode labeled E, all of which possessing either a subscript g (gerade, meaning

10



even) or a subscript u (ungerade).

D4h E 2C4 C2 2C ′
2 2C ′′

2 I 2S4 σz σd′,d′′ σx,y
A1g 1 1 1 1 1 1 1 1 1 1
A2g 1 1 1 -1 -1 1 1 1 -1 -1
B1g 1 -1 1 1 -1 1 -1 1 1 -1
B2g 1 -1 1 -1 1 1 -1 1 -1 1
Eg 2 0 2 0 0 2 0 -2 0 0
A1u 1 1 1 1 1 -1 -1 -1 -1 -1
A2u 1 1 1 -1 -1 -1 -1 -1 1 1
B1u 1 -1 1 1 -1 -1 1 -1 -1 1
B2u 1 -1 1 -1 1 -1 1 -1 1 -1
Eu 2 0 2 0 0 -2 0 2 0 0

Table 2.1: Point group characters tables for group D4h [28]

C2v E C2 σi σz
A1 1 1 1 1
A2 1 1 -1 -1
B1 1 -1 1 -1
B2 1 -1 -1 1

Table 2.2: Point group C2v [28]

When the mode possess a lateral wave vector along either the Γ−X or

Γ−M edges, it is described by a representation of the C2v point group. This

group of lower symmetry is characterized by two mirror planes; in this case

they are σz and σx (σ(x,y)) for the Γ −X (Γ −M) edge. These point groups

are characterized in tables 2.1 and 2.2 [28]. In addition, table 2.3 describes the

compatibility relationships between these two point groups; in other terms,

which representation of C2v that a mode described by a representation of D4h

falls into is tabulated in table [28]. An example of these relationships is shown

in figure 2.2.
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D4h C2v ΓX C2v ΓM D4h C2v ΓX C2v ΓM
A1g A1 A1 A1u A2 A2

A2g A2 A2 A2u A1 A1

B1g A1 A2 B1u A2 A1

B2g A2 A1 B2u A1 A2

Eg B1 +B2 B1 +B2 Eu B1 +B2 B1 +B2

Table 2.3: Compatibility relationships between D4h and C2v [28]

2.3 Anisotropies of the PC Modes

It is from table 2.3 that the ability for incident radiation to couple to a

PC mode can be predicted. Radiation that is planar possesses definite mirror

symmetries. Specifically, for s polarized light, Ey, Hx & Hz are even with

respect to in–plane mirror symmetries (and for p, swap E ↔ H). Equation

(2.4) then requires that a mode be characterized by

(Ez, Hz) ≡ (A2, A1) or (Ez, Hz) ≡ (B2, B1) (2.5)

in order for s to be able to couple to it (for the p case, 1 ↔ 2).

Figure 2.3 shows the band diagram for the 2dPCS, with each mode’s

irr–rep tabulated in table 2.4. The lower 4 bands correspond to the lowest even

TE slab mode while the upper 4 correspond to the lowest even TM slab mode.

Examination of the polarization of the external radiation far from the slab,

the bands are labelled as either p (solid) or s (dashed) coupled. Comparison

of the symmetry of the fields with the compatibility relations in table 2.3 and

equation (2.5) shows that the computational results are as predicted.

Broadening the domain within the BZ, figure 2.3 shows the equal fre-

quency surfaces of the TM Modes. The size of the surface is only taken to be
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Figure 2.3: Band diagram of leaky resonance modes in a dielectric slab. The
lower 4 bands (blue) correspond to the lowest TE mode of a uniform slab, while
the upper four (red) correspond to the lowest TM mode. The shaded regions
represent the location of the guided resonance modes which cannot be excited
by direct illumination. Polarization of the leaking radiation, determined by
the leaked radiation far from the crystal (insets), is shown by line style (solid
≡ p, dotted ≡ s).

within |k| ≤ π/6, since outside of this magnitude, all of the modes effectively

become anisotropic to some degree. However, it is readily seen that the sin-

glet modes become isotropic close to the GP, maintaining a circular EFS. In

contrast, the doublet modes maintain their anisotropies close to the GP, with

the lower TM doublet exhibiting the afore mentioned, extreme anisotropy.

Stepping back to the perturbative approach in previous works [42, 43],

one of the predictive results that was derived for an indicator of anisotropy

13



TE Ez Hz TM Ez Hz

Singlet1 A1u A1g S1 B1g B1u

S2 B1u B1g D1 Eyg Exu

Doublet1 Eyu Exg D2 Exg Eyu

D2 Exu Eyg S2 A1g A1u

Table 2.4: Irreducible representations of the first eight guided resonance modes
at the Γ point (D4h point group).

Figure 2.4: Equal Frequency Surfaces ((ω − ωΓ) /ωΓ) for the TM PC modes.
Note how close to the Γ point, the singlet modes (right) are roughly isotropic,
while the double modes are anisotropic, even as k → 0. The lower TM Doublet
mode displays extreme anisotropy, possessing a hyperbolic shape all the way
to the GP.

required that the two ”nearest neighbor” modes to the doublet consist of

an A,B singlet pair. Despite the addition of the z mirror plane, the TM

14



doublet provides support to the applicability of such an indicator. While not

achieving extreme anisotropy, the TE doublet also displayed anisotropic EFSs.

Maintaining that χσz should match in the ”nearest neighbor” approach, the

TE doublet also supports such an indicator. While evidence strongly suggests

that this indicator predicts anisotropy, the additional mirror symmetry may

permit anisotropic behavior without an A,B singlet pair.

An immediate application for anisotropy of the EFS explored is the

application to surface emitting, PC lasers (SEPCL). The construction of a

SEPCL consists of either applying a metallic PC to the boundary of the active

medium, utilizing boundary effects and diffracted orders to achieve resonant

confinement; or etching the PC structure directly into the active medium, thus

building the resonant structure directly within the material.

The model for the material gain of the active medium is modelled sim-

ply by the dielectric function εactive = εr − i · γ, where γ effectively collecting

all of the behavior into one parameter [33, 47]. In prior work, a hexagonal,

2d photonic crystal was implemented with a two-dimensional active medium

[31]. The group velocity anomaly at the band edge was utilized to enhance

the overall gain; and the group velocity’s angular dependence even lead to an

anisotropic shape to the gain curve, close to the band edge. Their measured

group velocity dependences lends credence to the utilization of my extremely

anisotropic system.

To model a quantum cascade system, the gain is only defined in the
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Figure 2.5: Plots of ImωActive/Reω for the TM doublet in an active medium,
with ε = 12 − i · .1. The plot is for the extremely anisotropic, lower TM
doublet. Of note is the clover region with Im [ν] < 0. For wave vectors within
∼ π/12, lasing becomes a function of the lateral wave vector.

direction of the thickness, given by

εactive = εr · I3 − γi ·

 0 0 0
0 0 0
0 0 1

 ,

=

 12 0 0
0 12 0
0 0 12− .1i

 . (2.6)

This description models the one dimensional gain characteristic of a quan-

tum cascade system, with a realistic value for the gain. Defining an effective
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frequency as

ν = 2
Re [ω0]− ω

Re [ω0]
,

= 2
∆λ

λ0
− i

2Im [ω]

Re [ω0]
, (2.7)

then the system will achieve population inversion and lase for Im [ν] ≥ 0 [45].

Utilizing the same eigenvalue solver for an ε in eq. 2.6, the computed ratio of

imaginary to real part of the effective frequency of the TM doublet is shown

in figure 2.5. For both doublet modes, the gain is noticeably anisotropic with

respect to the wave vector. For the extremely anisotropic mode, the gain is

not only anisotropic, but for |k| < π/12, the material switches from lasing

along the Γ −M edge to absorption along the Γ − X edge. Decreasing the

value of γ increases the size of the clover, but it remains that the Γ−M edge

begins lasing at smaller k.
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Chapter 3

Enhanced Optical Transmission in a 2d,

Planar Metamaterial

3.1 Introduction

This chapter begins with section 3.2 where I will describe the computa-

tional model that I use to derive the frequency relationships and transmission

properties of the metamaterial. I will then proceed to section 3.3, where I will

describe the experimental setup and show the results that were generated by

my colleagues. They will be compared with simulation, showing a good agree-

ment between model and the real world metamaterial. The section ends with

the demonstration of the dampening of the surface modes and the removal of

enhanced optical transmission as a result of SPP dampening. The dampen-

ing is posited to be a result of surface roughness, and a theoretical model to

demonstrate this effect is performed in simulation.

3.2 Numerical Simulations

The unit cell of the model system is shown in figure 3.1. The metal-

lic film possesses a square lattice periodicity of a = 6µm, hole radius of

r = a/4 = 1.5µm and thickness t = 80nm. The film is modeled as a perfect
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Figure 3.1: The model system for the results in this article. The metallic film
has a thickness of t = 80nm, and sits upon a silicon substrate ε = 12. The
film is perforated by a square array of holes, radius r = 1.5µm with a lattice
period of a = 6µm.

Figure 3.2: Computational model. The film (gold) lies between a silicon do-
main (green) and vacuum domain (clear). Both domains are truncated by
PMLs (striped).

electric conductor upon a semi-infinite silicon (ε = 12) substrate. Simulations

of this structure are performed using the finite element method. The simula-

tion model is shown in figure 3.2, with the film is centered between vacuum

and silicon domains truncated by PMLs[37].

Eigenvalue simulations of the model system provide the resonance po-
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sitions and radiative losses of the resonant modes of the metallic aperture array.

The band structure for the first four modes, between the Γ
(
k|| = ⟨0, 0⟩ · π/a = ⟨0, 0⟩ b

)
and X

(
k|| = ⟨1, 0⟩ b

)
points, is shown in figure 3.3. Based upon the polariza-

tion of the far-field radiation, the first, third and fourth modes should couple

to p polarized light (H parallel to substrate) while the second band will couple

to s polarized light (E parallel to substrate).

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
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Figure 3.3: The first four eigenmodes of the metallic film array between the ΓP
and XP . Air side polarization is indicated by color and linestyle. Increasing in
frequency, the modes correspond to the degenerate dipole E, the quadrapole
B1 and the monopole A1.

The four modes shown are linked the Irreducible Representations (IRs)

at the four Γ(2) points ((±2, 0) b, (0,±2) b). Their symmetries correspond to

the A1, B1 and the degenerate E IRs of the C4v point group[34]. These IRs
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Figure 3.4: The basis functions for the four irreducible representations at the
Γ(2) points. The degenerate dipole is represented by sin(kxx),sin(kyy) while
the monopole and quadrapole are given by cos (kxx)± cos (kyy).

are shown in figure 3.4 and can be functionally described as,

FA1 = cos (kxx) + cos (kyy)

FB1 = cos (kxx)− cos (kyy)

FEx = sin (kxx)

FEy = sin (kyy)

(3.1)

Figure 3.5 shows the electric fields at the silicon-film interface and 1.5µm into

the silicon substrate. The correspondence between the eigenmodes and the

basis functions from group theory can be readily seen. The IRs also provide

compatibility relations between the C4v point group at the ΓP and the reduced

symmetry of the C1h point group along the Γ−X edge of the Brillouin zone.

These relations link the A1, B1 and one of the E IRs to the A IR of C1h (which
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is equivalent to requiring p polarized light) while the second E mode correlates

to the B IR of C1h (equivalent to s). These predictions are also confirmed by

our eigenvalue simulations.

Figure 3.5: The Ez fields of the four Γ(2) modes in figure 3.3. The slices are
taken at the film/Si interface (left), and a/4 = 1.5µm into the silicon.

3.3 Transmission Results

In addition to the eigenvalue analysis, COMSOL allows for simulating

a driven setup. Simulations of this kind allow for the extraction of the trans-

missive properties of the metamaterial. A plane close to the air side PML in

figure 3.2 is given the appropriate boundary conditions to excite an incident

plane wave with a given frequency, polarization and propagation direction.

This incident wave then interacts with the material much the same way that

a laser would interact with the physical sample. By measuring the fields at

various points in the simulation domain, one can extract the reflective and

transmissive properties of the structure, simulating how the structure should
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behave in the laboratory.

For the metamaterial structure described in this chapter, transmission

was computed for incidence angles up to 55◦. Both polarizations, s (E parallel

to surface) and p (H parallel to surface) were simulated. The transmission

results of the simulation are shown on the right hand sides of figures 3.6 and 3.7.

On the left hand side are experimental results. The experimental structure [24]

is nearly identical to the simulated structure, but uses real silver as opposed

to a perfectly conductive surface.

Figure 3.6: Transmission (color) for the hole array shown in figure 3.1. Wave-
length (horizontal) and incidence angle (vertical) are the independent vari-
ables. Experimental results (left) are compared to simulations (right) for p
polarization.

In the center of the figures 3.6 and 3.7 three of the four modes described

in section 3.2 can be clearly seen, while the fourth mode gives the transmission

more of a kink. In figure 3.6, one of the dipoles increases in wavelength with

incidence angle, while the monopole decreased in wavelength. Apparent in

the color along a nearly constant curve close to 20.8µm is a plateau along

the vertical, showing the very weak affect of the quadrapole mode on the
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Figure 3.7: Transmission (color) for the hole array shown in figure 3.1. Wave-
length (horizontal) and incidence angle (vertical) are the independent vari-
ables. Experimental results (left) are compared to simulations (right) for s
polarization.

transmission. The other dipole mode follows a similar path with much more

intensity in figure 3.7.

Enhance optical transmission is reliant upon surface waves in order to

couple adjacent cells in exciting the collective behavior of the metamaterial [8].

In the case of metallic films, these surface waves are surface plasmon polaritons.

In my simulation, the surface waves are called spoof surface plasmons [7].

To better understand the effect of the metallic film in the enhanced optical

transmission, Professor Ken Shih created two samples, one with a single crystal

structure and one with a polycrystalline structure [24]. The two samples are

shown in figure 3.8 for the far–infrared. Aside from a small overall reduction in

power, there is little change for the resonances as described above. However,

the effect of the crystal structure in the mid–infrared is apparent in figure 3.9,

where the wavelength range is centered on the air side plasmon starting at 6µm

and following to 10µm at 45◦. The features of note are the overall reduction
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of transmission power, and the broadening and flattening of the resonance

feature.

Figure 3.8: Experimental transmission (color) for the hole array shown in figure
3.1. Left is for the single crystal silver and right is for the polycrystalline silver.
Except for an small reduction of power, there is little change. Incidence is p
polarized.

Figure 3.9: Experimental transmission (color) for the hole array shown in figure
3.1. Left is for the single crystal silver and right is for the polycrystalline silver.
The primary feature is the air plasmon which starts at 6µm and proceeds to
10µm at 45◦ incidence. Incidence is p polarized.

Polycrystalline metals are divided into grains where the crystal orien-
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tation within that grain is constant, but adjacent grains are not oriented in

the same direction. As a result, the bulk behavior is similar to a single crys-

tal metal, more importantly, however, is the surface roughness that is on the

order of the grain size. The silver–silicon surface remains smooth as a result

of the deposition, but the air surface is rougher in the polycrystalline case.

This surface roughness will reduce the distance the surface plasmons travel,

and will reduce the enhanced transmission effect.

In order to simulate the effect of the surface roughness on the surface

modes in simulation, a lossy dielectric is placed on the surface with a diagonal

dielectric tensor given by εxx = εyy = 1, εzz = 1− jγ, where γ is an adjustable

loss factor. The physical justification is as such: the surface modes on the air–

silver surface have an electric field that is predominantly in the z-direction. By

introducing a small loss factor to εzz, then the surface modes will get damped

while the incident and reflected planar radiation will remain unaffected (for

small incidence angle). A simple expression for the wavenumber of the surface

wave can be derived, where εm is the permittivity of the metal:

kspp =

√
εm (ε3zz − εxxεzzεm)

(ε3zz − εxxε2m)
(3.2)

For large values of |εm| >> 1, such as for silver in the infrared, then

the propagation length Lspp = 1/Im {kspp} becomes dependent solely on εzz

via the relationship Lspp ≈ (2π/λ) /Im
{√

εzz
}
. For γ = .1 and λ = 7um for

example, Lspp ≈ 24µm, which is only 4 periods. Simulations of the effect of

this loss factor are seen in figure 3.10. with increasing γ, the air side plasmons
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broadens until it is strong enough to prevent neighbor interaction for γ = .5.

For the far–infrared, there is no effect as transmission is mitigated by SPPs on

the silicon side of the film, ignorant of the surface conditions on the air side.

Figure 3.10: Simulation of the transmission at normal incidence for the mid–
infrared (left) and far–infrared (right).
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Chapter 4

Polarization Rotation in a 2d, Planar

Metamaterial

4.1 Introduction

In this chapter I will demonstrate polarization rotation for metamate-

rial described in chapter 3. Fits to the Fano description [12] of the transmission

resonance are provided and are shown to be predicted in part by eigenvalue

analysis of the model system. Section 4.3 provides a theoretical basis for the

benefits of polarization rotation and a framework for using the theory and the

parameters that are predicted through the computational models. This frame-

works uses a polarizer/analyzer pair in a Jones matrix formulation in order to

describe the phenomenon of polarization rotation and its beneficial effect on

resonance line width and overall contrast.

4.2 Computational Results

The frequency response for a PC, metallic or dielectric, can be described

simply in the Fano language[12]: a non-resonant direct contribution along

with a sum of resonant terms corresponding to the resonances of the PC.

These two contributions interfere, forming the familiar asymmetric response
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in T
(
k||, ω

)
=

∣∣t (k||, ω
)∣∣2. For light incident upon the PC, these responses

can be expressed generally:

t
(
k||, ω

)
= tb

(
k||, ω

)
+
∑
j

tj
(
k||, ω

)
r
(
k||, ω

)
= rb

(
k||, ω

)
+
∑
j

rj
(
k||, ω

)
.

(4.1)

tb (k, ω) and rb (k, ω) represent the background, continuum response of the

underlying system: for holes in dielectric slabs, it represents the transmission

through a uniform slab with parameters that are fitted to a Fabry-Perot type

background[11]; in the case of thin metallic systems, Bethe’s formulas for

the transmission of a single hole form the basis of the contribution[2]; thick

metallic systems depend upon the wave guiding characteristics of a single hole

to provide the basis of the background contribution[19].

Simulations of transmission are setup according to figure 4.1. There are

three angles of importance in the transmission setup: the angle of polarizer

θp, the angle of the analyzer θa and the angle of incidence θi. When θp ̸= 0, π

for non-normal incidence, non-resonant and resonant transmission occurs for

both s and p polarizations. Varying the analyzer rotation will selectively filter

out these modes. The two primary measurements presented in this paper are

for a parallel polarizer/analyzer pair (θa = θp), and a perpendicular P/A pair

(θa = θp + π/2).

Shown in figure 4.2 are the simulation results for normal incidence

transmission around the location of the first four eigenmodes. Superimposed

upon the simulation data (black dots) is a Fano fit (red line) given in equation
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θi

θp θa

Figure 4.1: There are three important angles in the setup of transmission
measurements: θp is the angle of the polarizer axis, θi is the angle of incidence
and θa is the angle of the analyzer axis.

4.2.

t (ω) = aω2 +
bΓejϕ

(ω − ωr) + jΓ
. (4.2)

The non-resonant contribution has a ω2 form in order to match the ω4 depen-

dence of transmission through a single aperture in a thin metallic film[2]. The

figure shows a good agreement between equation 4.2 and the simulated data

for the first order mode. The fitted resonance pole is λr = 2πc/ωr = 20.888µm

and Γ = 725rad/s. The eigenvalue simulation predicts λr = 20.892µm and

Γ = 800rad/s. This demonstrates the utility of eigenvalue simulations to pre-

dict the complex pole of the resonance, leaving only the residue b exp (jϕ) and

background contributions to be fitted to measured transmission data.

Figure 4.3 shows the (-1,0) mode at an incidence of 5◦. The red curve is
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Figure 4.2: Transmission for normal incidence about the first Wood’s anomaly.
The solid line is a fit to a Fano model (see equation 4.2)

for a parallel polarizer/analyzer pair, the blue curve is for a perpendicular pair.

Transmission is normalized to the maximum of the curves. The perpendicular

output demonstrates a more narrow FWHM, from 100nm for the parallel pair

to 20nm for the perpendicular pair. There is also a greater contrast (average

10dB improvement) from maximum to minimum. Figure 4.4 shows the same

two sets of data along with fits to the above equation (4.2). Both curves fit to

the same λr = 2πc/ωr = 21.31µm and radiative loss Γ = 145rad/s, along with

resonant strength b and phase ϕ. The background contribution of the parallel

P/A pair is five times as large as the perpendicular pair. Figure 4.5 shows the

Ey dipole mode at 21.3115µm for a range of incidence angles centered about

15◦. Again, the rotated transmission is more narrow and the overall contrast

31



21.25 21.3 21.35 21.4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

λ

N
or

m
al

iz
ed

 T
ra

ns
m

is
si

on

(−1,0) mode at θ=5°

 

 

⊥  P/A Pair
|| P/A Pair

Figure 4.3: Transmission for parallel polarizers (red) and perpendicular po-
larizers (blue) at 5◦ for the (-1,0) mode. The perpendicular polarizers shows
a more narrow line width along with an improved and more symmetric line
shape.

greater and more symmetric.

4.3 Theory

Polarization rotation for the metallic PCF, in the absence of ferrous or

non-linear materials, is not a rotation in the strictest sense. Rather, it is the

conversion of the incident polarization through the birefringence of the PCF

at a given (k, ω). Making use of the Jones matrix formalism, the transmission

response of the PCF can be written as

T =

[
ts 0
0 tp

]
=

[
tbs 0
0 tbp

]
+
∑
j

[
tjs 0
0 tjp

]
. (4.3)
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Figure 4.4: Transmission for parallel polarizers (red) and perpendicular polar-
izers (blue) at 5◦ for the (-1,0) mode. Markers are simulation data, solid lines
are fits to equation (4.2). While ωj, Γj and bj are identical between the two
fits, the background contribution is reduced by a factor of 5 and the phase
differs from π for the || P/A pair and π/2 for the ⊥ P/A pair.

where given an incident wave described by Ei, the transmitted wave will be

Et = TEi. The incident wave Ei lies in a plane orthogonal to k and spanned

by two orthogonal vectors es and ep. es is always orthogonal to the surface

normal of the PCF. Given an analyzer at θa and polarizer at θp, the transmitted

field will be given as

Et = E0

[
cos2 θa cos θa sin θa

cos θa sin θa sin2 θa

] [
ts 0
0 tp

] [
cos θp
sin θp

]
(4.4)

= E0

[
cos2 θa cos θp cos θa sin θa sin θp

cos θa sin θa cos θp sin2 θa sin θp

] [
ts
tp

]
. (4.5)

The transmitted field along the analyzer axis becomes

êa ·Et = Eat = cos θa cos θp ts + sin θa sin θp tp. (4.6)
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Figure 4.5: Transmission for parallel polarizers (red) and perpendicular po-
larizers (blue) at 21.3115µm for the lower frequency mode. For the angular
resolution, the cross polarizers again demonstrate an improvement over the
parallel P/A pair.

When θa = ±θp, this simplifies to

Eat = cos2 θp ts ± sin2 θp tp. (4.7)

For an input wave at a polarization angle of θp that is not an integer multiple

of π/2, there is an excitation of both s and p polarized modes. This excites

both the background and the resonant contributions to the Fano profile. By

introducing the analyzer, the phase between the s mode of the system and the

p mode becomes adjustable. As a result, one can adjust the analyzer until the

background contributions tbs and tbp cancel and the transmission is made up of

only the resonant terms that the Bloch periodicity introduces. This will result

in a purely Lorentzian profile when in the vicinity of a single resonant mode,
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providing maximal contrast between on and off resonant frequencies. Further-

more, the FWHM of the mode will improve as the background contribution

no longer broadens the resonance.

For relatively small incidence angles, the process of minimizing the

background contributions is simpler, as the background contributions of s and

p polarizations tend to equal to one another. For θp = π/4 = −θa, equation

4.7 simplifies to

Eat =
1

2
(tp ± ts) . (4.8)

Figures 4.3-4.5 show the polarization rotation for the (−1, 0) mode around 5◦.

The response as a function of frequency 4.3, as well as for incidence angle 4.5,

shows a clear improvement of the width and contrast in the orthogonal P/A

pair case due to the reduction of the background contribution. The proximity

of the s-polarized (0, 1) mode (λ ≈ 20.88µm) to the pictured (−1, 0) mode

at 5◦ introduces a small amount of broadening through the coupling of the

resonant terms of tp and ts in equation 4.8. However, at λ = 21.3115µm there

is only one resonant mode close to 5◦, so the improvement to the width and

contrast in the orthogonal P/A pair case is greater.
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Chapter 5

Concluding Remarks

5.1 Concluding Remarks

In chapter 2, I have demonstrated strong anisotropies for a two dimen-

sion, square array, photonic crystal slab. Predictors for the ability of incident

radiative modes to couple to the PC modes are described through group the-

ory, where the polarization of the leaky radiation is shown to be predicted by

the symmetry of the resonant mode’s fields and verified the behavior through

the computation. I then demonstrated the applicability of an earlier perturba-

tive theory in describing the phenomenon of extreme anisotropy in a mode’s

ω (k) relationship. This extreme anisotropy was the demonstrated through

eigenvalue simulations of the photonic crystal. An immediate example of the

utilization of such an anisotropy was shown for a medium modeling a quantum

cascade, surface emitting, photonic crystal laser. In the model, for a reason-

able value of gain and small enough value of wavenumber, the lasing condition

became directionally dependent, with the Γ−M edge lasing at much smaller

wave numbers.

Chapter 2 demonstrated a photonic crystal system, with the wavelength

on the order of periodicity and thus within the diffractive regime of the crystal.
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Chapters 3 and 4 dealt with a metallic metamaterial of a similar geometry.

The film demonstrated enhanced optical transmission outside of the diffractive

regime for silicon (λ > 20.8µm). In connection to the work provided by

Professor Ken Shih[24], the comparison between experiment and simulation

was made in chapter 3. The optical enhancement provided by the resonances

predicted by eigenvalue simulations (fig. 3.3) are shown in the simulation

color plots (figs. 3.6&3.7). These color plots also show in small part the

Fano shape that each of the resonances takes. In the mid-IR region (fig 3.9),

the experimental results show the superposition of the broad air side Fano

resonance (the orange region) and the more narrow Fano resonances of the

silicon surface modes (the red bands, especially visible coming from 10µm),

demonstrating the excitation of both sets of surface modes. The effects of

each surface act solely on the enhanced optical response around that Fano

resonance. The rough air side surface of the polycrystalline silver lead to the

dampening of surface plasmons on that surface, which lead to the dampening of

modes in the optical response. Within simulation, this dampening is simulated

through the addition of an artificial domain, and the consequential reduction

and removal of the EOT phenomenon was observed.

The Fano resonances that arise from the excitation of modes of the

metamaterials were then exploited in chapter 4. Any system which has inde-

pendent s and p Fano resonances can exhibit a polarization conversion due to

the phase differences between s and p polarization. With light incident at a

mixture of s and p polarizations, two signals emerge from the metamaterial,
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one polarized along the incidence polarization and one perpendicular. Due to

the nature of Fano resonances, which are a combination of the crystal exci-

tation and bulk background contributions, the polarization conversion allows

for the cancellation of the background contribution. This cancellation was

shown to be due to the fact that the background contributions for s and p

incidence are close to one another, while the metamaterial’s resonant features

are strongly polarization dependent. Even for a highly symmetric crystal, such

as a square array of circular apertures, the separation of s and p modes along

the Γ–X band edge is enough to allow for polarization conversion where the

perpendicular signal shows a Lorentzian shape with little to no influence from

the bulk background of the material. This is shown to allow the resonance to

have a stronger contrast and more narrow line shape. All of these results were

shown in simulation as well as in the simple theoretical framework that is in

wide use[7, 12, 14, 20].
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