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ABSTRACT

Jefferies, JG; M.Sc (Physics); Royal Military College of Canada; May 2012; Surface
Plasmon Optimization for Photocurrent Enhancement in Thin Film Organic Solar Cells;
Supervisor: Dr. R.G. Sabat.

Surface plasmons (SPs) are a light induced phenomenon resulting in desirable
electromagnetic (EM) field enhancements concentrated at the surface of an approprnate
dielectric-metal interface. One of the most promising applications of these SPs exists in
the world of photovoltaics (PV), more specifically in organic solar cells (OSCs). By
exploiting SPs at the polymer-electrode interface of an OSC, enhanced photocurrent can

be generated around the wavelength(s) satisfying the SP resonance conditions.

Methodical and intensive SP excitation trials were carried out on various, non-PV,
dielectric-metal interfaces in order to examine and evaluate SP behaviour. The SPs were
optically excited via the diffraction grating method using single, crossed and parallel
grating schemes, with trials yielding optimal grating and film thickness parameters.
These optimal parameters were applied to the design and fabrication of SP-based, poly

(3-hexylthiophene) (P3HT):[6,6]-phenyl Cg;-butyric (PCBM) OSCs.

A single, P3HT:PCBM layer was sandwiched between two harvesting electrodes,
with aluminum (Al) being used at the bottom, and gold (Au) being used at the top. The
Al electrode doubled as an excitation grating. Optical scans of varying parameters were
carried out on all samples, with photocurrent enhancements up to 364% being
demonstrated. Enhancements for transverse magnetic (TM) polarized incident light were

present on single and parallel grating structures, and similar enhancements for both TM



and transverse electric (TE) polarized incident light were present on crossed grating

structures.

When compared to the photocurrent enhancements seen on single grating
structures, those seen on paralle] gratings were comparable in magnitude, but shown over
a much broader optical band. This broadening of the optical band was centered on the

theoretical SP resonance peak of the second grating contained within the parallel scheme.



RESUME

Jefferies, JG; M.Sc (Physique); Collége militaire royal du Canada; mai 2012;
Optimisation des plasmons de surface pour l'amélioration de photocourant dans les
cellules solaires organiques en couches minces; Superviseur: Dr. RG Sabat.

Les plasmons de surface (PS) est un phénomeéne de résonance de la lumicre
résultant en des améliorations souhaitables dans la concentration des champs
électromagnétiques a ’interface entre un diélectrique et un métal. Une des applications
les plus prometteuses de ces PS existe dans le monde de 1'énergie photovoltaique (PV), et
plus précisément dans les cellules solaires organiques (CSO). En exploitant les PS a
l'interface polymére-électrode d'un CSO, une augmentation du photocourant généré peut
étre obtenue dans la gamme de longueurs d'onde satisfaisant les conditions de résonance

du PS.

Des essais méthodiques et intensifs sur les PS ont été effectués sur diverses
interfaces diélectrique-métal afin d'examiner et d'évaluer le comportement des PS. Les PS
ont été optiquement excités avec des réseaux de diffraction simples, croisés et paralleles,
afin d’identifier les paramétres optimaux pour la génération des PS dans les cellules
photovoltaiques. Ces paramétres optimaux ont été appliqués a la conception et la
fabrication des CSO basées sur le polymére (3-hexylthiophéne) (P3HT): [6,6]-phényl

C61-butyrique (PCBM).

Une couche de P3HT: PCBM a été mise en sandwich entre deux électrodes de
récolte. L aluminium (Al) était utilis€ a la base, tandis que 1'or (Au) était utilisé dans la
partie supérieure de'la cellule solaire. L'électrode Al a été mise par-dessus les réseaux de
diffraction pour générer les PS. Des balayages optiques de parameétres variables ont été

\



effectués sur tous les échantillons, avec des améliorations de photocourant attenant a un
maximum de 364%. Des améliorations pour une lumiére incidente polarisée transverse
magnétique (TM) étaient présentes sur les structures de réseau simples et paralléles, et
des améliorations similaires pour les lumiéres incidente polarisées TM et transverse

électrique (TE) étaient présentes sur les structures de réseaux croisées.

Lorsque comparées a des améliorations de photocourant vues sur les structures de
réseaux simples, celles observées sur les réseaux paralléles étaient d'une ampleur
comparable, mais sur une bande optique beaucoup plus large. Cet €largissement de la
bande optique a €té centré sur le pic du PS théorique du second réseau dans le systéme de

réseaux parall¢les.

Vi
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CHAPTER 1: INTRODUCTION
1.1 Definitions, Properties and Excitation Methods

| A metal can be described as an arrangement of fixed, positive ions surrounded by
dense, delocalized, free electron clouds, résulting in desirable conductivity [ These free
electron clouds can be viewed as plasma 21_a éollection of charged particles taking the
form of gas-like clouds which réspond strongly and collectively to electromagnetic (EM)
fields . If one were to subject a piece of metal to an external EM field, the Coulomb
interactions between the EM field and the free electron clouds would give rise to electron
density fluctuations, also known as plasma oscillations, 'wit-hin the metal. A plasmon isa
quantization of these plasma oscillations, and can be defined as the collective oscillations
of free electron density with respect to the fixed positive iohs within a metal [,

Surface plasmons (SPs) are light induced surface electron density fluctuations that
collectively and coherently oscillate at the interface between any two materials, in which
the real portion of the frequency-dependent dielectric permittivity changes sign across the
interface . An example of such an interface would be that between a dielectric medium
such as air or glass, and a metallic medium, such as silver or aluminum. Surface
plasmons result from a hybridized excitation in which the incident light photons couple
with the oscillating surface electrons. During this excitation, the free electrons within the
metal collectively oscillate at the surface in resonance with the incident light, yielding
surface-bound light waves. These surface-bound light waves are always shorter in
wavelength than the incident light, and will propagate along the interface until all the
energy is eventually attenuated due to absorption in the metal and/or radiation into free-

space Bl Ona perfectly flat surface in the visible regime, the SP propagation length is



generally on the order of micrometers (um). In contrast to the propagating nature of SPs
along the surface, the electric (E ) field perpendicular to the surface decays exponentially

into the adjacent media. This adjacent E-field is said to be evanescent or near-field in

nature, and is a result of the bound, non-radiative nature of SPs, which prevent power

from propagating away from the surface. Typically, the decay length at which the E-field
falls to 1/e of its initial value into the dielectric material, 84, is on the order of half the
wavelength of incident light, wh_ereas the decay length into the metal, d,,, is between one
and two orders of magnitude smaller than the incident lightA 61 These compressed
dimensions lead to an enhancement of the EM field at the interface '), and have given

(5], 16]

rise to the diséipline of sub-wavelength optics . Figure 1.1 illustrates the evanescent

nature of the SP at the dielectric-metal interface.

VA

dielectric |

metal }l/ >

Figure 1.1. Evanescent field of a SP at a dielectic-metal interface.

Optical excitation of SPs can be realized using numerous configurations, each of
which remedies the mismatch between the tangential wave vector of the incident light
photons and that of the SPs (8. ) Historically, one of the most popular excitation

techniques employs a prism to achieve total internal reflection, boosting the wave vector

2



of the incident light photons via contributions from the resultant evanescent wave. This
excitation method was first demonstrated, albeit in slightly different configurations, in the
late 1960’s by both Kretchman (191 and Otto "', Another common practice makes use of
incident light photon scattering from metallic surface roughness, in order to provide the
photons with the necessary wave vector increase. While it is difficult to pinpoint who
exactly pioneered this method, significant early contributions were made by both Stern

[141 " This surface roughness can be structured on the

(121 and Fedders 3!, among others
nanoscale, giving rise to the term localized surface plasmon resonance (5} A third

technique, which is of most interest, involves using a metallic grating to diffract the

incident light, and thus, match the wave vectors. This excitation method, by large the

{16l

elder of the three ', will only excite SPs when the incident E-field has a component

along the grating vector. The grating method was first discovered, albeit accidently and

(18] 1t was not until the late 1960’s however, that

inexplicably, as anomalous behavior
this method could be explained and demonstrated in a controlled manner 7). Technical
advances have also allowed gratings to be structured on the nanoscale, giving rise to

renewed interest. Figure 1.2 illustrates the different SP excitation configurations

discussed above.

prism prism

dielectric

metal nanoparticle metal

(a) (b) @ (@)

Figure 1.2. SP excitation configurations: (a) Kretchman geometry, (b) Otto geometry,
(c) surface roughness (nanoparticle), and (d) diffraction grating.



In the literature, SPs have been referred to by a variety of names "¥]. For
example, the term surface plasmon polariton [19). 20} s sometimes used to highlight the

hybrid, polarizing nature of the excitation. Other terminologies include surface plasmon

{18 {211

resonance '® surface plasma waves ! and surface plasma oscillations [22) " For the sake
of consistency and simplicity, when possible, the term surface plasmons (SPs) shall be

used within this thesis.
1.2 Early History

In 1902, while examining polarized light incident on a metallic diffraction
grating,‘R.W. Wood — an optical physicist at John Hopkins University — noticed a

[16]

mysterious case of uneven distribution of light in the reflected spectrum *™'. He noted

that these significant variations in diffraction intensities occurred over very minor angular
and spectral ranges, and only when the E-field vector was perpendicular to the grating

ruling. When the E-field vector was parallel to the grating ruling, the light returned to the
traditional, ‘accepted’ distribution. At the time, conventional grating theory could not
explain what was being observed, and Wood was left perplexed. He speculated, among
other things, that the introduction of polarization into grating theory may account for such
puzzling results; however an obvious explanation could not be given. This anomalous
behaviour became known as Wood’s Anomalies, and is considered to be the birthplace of
the SP. The first theoretical treatment of these anomalies was initiated by Lord Rayleigh
in 1907 ®. His dynamical theory of gratings was based on an expansion of the scattered
EM field in terms of outgoing waves only. With this assumption, he found that the
scattered field was singular at wavelengths for which one of the spectral orders emerged

from the grating at the grazing angle. These singularities appeared again only when the

4



E-field vector was perpendicular to the grating ruling, and corresponded to Wood’s
Anomalies. Wood’s later papers further discussed the anomalies ** %] however no
significant advances were made until the 1940’s. In 1941, Italian American physicist
Ugo Fano refined Lord Rayleigh’s anomalous diffraction grating theory, incorporating
such elements as the geometry of the grating and the optical properties of the metal 26}
He found that when the surface tangential component of the diffracted wave vector
approached some value, the phenomenon occurred. He went on to describe the

phenomenon as being comparable to the resonance of a mechanical oscillating system

excited with its proper frequency.

(27 128] and later Lang 29 on

A series of experiments in the 1940’s by Ruthemann
electron beams shot through thin metallic films found that while most of the beam
penetrated the metal without an appreciable energy loss; there were a distinct group of
electrons which lost energy. This characteristic energy loss differed from metal to metal,
and could not be fully explained. The suggestion of Pines and Bohm % B2 that some
of the energy losses were due to the excitation of plasma oscillations in the sea of
conduction electrons — which they referred to as plasmons — was a great step forward.
Although surface EM waves were first discussed nearly five decades earlier by Zenneck

331 and Sommerfeld B4 Ritchie was the first to predict the existence of collective

5] when in 1957 he suggested that their

‘surface’ oscillations in thin metal films
existence may account for some of the low-lying energy losses previously observed in
thin metal films. Two years later, a series of electron energy loss experiments by Powell

and Swan P B7) demonstrated the existence of these collective surface excitations, the

quanta of which Stern and Ferrell 38 referred to as the surface plasmon (SP). Further



research revealed that the energy loss resulted from the excitation of SPs in which part of

the restoring E-field extended beyond the specimen boundary ). Therefore, SPs could
be affected by the presence of any film or contaminant on the specimen surface. This
effect was later described in terms of excitation of EM evanescent waves at the surface of

the metal “1,

As discussed earlier, in the late 1960’s optical excitation of SPs became possible.
This proved to be a monumental discovery since until then, all related experimental work
had been conducted using an electron beam as a means to excite the SPs. Now it was
possible to use comfnon, visible day light to excite SPs. This completely changed their

practicality, and made them much more accessible to the scientific community.
1.3 General Applications

Surface plasmons (SPs) are very much a near-field phenomenon, and due to their
confining nature, the EM field is enhanced and concentrated at the surface of the metal.
This enhancement of the EM field, along with its evanescent nature, result in
extraordinary sensitivity of SPs to surface conditions, making them an attractive focus to
an assortment of scientists, including physicists, chemists, biologists and material
scientists. Their properties have been exploited over a wide range of disciplines,
including applications within sensing, spectroscopy, microscopy, communications, data
storage, and light generation, among others. In fact, the field has expanded so much that
the term plasmonics has been developed to represent the multi-faceted and vast nature of

SP applications.



Notorious for being the original and most popular application, SP-based optical
sensors detect, measure, and identify the molecular adsorption and binding of chemical
and biological quantities, such as polymers, DNA or proteins. First generation sensors
were based on changes in SP resonance conditions, and were developed for measuring

CO, and O, concentration . Shortly thereafter, these sensors were used for

[42] [43]

characterization of thin films *“, monitoring processes at metal interfaces ", and gas

detection and biosensing M. Subsequent generation sensors incorporated additional

optical methods, such as spectroscopy, ellipsometry and interferometry )] and later

{46]

nanotechnology In the medicinal context, these sensors have been used to study a

(471

drug’s protein and lipid-binding efficiencies "', as well as to detect respiratory virus

molecular signatures [*!], casein allergens in milk *’], and Alzheimer disease biomarkers

[50] [s1]

. Companies such as Biocore® have commercialized SP-based sensors >, and recent

trends have seen much effort placed in versatile, multi-channel sensors, aimed at
enhancing sensor throughput, providing multi-analyte detection capability (521, [33]
Surface plasmons (SPs) can also be used to enhance the surface sensitivity of

[54] [55]

several spectroscopic measurements, including fluorescence " and Raman scattering !>,

with the enhancement factor of the latter having been shown to be as much as 10" %],

(57

allowing for the detection of single molecules °". Another use has been to improve upon

(58]

the classical limits of resolution within optical microscopy *’*. By using the evanescent

SPs to illuminate the sample and provide image contrast, enhanced super-resolution of ~

0.33 nanometers (nm) has been demonstrated (591,

In the digital age, optical communication systems have become quite common.

The need for these systems to be integrated onto nanoscale electronic chips has led to SP-
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based devices which have both the capacity of traditional photonics, yet the

[60]

miniaturization of electronics ™. Examples of such electro-optical devices include SP

fo1] 1 [63] [64]

waveguides ! switches 1, couplers ", and modulators . Surface plasmons (SPs)
have also been explored for their potential to improve upon conventional optical data
storage methods, such as dvd and blu-ray. Recently, a SP-based data storage medium

was proposed on which optical data could be recorded with less than one-quarter of the

exposure power of blu-ray disc, and with 1.8 times the data storage capacity [*°!.

Another application of SPs involves their use in improving upon the low light-
emission efficiencies of light emitting diodes (LEDs). Scientists have found that by
coating very thin (nm) silver or aluminum films over the quantum wells, a new class of
super-bright LEDs comparable to fluorescent tubes were made possible ©°%. In addition
to what we have already discussed, many other SP-based applications currently exist,
with others continuously being developed and explored. Such exploratory applications
include a cancer treatment employing plasmonic effects to heat and destroy tumor cells,

as well as a cloaking device employing SP resonances and metamaterials (.

1.4 Photovoltaic Applications

As seen, SPs are extremely versatile with their applications being found
throughout the sciences in numerous fields. While the applications discussed thus far
have been very impressive, arguably their greatest potential lies within the field of
photovoltaics (PVs). Photovoltaic (PVs), also known as solar electricity, is the direct
conversion of solar radiation into electricity through the use of a solar cell (SC) 671 Inits

simplest form, a SC is a layer of photoactive material sandwiched between two metal



electrodes, all resting upon a substrate. The photoactive material converts absorbed light
into photocurrent, which in turn is harvested by the electrodes. Figure 1.3 depicts the
architecture of a basic SC. Note that the top electrode is meant to be very thin such that

light can freely pass through.

Metal electrodes Photoactive iayer

_

? Substrate

Figure 1.3. Architecture of a basic SC.

The first practical use of SCs was in the generation of electricity onboard the

orbiting satellite Vanguard 1 in 1958 (671

. These first generation SCs used bulk crystalline
silicon to convert photons into electrical energy. This bulk crystalline silicon however,
proved very expensive and in order to decrease the costs, thin-film SCs were developed.
In addition to silicon, second generation thin-film SCs were developed that employed
other photoactive materials, including those based on organic dyes and polymers. These
organic materials have proven less expensive than their alternatives, and have given rise

to a specific class of SC called organic solar cells (OSCs) (681,

While second generation SCs were based on cost effectiveness, third generation
SCs have been focused on enhancing the photocurrent generation of existing SCs. One

method to achieve this enhancement is to exploit SPs at the polymer/electrode interface.



In doing so, enhanced photocurrent is generated around the wavelength satisfying the SP
resonance conditions. Surface plasmon (SP)-based OSCs have been shown to enhance

[69]

photocurrent generation for a number of different architectures >, involving a variety of

(70}, [71. 1721 The bulk hetero-junction blend of the polymer poly (3-

polymer materials
hexylthiophene) (P3HT) and the fullerene [6,6]-phenyl Cs,;-butyric (PCBM) has shown
much potential as an OSC material (13114 Surface plasmon (SP)-based OSCs have been

[76] a5 the excitation methods,

fabricated using both nanoparticles 13) and nanogratings
with modest success. Photocurrent enhancements of 2.72 times have been demonstrated
for incident light upon an OSC using a single-grating system U Similarly, photocurrent
enhancements have also been demonstrated for both TM and TE polarized light incident

(781, 17 No work however, could be

upon OSCs structured on a cross-grating system
found on SP-based OSCs structured on a parallel-grating system — that is two parallel

gratings of different spacing superimposed on each other.
1.5 Goal of Research

Coal, oil, or natural gas — fossil fuels have persistently dominated the Earth’s
energy consumption. Much attention is being placed on the rate at which these non-
sustainable energy reserves are being depleted, not to mention the harmful environmental
effects associated with their production and usage. Under the assumption that the Earth’s
population does not change drastically, and its energy consumption remains at the current
level, fossil fuel reserves will be exhausted within 320 years 71 With the World’s
population expected to reach 10 billion in the next century, alternate energy sources —
which are both sustainable and environmentally friendly — are critical to the survival of

mankind.
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Photovoltaics (PVs) represent one such energy source. With 1000 W-m? of

) (671, great potential lies within

terrestrial solar energy available (AM 1.5 standard
hamessing this radiation and converting it directly into electricity via SCs. While
impressive strides have already been made, currently the efficiencies of SCs in
converting solar radiation into electricity is about 28% for inorganic and 10% for OSCs
801 " This conversion efficiency must increase considerably if further progress is to be
made. Surface plasmon (SP)-based SCs display much promise in improving upon this
conversion efficiency. Integrated into existing SC technologies, SP-based systems have

demonstrated a keen ability to increase optical absorption, thus enhancing photocurrent

generation within the photoactive material.

Due to their relatively low-cost synthesis and ease of fabrication, SP-based,
P3HT:PCBM OSCs excited via the grating method will be explored in this thesis.
Organic solar cells (OSCs) structured on single, crossed and parallel grating systems, will
be fabricated and examined, with photocurrent enhancements being shown for each.
When compared to the enhanced photocurrent response of a single-grating system, that of
a parallel-gratiﬁg will be shown to be over a broader range of wavelengths. No current
technical literature .could be found on SP-based, P3HT:PCBM OSCs structured on a
parallel-gating system. Hopefully, this research will offer a novel contribution to the
field of SP-based OSCs, and potentially provide some assistance in the resolution of the
World’s impending energy crisis. It should be noted that while the application of SPs
within P3HT:PCBM OSCs are of eventual interest, the majority of thesis-related research

is focused within chapter 3 on the optimization of SPs.
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1.6 Thesis Structure

This thesis is divided into 5 chapters. Chapter 1 is an introduction into the field of
SPs. Following some necessary definitions, the properties and optical excitation methods
of SPs are introduced. An overview of the early history of SPs is then provided, followed
by a discussion of some of the applications found throughout the world today, focusing
on those related to PVs, specifically OSCs. ‘It concludes with a brief discussion detailing

the goal of research, and the expected contribution to the field of SP-based OSCs.

Chapter 2 mainly discusses the theory associated with SPs. Relevant properties of
light are initially discussed before proceeding to examine its behavior at a boundary.
Following an introduction to diffraction gratings, the SP dispersion relation is denved
using the appropriate Maxwell’s equation and boundary conditions. Finally, SP
excitation is discussed, and the matching condition required for incident light to excite

SPs via the grating method is given.

Chapter 3 discusses the fabrication methods and experimental procedures used in
building and measuring SP test samples, as well as the accompanying results. First, SPs
generated from an air-silver (Ag) interface using single, crossed, and parallel gratings of
various spacings and depths are examined. Then, SPs generated from a thin film
polyvinyl alcohol (PVA)-Ag interface, using the same grating configurations, but slightly
different spacings are examined. From these results, optimal grating depths and film

thicknesses with which to fabricate the OSCs are determined.

Chapter 4 discusses the fabrication methods and experimental procedures used in

building and measuring SP-based, P3HT:PCBM OSC samples, as well as the

12



accompanying results. The photocurrent response of OSCs fabricated using single,
crossed, and parallel grating systems are examined. Enhanced photocurrent responses

owing to SPs are shown for all grating schemes.

Chapter 5 offers concluding remarks and observations on the experimental

procedures used and the subsequent results.
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CHAPTER 2: THEORY

Chapter two is designed to provide the reader with a collection of the theory
encountered during the experimental portion of this thesis. It is intended to start at a
_fundamental level, and progressively mature to more complex concepts. Any notations
and assumptions will be highlighted and explained, and when deemed necessary, full
derivations of equations will be provided. For the sake of practicality and ease, and given
the nature of this research, most derivations will be approximations, purposely excluding
most irregularities and losses. In the instances where full derivations of equations are not
given, a brief statement highlighting the origin and nature of the derivation will be
provided. Theory specific to an experimental technique or device will be presented in

later chapters in conjunction with its purpose.
2.1 Electro-Magnetic (EM) Fundamentals
2.1.1 Light as an Electro-Magnetic (EM) Plane Wave

For the purpose of this thesis, light will be evaluated as a monochromatic,
harmonic, coherent EM plane wave. Monochromatic meaning the wave has only a
single-frequency component, harmonic meaning the wave is purely sinusoidal, and
coherent meaning that the phase between the constituent waves can be reliably predicted.
A plane wave refers to a wave whose wave front has no curvature, but instead is
considered completely planar, with its origin assumed to be an infinite distance away. It
consists of an infinite number of these parallel planes of constant peak-to-peak amplitude

normal to the direction of wave travel. All points on a plane are of constant phase. Figure
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2.1 provides an illustration of such an EM plane wave propagating through free-space in

the x-direction.

»
L

z

Figure 2.1. EM plane wave propagating in the x-direction.

The EM plane wave i1s assumed to have both electric and magnetic field
components, known as E- and H-fields respectively, orthogonal to each other, and to the
direction of wave propagation. This is known as a transverse plane wave. Figure 2.2
illustrates the E- and H-fields of a transverse EM plane wave propagating through free-

space in the x-direction, with its oscillations occurring in the y-z plane.

Figure 2.2. Transverse EM plane wave propagating in the x-direction.
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2.1.2 Maxwell’s Equations and Dielectric Permittivity

The relationship between the E- and H-fields of an EM wave are given by
Maxwell’s equations, with one being easily derived from the other. These fundamental
equations govern the propagation of EM fields in the presence of charges, current and
media. Maxwell’s equations for a charge-free medium written in their t-ime-harmonic

form are given by equations 2.1a - 2.1d (. 21,

—

V-eE=0 @2.1a)
V-uH=0 (2.1b)
VXE = iwuﬁ (2.1¢)
Vx H = oF — iweE = —iw [e + iZ|E = —iweE (2.1d)

where ¢ is a measure of the material’s ability to conduct electric current, known as its
conductivity, while £ and u are parameters describing the material’s ability to store
electrical and magnetic energy, known as its dielectric permittivity and magnetic
permeability respectively. Both & and u are frequency and medium dependent, But are
assumed to be independent of the fields, position and direction (i.e. media assumed to be

linear, homogeneous and isotropic, respectively). Intuitively, they represent how a
specific medium influences the E- and H-fields of an EM wave, and are given by
equations 2.2a and 2.2b [,

E= Ey&r (2.2a)

U= UoHy (2.2b)

where &, is the relative dielectric permittivity, &, is the permittivity of free-space, also

known as the dielectric constant, y, is the relative magnetic permeability, and y, is the
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permeability of free-space. From equation 2.2.a one can easily see that the relative
dielectric permittivity represents the ratio of the dielectric permittivity relative to that of
free-space (¢, = £/¢,). While the same can be said about the relative magnetic
permeability, the point becomes moot since all media within this thesis are assumed non-
magnetic (i.e. u, = 1). If the medium is anisotropic, the dielectric permittivity will be a
tensor. The ~ designator is simply used to represent the effective dielectric permittivity
and is given by equation 2.3;
F=le+iZ] =& +ie" 2.3)
where £ denotes the real portion of the effective dielectric permittivity, which is related
to the energy stored within the medium, and &" denotes the imaginary portion of the
effective dielectric permittivity, which is related to the loss of energy within the medium.
2.1.3 Classification of Media

Media can often be classified according to their dielectric permittivity and
conductivity. Those with a large amount of loss inhibit the propagation of EM waves,
and are considered good conductors. Alternatively, lossless or low loss materials which
allow the propagation Qf EM waves are considered good dielectrics. Delineation between
a good conductor and a lossy dielectric is not easily made. As such, one often relies on a
ratio known as the loss tangent in order to properly classify and evaluate a material. The

loss tangent of a medium is given by equation 2.4 (.

tan(6) =& = < (2.4)

z WE

where 6 is the loss angle of the medium as illustrated by figure 2.3.
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Figure 2.3. Loss angle of a lossy medium.

A medium is said to be a good conductor if the loss tangent is very large
(o/we > 1), and conversely a good dielectric (lossless or low loss) if the loss tangent is
very small (0/we « 1). In the latter case, the conductivity of the material is negligible,
and thus the imaginary portion of the effective dielectric permittivity is ignored (i.e.
E=¢&"=¢).

2.1.4 Polarization of Light

The polarization of light is a characteristic which describes the orientation of its

E-field vector in a plane perpendicular to the direction of propagation. If one were to

trace the tip of the E-field vector in a fixed plane as the wave propagates, the shape traced

out in the plane would indicate the polarization of the light. If the E-field vector is
oriented in a single direction, a straight line will be traced — this is known as linear
polarization. Figure 2.4 illustrates linearly polarized light as the vector sum of two

orthogonal, in phase, constituent waves.
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Figure 2.4. Linearly polarized light.

If the E-field vector rotates as the wave travels, tracing the tip will produce a
circle or ellipse — this is known as circular or elliptical polarization. When the constituent
waves contributing to the E-field vector are equal in amplitude, but out of phase by /2,
the resulting net E-field vector will rotate in a circular pattern, yielding circularly
polarized light. The E-field vector will make one complete rotation as the wave advances
one wavelength. Circularly polarized light can be obtained by passing linearly polarized
light through a A/4 plate. A A/4 plate is a retarding device consisting of a birefringent,
double refracting material, with both an extraordinary (fast) and ordinary axis. In order
for the linear-to-circular polarization conversion to occur, the E-field vector of the
linearly polarized light must be incident at an angle of 45° to the fast axis. Intuitively,
light passing through the fast axis will travel more quickly than that passing through the
ordinary axis. In the case of a 1/4 plate, the constituent light waves will emerge a 1/4

(i.e. m/2) out of phase, thus producing circularly polarized light. The reverse is also true,

26



with circularly polarized incident light yielding linearly polarized light. Depending on
which polarization component is retarded, the circularly polarized light can further be
classified as either right or left polarized. If one were to view the wave as propagating
towards oneself, clockwise (CW) E-field vector rotation would be known as right
polarized, whereas counterclockwise (CCW) rotation would be known as left polarized.
Figure 2.5 illustrates right-circularly polarized light as the vector sum of two orthogonal,

constituent waves of equal amplitudes, but out of phase by /2.

Figure 2.5. Right-circularly polarized light.
2.1.5 Mathematical Description of Light |
Solutions to the wave equation for a linearly polarized, harmonic EM plane wave
propagating in an arbitrary direction in a charge-free, lossless or low loss dielectric

medium will take the form given by equation 2.5 '} B3);

E(#,t) = Re{E(e~@t} (2.5)
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where E (7) is the phasor of E (7, t), e ™" is the time dependence factor, 7 is the position.
vector (' = x@, + ya, + za,), and w is the angular frequency (w = 2mf). For ease of
derivation, the time dependence factor in equation 2.5 can be ignored, since it will remain
constant throughout. This yields the phasor form of the EM plane wave as given by

equation 2.6 (1), 131,

E(F) =E = E,eilci-o) 2.6)

where EO is the E-field directional amplitude, k is the wave vector (E = ke, + kya, +
k,a,) along the direction of propagation, and ¢ is some initial phase shift (which can be

zero). The magnitude of the wave vector is known as the wave number, IEI =k =

2m /A, where A is the wavelength of light in the medium.
2.2 Light at a Boundary

2.2.1 Laws of Reflection and Refraction

When light is incident upon a boundary between two different media, a portion of
it 1s reflected back into the first medium, and a portion of it is transmitted, or refracted,
into the second medium. This is illustrated in the geometrical sense in terms of light rays
by figure 2.6(a). A ray is a line drawn in space corresponding to the directioﬁ of flow of

]

radiant energy ] The incident, reflected and refracted rays all lie within the plane of

incidence — defined by the incident wave vector, fc‘,-, and the normal to the surface — and

are all perpendicular to their respective wave fronts.
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Figure 2.6. Light at a boundary as (a) a single ray and (b) successive rays.
Here, the media are classified in terms of its refractive index, n, with n; being that of the
incident medium, and n, being that of the transmitting medium. The refractive index of a
medium is defined as the ratio of the speed of light in free-space, c, to the speed of light
in the medium, v (i.e. n = ¢/v). The speed of light in both free-space and the medium

are given by equations 2.7a and 2.7b P!:

c = f/'{o = -I-c: = — (2.73)
1
v=fl=—;3-=7£_; (2.7b)

where A, is the wavelength of the light in free-space, and k, is the wave number of light
in free-space (k, = 2m/A,). Considering the relationships highlighted in equations 2.7a
and 2.7b, the refractive index of a medium can be further defined as given by equation

2.8.

Ao
n=s=2=Vel 238)
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It should be noted that the last portion of equation 2.8, which defines the refractive index
of a medium in terms of its dielectric permittivity and magnetic permeability, only holds
true at optical frequencies 1),

The laws governing the reflection and refraction of light at a boundary are known
as the Laws of Reflection and Refraction, respectively. The former simply states that the
angle of incidence equals the angle of reflection and can be geometrically derived by
looking at the incident and reflected rays of figure 2.6(b). Recalling that all points on a
sing;

plane wave front are of constant phase, and applying trigonometry, one obtains

. 6 3 . . . :
——Smcr. Since both the incident and reflected rays travel in the same medium, and thus at

the same speed, v, it follows that in the time (At) it takes for point C on the incident wave
front to reach point D on the surface, point A the surface reaches point C on the reflected
wave front. In other words, CD = vAt = AC, which yields the Law of Reflection as
given by equation 2.9.
8; =0, 2.9)
Similarly, looking at the incident and transmitted rays of figure 2.6(b), one
obtains Sicn—;"‘ = Si:—):‘. In this case, both the incidept and transmitted rays travel in
different media, and thus at different speeds (i.e. v; and v;). In the time (At) it takes for
point C on the incident wave front to reach point D on the surface, point A the surface
reaches point B on the transmitted wave front (i.e. €D = v;At and AB = v/At).
Substituting these conditions into the original expression, and multiplying both sides by
¢, yields the Law of Refraction, otherwise known as Snell’s Law, as given by equation

2.10.

n; sin@; = n,sin B, (2.10)
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From this law, it follows that light entering a higher index medium (i.e. n; < n.), will
bend towards the normal, whereas light entering a lower index medium (i.e. n; > n,),
will bend away from the normal. In the latter case, a phenomenon known as total internal
reflection occurs when the incident angle, 8;, surpasses some critical angle, 6., such that
its tranémitted angle, 8., equals 90°. This is a special case of Snell’s Law and is given by
equation 2.11.

ne

sinf, = — (2.11)

i
For incident angles greater than the critical angle (i.e. 8; > 6.), the wave is said to
undergo total internal reflection, however in reality an evanescent wave is transmitted.
2.2.2 Fresnel Equations for TM and TE Polarized Light
For the purpose of this thesis, all light incident upon an interface will be linearly
polarized. A mathematical description of its incident, reflected and transmitted waves,
respectively, for light incident upon a dielectric-dielectric interface are given by

equations 2.12a — 2.12¢ 1,

E, = E,;ei(k?) (2.122)
E = E, ek (2.12b)
E, = E,eilke?) (2.12¢)

Furthermore, the boundary conditions, which follow from Maxwell’s equations, state that

the components of the E- and H-fields that are tangential to the surface are continuous
across the interface, whereas the components that are normal are discontinuous ! (4,
These are given by equations 2.13a - 2.13d:

Ery = Er; (2.13a)

HTl —_ HTZ (2.13b)
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&1En1 = &2En2 (2.13¢)
piHy1 = paHyo (2.13d)
where the subscripts T and N repr'esent tangential and normal, respectively, while 1 and 2
represent medium one and two, respectively.

When dealing with a flat interface between two different materials, linearly
polarized light can be further defined based on which field (E or H ) is transverse to the
plane of incidence. When the H-field is transverse to the plane of incidence, light is said
to Be transverse-magnetic (TM) polarized. Similarly, when the E-field is transverse to
the plane of incidence, light is said to be transverse-electric (TE) polarized. Figure 2.7

provides an illustration of incident TM polarized light, and its corresponding reflected

and transmitted waves.

Figure 2.7. TM polarized light at a boundary.

As seen in figure 2.7, the plane of incidence lies within the x-y plane, while the boundary
lies within the x-z plane (y= 0). The incident, reflected and transmitted waves as

illustrated in figure 2.7 are given by equations 2.14a — 2.14c.
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E; = (Eoi cos 6; @y + Eq; sin ; @, )e'(%i7) (2.14a)
E, = (—E,r cos 6, @y + E,, sin 6, &y)ei(f‘r'f) (2.14b)
E, = (Eo; c0s 6, Gy + Eoy sin 6, @, )e!(ke7) (2.14c)
Applying the continuity boundary conditions along with Maxwell’s curl equations, and
solving the resultant expressions to determine the amplitude effects of the reflected and
transmitted waves (i.e. E,./E,; and E,./E,;), vields the reflection and transmission

coefficients (rry and try respectively), otherwise known as Fresnel equations. For TM

polarized light, these are given by equations 2.15a and 2.15b.

T- — (EOT) 1ltCOSGi niCOSGl ( )
oi ™M ltEOSEi'“‘i.C056f * :zl
(E ) s COS 0 +n C.OS ( 15b)

oi ™™ t i i et 2-

Figure 2.8 provides an illustration of TE polarized light, with the plane of

incidence and the boundary again lying within the x-y and x-z planes, respectively.

Figure 2.8. TE polarized light at a boundary.
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Just as the Fresnel equations were obtained for TM polarized light, so too can they be

obtained for TE polarized light, and are given by equations 2.16a and 2.16b.

1 TE - (_.C) = L Ei ntCOSGt ( )
EOi TE n;cos 6i+nt cos 9t 2. 1 63

tTE = (___.at) —_ Z”’i COSEI'. ( )
EOi TE n; C059i+ntCOS Gt 2.1(“)

From the reflection coefficients given by equations 2.15a and 2.16a, one can see that
when the incident medium has a lower index than the transmitting medium, the reflection
coefficient will always be negative. This accounts for the 7 radians (180°) phase shift

seen in such reflected waves.

23 Diffraction of Light
2.3.1 Irradiance, Superposition and Interference of Light

When one talks about the amount of light illuminating a surface, one is referring
to its irradiance. The irradiance of light is defined as its average energy per unit area per
unit time given in W-m™. The irradiance at point p, for a free-space, harmonic EM light
wave is given by equation 2.17 31,

£,CE2
2

L, = €,C(E2) = soc(Ep ‘E,) = 2.17)
where (Eg) is the time-average of the square of the E-field at point p, and E,, is the E-

field amplitude. The time average of the square of a sinusoidal function accounts for the

factor of 1/2.

Considering the case in which two mutually coherent light waves, El and Ez, of

the same frequency illuminate a surface, the principle of superposition states that when

two or more waves are incident upon the same point, the net E-field at any given point is
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the vector sum of the constituent wave E-fields at that point (i.e. Ep = Epl + Epz). The
irradiance at point p is then given by equation 2.18:

I, = e,¢{Epy * Epy + Epy - Epp + 2Epy * Epp) = Ipg + Ly + Lyys (2.18)
where I,; and I,,, are the irradiances at point p due to the individual waves, while I,;, is
the 1rradiance at point p due to the interference of the waves, given by equation 2.19 41,
Ipiz = 2\/Ip1lpz cos @ (2.19)
where ¢ is the phase difference between the two waves, El and Ez. If the waves
originate from the same source, this phase difference accumulates as a result of a
difference in path lengths travelled by the respective waves. Typically, cos ¢ will take
on alternating maximum and minimum values, and interference fringes will appear in the
observation plane. When cos ¢ = +1 (¢ = 2mm), constructive interference yields the
maximum irradiance, Ipmax = Ipy + 12 + 2m, whereas when cos¢g = —1
(¢ = (2m + 1)m), destructive interference yields the minimum irradiance, I i, =
Ipy + Iy — ZW . Here m represents some integer number. Furthermore, if the two
waves have equal amplitudes, their irradiances are equal (i.e. Iy =1I,, =1,) and

equation 2.18 will take the form given by equation 2.20.

I, = 41, cos? (%) (2.20)
2.3.2 Single-Slit Diffraction

Diffraction of light occurs wﬁen a light wave encounters an obstacle within its
path of comparable size to its wavelength. If the obstacle is much larger than the

wavelength of light, the desired effect will not occur. The Huygens-Fresnel principle

states that every unobstructed point of a wave front, at a given instant, serves as a source
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of spherical secondary wavelets (with the same frequency as that of the primary wave).
The amplitude of the optical field at any point beyond is the superposition of all these
wavelets (considering their amplitude and relative phases) 31, Thué, when a light wave
encounters a fitting obstacle such as a single-slit opening, all but one of the effective
wavelet sources are blocked, and the light coming through the slit behaves as a single
point source, emerging in all directions instead of passing straight through.

Consider the free-space, EM plane wave passing through a single-slit of length
much larger than width, b, as illustrated in figure 2.9. The Fraunhofer, or far-field,
diffraction pattém can be derived by dividing the single-slit point source into

infinitesimal lengths, ds.

¢ : viewing
: ' screen

sy
T iy

Figure 2.9. Single-slit diffraction geometry.

The change in the resultant E-field at point p, along a viewing screen located a very large

distance, [, from the slit opening, is given by equation 2.21:

dEg = (22) eilCo+8)] @.21)

To
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where E; is a constant representing the E-field strength of the point source, 7, is the
reference optical path length from the center of the slit (s = 0), to point p, and A is the
optical path length difference from the reference (which is ignored within the amplitude
factor, since A << 1,). Each length, ds, contributes to the wave at point p, thus by

substituting the optical path length difference, A= s sin 8, into equation 2.21, integrating

over the entire slit width, b, substituting = %kb sin 6 into the solution, and applying

Euler’s formula, an expression for the resultant E-field at point p, is obtained and given

by equation 2.22.
E, = Eb(SBY i(k7y)
By = "2 ( . Je (2.22)

Substituting this equation into equation 2.17, yields the irradiance at point p, given by

equation 2.23:

to= ()52 = (4) () (5) = 1 () 2.23)

where [, includes all constants. A plot of this equation is illustrated in figure 2.10. One

)

can see that the single-slit diffraction pattern is given by the SlZZB function, with the
in2

primary maximum occurring at § = 0 (i.e. 8 = 0). Since the limg_, S';zﬁ =1, at the

angle 8 = 0, the irradiance will be equal to Iy = I,.
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Figure 2.10. Single-slit diffraction pattern.

Subsequent maxima coincide with the maxima of the sinc function, as solutions to

equation 2.24, whereas the minima coincide with the solutions to sin 8 = 0 (with the

exception of § = 0).

a3 sin?B\ _ BcosB—sinf _
ap( B2 )— B2 =0 (2.24)

2.3.3 Multiple-Slit Diffraction

Now consider the same conditions as with the single-slit, but with a double-slit of

spacing, a, as illustrated in figure 2.11.

Figure 2.11. Double-slit diffraction geometry.
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Integrating equation 2.21 over the slit widths, substituting # and a = %ka sin @ into the
solution, and applying Euler’s formula, an expression for the resultant E-field at point p,

is obtained and given by equation 2.25.

2E.b (sinf T
B = 22 (f‘—;‘g—) (cos a)eiTo) (2.25)

The irradiance at point p, is then given by equation 2.26.

sin?p

Io = 41, ( p ) cos?a (2.26)

One can see that the double-slit diffraction pattern is the product of the single-slit

2
diffraction envelope, St B and the double-slit interference pattern, cos’a. Figure

ra

2.12(a) illustrates separate plots of both the single-slit diffraction envelope (dashed) and

the double-slit interference pattern (solid), whereas figure 2.12(b) illustrates a single plot

of the product.
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Figure 2.12. Double-slit diffraction pattern (a) separated and (b) combined.
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The maximum irradiance of the double-slit configuration, occurring at an angle, 8 = 0,

has a value of 4/,, compared to the /, maximum of the single-slit. This is expected when
the two E-fields are in phase and interfere constructively. The interference maxima are

also known as diffraction orders, and occur when a = mm. This corresponds to the

maxima condition given by equation 2.27:
mA = asinf,, (2.27)

where 6,, is the angle of diffraction of the diffracted order, m. The slit-width, b, does not
affect the position of these interference maxima, only the envelope function. When the
diffraction envelope minima correspond to the interference maxima, missing orders will

exist in the diffraction pattern.

The irradiance at point p, for the generic case of N-slits, derived in a similar

manner as above, is given by equation 2.28 41,

_ sin?B\ (sin’Na
lo =1, ( B2 ) ( sinza) (2.28)
02
where S;?n:; Z is the multiple-slit interference pattern. When N = 1 and N = 2, equation

2.28 will reduce to equations 2.23 and 2.26, respectively. Figure 2.13 illustrates a plot of
equation 2.28 for N = 4. The maximum irradiance of the multiple-slit configuration,

once again occurring at an angle, 8 = 0, has a value of N2I,.
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Figure 2.13. Four-slit diffraction pattern.

The principal interference maxima (i.e. diffraction orders) occur for the same conditions
given earlier by equation 2.27. In between these successive maxima, there exist N — 2

secondary interference peaks and N — 1 interference minima (41,

2.3.4 Diffraction Gratings and the Grating Equation

The multiple-slits discussed above are in fact collectively known as a diffraction
grating — a repetitive array of transmitting or reflecting elements separated by a distance
comparable to the wavelength of light under study 3] Figure 2.14 illustrates the
diffraction of light at oblique incidence into multiple orders using both reflective (dashed
lines) and transmissive (solid lines) gratings. The 0™ order of interference (m = 0),
occurs at 8, = —6;, and does not diffract. Subsequent orders of light however, will be
diffracted, and are classified based on their position with respect to the 0™ order. Beams
diffracted to the right of the 0™ order are considered positive orders, whereas beams to

the left are considered negative orders.
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Figure 2.14. Diffraction of light using both reflective and transmissive gratings.

The directions of the diffracted orders are dependent upon the grating spacing, A,
the wavelength of the incident light, A, and the incident angle, 8;, and can be found by
applying simple geometry to successive elements within a grating. Figure 2.15 illustrates

this geometry applied to successive elements of a reflective grating.

mt order

Figure 2.15. Successive element reflective grating geometry.
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One can see that the net path difference between rays from successive elements equals

AB — CD. Applying the proper trigonometric relations, one obtains equation 2.29.
AB — CD = A(sin6,, — sin6;) ‘ (2.29)

When the incident and diffracted rays are on the same side of the grating normal, 6,
takes on the same sign convention as 8;, whereas if they are on opposite sides, the reverse
is true. In order for the resultant interference pattern to be maximum, the net path
difference must equal some order of interference (i.e. AB — CD = mA). Isolating the

diffracted angle, one obtains equation 2.30.
sinf,, = sinf; +— (2.30)

This equation can also be thought of in terms of the wave vector, k. Recall that for an

EM plane wave, the wave vector points in the direction of propagation and has a
magnitude of |E| = k = 2n/A. Including the wave vector contribution in equation 2.30,

yields equation 2.31:

ksinBy, = ksing; +=- (2.31)

where.zf represents the magnitude of the grating vector, K, defined in a direction

perpendicular to the grating ruling, while k sin 8,, and k sin 6; represent the diffracted

and reflected wave vector components of the light along this grating vector, respectively.
Substituting the parameters k;;4p; and K for k sin 6, and 2771 respectively, yields equation
2.32.

klight = kSin 91' i mK (232)
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This equation is known as the grating equation, and represents the wave vector
component of the diffracted light along the grating vector. It is valid for both

transmissive and reflective diffraction gratings.

Figure 2.16 provides a schematic of the grating equation in light momentum space
for a reflective grating at oblique incidence, with the 0™ + 1%, and — 2™ orders being
shown. As one can see, k;;4p, has contributions from both the wave vector component of

the reflected wave along the grating vector as well as the grating vector itself.
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Figure 2.16. Schematic of the grating equation in light momentum space.
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For a reflective grating, if the grating spacing was fixed, but the angle of
incidence was increased, all orders would sweep in a CW-direction, whereas if the angle
of incidence was decreased, all orders would sweep in a CCW-direction. Conversely, if
the angle of incidence was fixed, but the grating spacing was increased (i.e. K decreased),
all orders would sweep in a CCW-direction, whereas if the grating spacing was decreased
(i.e. K increased), all orders would sweep in a CW-direction. Since each wavelength is
diffracted at a slightly different angle, if the incident light is polychromatic in nature, it

will be dispersed into its constituent wavelengths.

It should be noted that reflective gratings with spacings on the order of the
wavelength of light will be used throughout this thesis. As such, at normal incidence as
A/A - 1, then sin@,, = 1 for m = 1, and the position of the non-zero orders would
spread out, until only the £1% orders remain. Therefore, only the +1* orders-are of real

concern.
2.4  Surface Plasmon (SP) Grating Excitation
2.4.1 Mathematical Description of Surface Plasmons (SPs)

Recall from chapter 1 that SPs are defined as light induced surface electron
density fluctuations that collectively and coherently oscillate in resonance with the
incident light along the interface between any two materials in which the real portion of
the dielectric permittivity changes sign across the interface. These collective oscillations

yield a combined EM wave and surface charge character as shown in figure 2.17 1637,
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Figure 2.17. TM polarized light incident upon a dielectric-metal interface at y = 0.

Furthermore, it is known that when using the grating method for SP excitation, only
incident light with an E-field component along the grating vector will excite SPs B This
condition will be satisfied with both TM and TE polarized incident light, provided the
grating is oriented properly. Figure 2.17 illustrates the grating orientation for TM
polarized light.

Due to the evanescent nature of SPs, the surface-propagating waves will be
enhanced near the surface, but decay with distance away from it. As seen in figure 2.17,
this translates into an E-field that prdpagatcs along the x-axis, has its maximum at y = 0,
and vanishes at |y| — oo within both media. Mathematically, évanescent waves are
characterized by the fact that as least one component of the wave vector is imaginary 9,
In this case the wave vector is k = ky + iky, and the evanescent EM fields within the
dielectric (y > 0) are given by equations 2.33a and 2.33b !9 111]

y > 0: Eg = (Epq Ey g, 0)e (kxaxtikyay) (2.33a)
y > 0: Hy = (0,0, H,4)e(kxax+ikyay) (2.33b)

Similarly, the fields within the metal (y < 0) can be given by equations 2.34a and 2.43b.
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y < 0: Ep = (Eym, Eym, 0)ei(kxmxtikym) (2.342)

y < 0: Hy = (0,0, Hy ) e lexmx+ikymy) (2.34b)
2.4.2 Surface Plasmon (SP) Dispersion Relation

The angular frequency, w, of these electron density fluctuations is tied to its wave
vector component, k,, by a dispersion relation, w(k,) . The wave number, previously
written as IEI = k = 2w /A, can also be expressed in terms of the angular frequency, w,
dielectric permittivity, €, and magnetic permeability, u, as given by equation 2.35 81
k? = w?ue , (2.35)
Re-writing Maxwell’s curl equation as given by equation 2.1d to account for changing
media, one obtains equation 2.36, where the subscript med is simply used to denote the
applicable medium (i.e. dielectric or metal).
V X Hpeq = —iwEmeaEmed (2.36)
It is known that an evanescent wave (SP) which propagates along the interface and
extends into each adjacent media exists (8117 therefore the metal is assumed to be a ron-
perfect conductor. As such, the boundary conditions stating the continuity and
discontinﬁity of the tangential and normal components, respectively, of the E- and H-

fields of the evanescent wave are expressed by equations 2.37a—2.37c.

Ex,d = Ex,m (2.37a)
Hyg =H,m (2.37b)
edEy,d = ngy'm (237C)

Applying equation 2.36 to equations 2.33 and 2.34, one obtains the relationship given by

equation 2.38.
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(iky,mede,med' _ikx,mede,med' 0) = ("‘iwgmedEx,med: —iwgmedEy,medr 0) (2.38)

This relationship separated for both the dielectric and metal, yields equations 2.39a —

2.39d.

iky H; g = —iwegEx g (2.39a)
iky mHzm = —lWEREy ' (2.39b)
—ikygH; 4 = —lweyEy 4 (2.39¢)
—ikymHym = —lWEREy m (2.394d)

Applying the boundary conditions given by equations 2.37a and 2.37b to equations 2.39a

and 2.39b, yields equation 2.40.

bya _Lym (2.40)

&d Em

Likewise, applying the boundary conditions given by equations 2.39b and 2.39¢ to

equations 2.39¢ and 2.39d, yields equation 2.41.

kya = Kxm = ky (2.41)
Combining equations 2.35 and 2.41, yields equation 2.42:

kiea = ki + K3 mea = @ MmeaCmea (2.42)

Finally, manipulating equations 2.40 and 2.42 for non-magnetic media, and solving for '

k., one obtains the SP dispersion relation for a flat interface as given by equation 2.43:
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ksp=ky= = ]———:;j;"; = ki + ik} (2.43)

where the subscript r is used to denote the relative dielectric permittivity. Since the
dielectric-metal interface used in this thesis has the sinsusoidal profile of the diffraction
- grating, this SP dispersion relation is considered an approximation (i.e. grating depth «
SP propagation length along the interface).

Similarly, an approximation for the normal component of the wave vector into the

applicable medium can be derived as given by equations 2.44a and 2.44b.

2

kyg =2 |—d— =kl 4+ ikl (2.444)

c\ ErgtErm y

w E72',m ' Ly H
kym =2 f———smgm = K}y + ikl m (2.44b)

Recall from equation 2.3 that the effective dielectric permittivity of a metal, has both real

and imaginary components (i.e. & ,, = & ., + i& ). Therefore, equations 2.43 and 2.44
will have both a real component, k', representing wave propagation and an imaginary
component, k'', representing wave attenuation.’ The real portion of equations 2.43 and

2.44 are given by equations 2.45 and 2.46, respectively (12}, 1131

=1
W | Erdérm
k' = k' = - [— .
Sp x c Er,d"'z';,m (2 45)

ya = T | (2.463)

o : (2.46b)
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As discussed earlier, in order for an evanescent wave to exist along the interface, k; must
remain real, whereas k;, ,,.4 must be purely imaginary. This condition represents the EM
wave, propagating strictly along the interface, with evanescent tails extending into both
sides of the interface. Looking at equations 2.45 and 2.46, and knowing that &, 4 is

positive, the dielectric permittivity conditions required for SPs to exist are given by

equations 2.47a and 2.47b .
&rm <O (2.472)
Erm < —Erg (2.47b)

The SP wavelength, 4, and the SP propagation length, §¢p, can be found using the real

[12]

and imaginary portions of equation 2.43, respectively Similiarly, the SP dielectric

decay length, 8,4, and the SP metal decay length, §,,, can be found using equations 2.44a

and 2.44b, respectively 21141,

2.4.3 Drude Model for Dielectric Permittivity

At optical frequencies, an approximation for the real portion of the relative

effective dielectric permittivity of a metal, & ,,, as predicted by the Drude model, is

given by equation 2.48 (21, 170, 181, [13). 116,
s a2k 2.48
gr’m ~ wz ( . )

where wp is the characteristic plasma frequency of the metal. In the infrared and visible
regions, the optical frequency is usually significantly lower than the plasma frequency 21
Thus, the —w%/w? term is predominant in the right-hand side of equation 2.48, yielding

a negative real number (i.e. condition given by equation 2.47a). Applying the condition
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given by equation 2.47b to equation 2.48, one can obtain the maximum angular frequency

for which SPs will exist as given by equation 2.49.

2
& — 1 ®P _ - ) = —_wp
E&rm = wZ Erd 2 W= Wyax = Tie, . (2.49)

A plot of the relative dielectric permittivities of both a dielectic and a metal are illustrated

in figure 2.18 (31
&4
. dielectric, £,

é’?’,d rd 2

g

metal, £, = 1 ——-(;2,—

w

»>

Wp

”gr,d‘

Figure 2.18. Relative dielectric permittivity plot for a dielectric and a metal.

2.4.4 Surface Plasmon (SP) Dispersion Curve

An illustration of the SP dispersion relation, along with its dielectric permittivity
conditions and corresponding limitations, as given by equation 2.45 is provided in figure

2.19. Note that the plot is symmetrical about the w-axis.
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Figure 2.19. SP dispersion relation plot.

In order to examine how the SP dispersion relation will behave at both its upper and
lower limits, the limits of kgp as &/ ,, approaches —oo and —¢, 4 are taken, respectively,

and given by equations 2.50a and 2.50b.

=7
. w ) & d¥rm w
limgr kip == lim [—Z"=~= /¢ 2.50a
gr'm-—«)aoo SP c E;- o eT,d+E;‘,‘rn c T,d ( )

m

limg;‘m_, Erd kép — 00 (2.50b)

One can see from both figure 2.19 and equation 2.50 that at lower frequencies, the SP

dispersion relation approaches that of light in a dielectric U4 e. as & m = —00,

ksp = %,/ €ra), whereas at higher frequencies, it approaches infinity (i.e. as & ,, —

52



~&r,4, ksp = ). The maximum frequency for which SPs will exist, w4y, is shown in
figure 2.19 as a horizontal asymptote dashed line.

2.4.5 Surface Plasmon (SP) Excitation Condition

While the SP dispersion relation approaches that of light at lower frequencies, the
two will never intersect (i.e. SPs will never be excited), without some boost to the
tangential wave vector, k,, of the incident light. As discussed earlier, light diffracted
from a grating will acquire a boost its wave vector component along the direction of the
grating vector. Recall from equation 2.32 that the magnitude of the diffracted wave
vector has contributions from both the wave vector component of the reflected wave
along the grating vector, as well as the grating vector itself. Considering a diffraction
grating that is oriented with its grating vector along the x-axis, and incident light that is
oriented such that it has an E-field component along the grating vector (x-axis), as

previously illustrated in figure 2.17. By matching the kj;4pn, given by equation 2.32 to

that of kgp given by equation 2.45 one will obtain the relationship governing the
excitation of SPs via the grating method. Assuming +1* order diffraction, equation 2.32

can be re-written as equation 2.51.
klight = k sin 91’ i K (251)

Since k, = % and ny = /€&, 4, equation 2.45 can be re-written as equation 2.52.

' E;',m
ksp = kong ’n§+z'rm (2.52)

Equating equation 2.51 to equation 2.52, one obtains equation 2.53.
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kip = kong |—22— = ksin; + K (2.53)

Py

2
nd +£r,rn

Therefore, the SP excitation wavelength, Agp, is given in terms of the refractive index of
the dielectric, ng, the real portion of the relative dielectric permittivity of the metal, &, p,,

the incident angle, 6;, and the grating spacing, A, by equation 2.54 (173, (183, [19]

g - .
Asp =Ny ’;rz—‘;;—rm Fsin6; | A (2.54)

Here the equation takes on the form of — sin 6;, for +K, and vice versa.

For an air-silver (dielectric-metal) interface at 650 nm, n; = 1, and é}m ~
—~19.552 ) equation 2.54 becomes Agp = (1.027 F sin8;)A. Thus, for an air-silver
interface at normal incidence, with a grating spacing of A = 640 nm, the SP excitation
wavelength is Agp = 657 nm. Similarly, for a PVA-silver interface at 650 nm, n,; =~
1.525 ¥ and Agp =~ 1.525(1.065 F sin 9',-)A. For this interface at normal incidence,
with a grating spacing of A = 400 nm, the SP excitation wavelength becomes Agp =~ 650
nm. Figure 2.20 provides an. illustration of the matching condition required for the
excitation of SPs via the grating method. At normal incidence the ksing; terms

dissappear, yielding a single Agp.
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Figure 2.20. SP excitation matching condition plot.

The SP excitation points highlighted above represent the intersection of the 1™
order diffracted light lines with the SP dispersion curve. This corresponds to the

matching condition, kgp = kjjgn:, Which is satisfied by the free-space SP wavelength,

Asp, given by equation 2.54.
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CHAPTER 3: SURFACE PLASMON (SP) OPTIMIZATION

Chapter three is designed to provide the reader with the methodology used, and
results obtained, during the SP optimization trials. The entire experimental procedure
will be discussed, beginning with the fabrication and continuing through to test sample
result analysis. Generic manufacturing considerations and techniques will be discussed,
followed by the presentation and discussion of results. The results will be arranged based
on sample structure, with those relating to SP generation at an air-silver (Ag) interface
being provided first, followed by those relating to SP generation at a PVA-Ag interface.

All manufacturing and analytical related apparatuses will be illustrated and discussed.
31 Test Sample Fabrication Process
3.1.1 Azopolymers and Grating Inscription

Azopolymers have for some time proven to be an attractive basis for the single-
step, optical formation of surface-relief diffraction gratings !". Due to its availability and
proven success in producing such gratings 1, the compound poly[4-nitrophenyl-4'-[[2-
(methacryloyloxy)ethyl]ethyl-amino]phenyldiazene] (pDR1M) was the azopolymer of
choice for grating fabrication within this thesis. The pDRIM azopolymer was first
dissolved in dichloromethane with a mix ratio of 3% weight/weight before being
thoroughly mixed using a mechanical shaker. Once completely dissolved, the solution
was passed through a 0.45 pm nylon syringe filter. An ~200 nm thin film of the solution
was then spin-coated onto a clean BK7 glass slide, and subsequently baked at 90°C for 1
hour to remove any remaining solvent. The thickness of the film was regulated by

controlling the RPM of the spin-coater, and verified after being baked using a Sloan
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Dektak II surface profiler. A surface-relief diffraction grating was then optically
inscribed into the azopolymer film using the apparatus outlined in figure 3.1. Light from
a Verdi-V5 diode-pumped laser with a wavelength of 532 nm and output power of 4 W
was passed through a spatial filter and collimated to ~4.8 cm in diameter, yielding a
plane wave writing beam with an irradiance of ~221 mW-cm?. A 1/4 plate was
subsequently used to create circularly polarized light, with the size of the beam being
regulated to a diameter of ~1 cm using a variable iris. The beam was then incident on a
rotating sample mount, which was adjusted so that half of the beam was incident on the
mirror, and the other half was incident on the sample directly. The mirror and sample
had an angular separation of 90°.

Spatial Collimating Quarter Variable Rotary
Filter Lens Waveplate Iris Mount
1 “‘ | Mirror

P S Laser R kT mmme e b ]

Sample

Figure 3.1. Overview of grating inscription apparatus.

The portion of the beam striking the mirror was reflected back onto the sample,

interfering with the direct beam "

. Due to the photo-sensitivity of the azopolymer, this
interference pattern was inscribed onto the thin film in the form of a surface-relief
diffraction grating. The grating spacing, 4, was dependent upon both the wavelength of
the laser light, A, and angle of incidence, 8, as defined in figure 3.2, while the grating

depth was dependent upon both the writing beam irradiance and exposure time.
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Laser Beam

Figure 3.2. Overview of rotating sample mount.

The equation governing the grating spacing can be derived using figure 3.2. In
order to have constructive interference, the net path difference between the two beam
halves, CB — AB, must equal some integer of wavelength, mA, plus the phase change due

to the mirror reflection, 1/2. This relationship is highlighted by equation 3.1.
1
CB~-AB =2(m+3) G.1)

Using basic trigonometry, the expressions CB = x/sinf and AB = CB cos 20 were
obtained, and substituted into equation 3.1, yielding the relation for constructive
interference pattern maxima in terms of the wavelength of the laser light, A, and angle of

incidence, 6, as given by equation 3.2.

x = (m+3) (.2)

~ 2sin@
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Therefore the distance between any two consecutive maxima, also known as the grating

spacing, /A, is given by equation 3.3.

A=—2 (3.3)

" 2sin8@

3.1.2 Grating Verification and Considerations

Diffraction gratings written using the above technique could be optically verified
using the apparatus shown in figure 3.3. A low-power Helium-Neon laser, with a
wavelength of 632.8 nm, passed through a 1/4 plate and a semi-transparent mirror,
before being incident upon the grating sample. The semi-transparent mirror was
positioned at a slight incline in order to reflect the diffracted orders above the sample and

onto a viewing screen.

Quarter Semi-transparent +1% Order
Waveplate Mirror
i

Viewing Screet
H ey 0P Order :

Grating Sample

e S S
forz,

{
Rotary Mount

Figure 3.3. Overview of grating spacing verification apparatus.

The sample was originally mounted at normal incidence, with its 0® order position
highlighted on the viewing screen. It was then rotated CW until the -1* order illuminated
the original O™ order position on the viewing screen. At this position the -1% order angle
of diffraction, 8_;, was equal to the negative angle of incidence, —8;. When 6,,, = —6;,

the grating equation (2.31) yields equation 3.4, and thus the grating spacing can be found.
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_ A
- 2sin Bm

34

This procedure was then repeated for CCW rotation with the +1* order, and the grating
spacing was determined to be the average of the two. Predicted grating spacings proved
to be in very close agreement with optical measurements. A grating written with spacing,
A = 640 nm, yielded small discrepancies of A = 640.8 + 0.8 nm. Gratings with
spacings less than ~400 nm, could not be measured using this technique due to the
limitations of both the wavelength (1 = 632.8 nm) and angle of incidence (6;). In such

cases, an atomic force microscope (AFM) was used to measure spacings.

Both grating spacings and depths were measured using an AFM. Atomic force
microscope (AFM) grating spacing measurements, while not considered as accurate as
those measured by optical means, were nonetheless in close agreement with those
expected. Figure 3.4 illustrates an AFM image of a single grating with spacing, A = 640
nm in both (a) 2-D and (b) 3-D. For a grating of spacing, 4 = 640 nm, it was found that

an exposure time of ~70 secs yielded a grating depth of ~50 nm.

Scan Distance (1.76pm}

(a) (®)

Figure 3.4. Single grating (A = 640 nm) in (a) 2-D and (b) 3-D.
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Crossed gratings were fabricated by first writing a single grating, and then
rotating the sample 90° in order to write a second (crossed) grating on top of the first
grating. The spacings of both gratings were kept constant, however the exposure time of
the second grating was such that it yielded £1* order diffraction intensities comparable to
those of the first grating. Generally, this corresponded to an exposure time of ~1/3 of
that used to write the first of the two crossed gratings. Exposure times beyond ~ 1/3
resulted in grating degradation. Figure 3.5 illustrates an AFM image of a crossed grating

with spacing, Arpy = Apg = 640 nm in both (a) 2-D and (b) 3-D.

58.92nm
29.46nm

0.00mm

Scan Distance {1.76pm)}

(a) (®)

Figure 3.5. Crossed grating (Ayy = Apg = 640 nm) in (a) 2-D and (b) 3-D.

Parallel gratings were fabricated by writing a grating of spacing, A,, on top of
another grating of spacing, 4,. The grating with the larger spacing was written first, i.e.
A; > A,. Again, the exposure time of the second grating was such that it yielded £1%
order diffraction intensities comparable to those of the first grating. Generally, this
correéponded to an exposure time of ~1/2 of that used to write the first of the two

parallel gratings. - Exposure times beyond ~ 1/2 resulted in grating degradation. After

64



the first grating was written, the test sample was slightly raised via the sample mount
adjusting knob in order to vertically offset the two gratings. This made it possible to
optically measure one grating spacing at a time. Figure 3.6 illustrates an AFM image of a
parallel grating with spacing, A; = 280 nm and A, = 240 nm in both (a) 2-D and (b) 3-

D. This grating was written using an Argon laser at 1 = 458 nm.

a%:\\\»;_'

.

R

.

3can Distance (3.51pm)

(a) (b)
Figure 3.6. Parallel grating (A; = 280 nm, A, = 240 nm) in (a) 2-D and (b) 3-D.

In the case of parallel gratings, two grating vectors are present and the grating equation

can be modified as given by equation 3.5:
kligh.t = k sin el i lel "_"' mzl{z (3.5)

where m, and m, are the diffracted orders (limited to £1%) for grating vectors K; and K,,

respectively. The surface profile s(x) shown in figure 3.6 is given by equation 3.6:

s(x) = d; sin(Kyx) + d, sin(K,x + @3) (3.6)
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where x is the spatial coordinate, d, and d, are the amplitudes of the two harmonic

components, and ¢, is their relative phase .

3.1.3 Dielectric-Metal Interface

Once the desired gratings were inscribed onto the azopolymer, an ~100 nm thin
layer of Ag was sputter coated onto the sample using a BAL-TEC SCDO050 sputter coater.
The layer thickness was controlled by adjusting the sputtering time, and made thick
enough such that it was completely opaque to the majority of incident light being
reflected. Since gold (Au) absorbs strongly below the wavelength of A = 600 nm, it was
found better to use a metal such as Ag or aluminum (Al) to generate SPs 1 This thin
metal layer assumed the shape of the grating, thus serving as both the metal portion of the
interface, as well as a reflective diffraction grating. Figure 3.7 illustrates an AFM image
of the single grating shown in figure 3.4, sputter coated with an ~100 nm thin layer of ag

in both (a) 2-D and (b) 3-D.

66.58nm
33.29nm

0.00mn

Scan Distance {1.76um)

(a) (b)

Figure 3.7. Single grating (A = 640 nm) sputtered with Ag in (a) 2-D and (b) 3-D.
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Once the Ag had been sputter coated, it was time to complete the interface and
deposit the dielectric. It was determined that it would be beneficial to first examine SPs
in their purest form at an air-Ag interface, and thus during initial analysis no dielectric
deposit was necessary. In this case the air served as the dielectric, and the completed test

sample architecture was as illustrated in figure 3.8.

" Azo-polymer

? BK7 glass shde

Figure 3.8. Architecture of an air-Ag test sample.

Following the air-Ag analysis, test samples were designed and fabricated with a
thin film dielectric deposited upon the Ag. In order to avoid coupling effects in the
dielectric film, thin layers (< 180 nm) were used. This analysis closely resembled what
could be expected when dealing with OSCs. Based upon availability, good adhesiveness,
and demonstrated success in optical applications 61 polyvinyl alcohol (PVA) was chosen
as the thin film dielectric. Using distilled water as the solvent, a clear, viscous solution
was made. Depending on the desired thickness of the thin film, mix ratios were varied
from 3 to 5% weight/weight. Once the PVA was completely dissolved, the solution was
passed through a 0.45 pm nylon syringe filter. A thin film layer of the solution was then

spin-coated onto the Ag grating, and subsequently baked at 90°C for 1 hour to remove
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any remaining water. The architecture of the PVA-Ag sample was as illustrated in figure

3.9.

Azo-polvmer

?BK? alass slide

Figure 3.9. Architecture of a PVA-Ag test sample.

3.2 Test Sample Analysis
3.2.1 Test Sample Analysis Apparatus

Once the test samples were fabricated, they were placed on an analyzer as
illustrated in figure 3.10. Light from a spectrometer was passed through a mechanical
chopper and circularly polarized using a A/4 plate. It was then collimated and reflected
off of a concave mirror and through a polarizer, before being incident upon the test
sample, which was located on a computer-controlled rotary mount. Light reflected from
the test sample was directed to a second mirror, before finally being reflected into a photo
detector. The signal from the test sample was amplified using a lock-in amplifier and

recorded on a computer. This allowed for spectral scans at fixed angles of incidence.

68



Quarter Mechanical
Mirror Waveplate
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Dcr-ictcr -
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and computer

Figure 3.10. Overview of test sample analytical set-up.

The test sample was slightly tilted such that its reflected light near normal
incidence would bypass above the polarizer. Figure 3.11 illustrates a side view of the
circled stage of figure 3.10. Notice the slight tilt of the test sample. This tilting had no
effect on the plane of incidence and sample analysis for TM and TE.polarized light,
except in the case of crossed gratings. In such cases for ‘TE’ analysis, the test sample

had to be physically turned 90° in order to get a valid ‘TE’ response.

Photo
Dde‘cmr
Mirror ~ -
To lock-in amplifier
? and computer

Polarizer — —c

Figure 3.11. Side view of test sample analytical set-up for circled stage.

69



3.2.2 Test Sample Irradiance Response

The +1* orders of diffraction are responsible for the SP excitation. When these
orders skim the surface of the metal, they oscillate in resonance with the surface electron
density fluctuations. The excitation of SPs causes light to be re-radiated in all directions.
The interference of this re-radiated light with the 0™ order accounts for the response.
Recall that for gratings oriented with the grating vector parallel to the plane of incidence
(along the x-axis), only TM polarized incident light will excite SPs. Thus, when
measuring the relative (TM/TE) irradiance of a test sample, one can expect SP excitation
to yield sharp increases in the transmitted response due to the constructive interference of
the two, and sharp decreases in the reflected response due to the destructive interference
of the two. This destructive interference is due to the characteristic 180° phase shift seen
in reflected waves incident from a low side index. These responses are illustrated in

figure 3.12.

mncident beam

0 order reflection destructive
180° phase shift \ ' mterference
n, < ny)

4

, \ constructive
0% order transmission interference
Figure 3.12. Relative irradiance response due to SP excitation.
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3.3  Analysis of an Air-Silver (Ag) Interface
3.3.1 Single Grating Air-Silver (Ag) Interface

First, a single grating air-Ag interface was analyzed. For an air-Ag (dielectric-
metal) interface at 650 nm, n; ~ 1, and 5;,,,1 = —19.552 [l and thus the SP excitation
wavelength equation (2.54) took the form Agp = (1.027 + sin6;)A. Initially, grating
spacings were varied at normal incidence in order to verify their agreement with the
above approximation, as well as to visualize their behaviour. Figure 3.13 illustrates a
plot of the relative (TM/TE) reflected irradiance at normal incidence for varied grating

spacings at an air-ag interface.

Varied Grating Spacing, Air / Ag (~100 nm)

Relative Reflected Irradiance (TM/TE)

0.5
\ l A~ 595 nm, A, =632 nm
044 A,~ 840 nm, A, = 670 nm
0.3+ ~————— A, ~690 nm, Ay, =720 nm
0.2 -
0.1 T ' [ ] l L) ' L} I L) l L ' L] [ L] I
500 550 600 650 700 750 800 850 900

Wavelength (nm)

Figure 3.13. SPs at an air-Ag interface at 8; = 0 for varied grating spacing.
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One can see from figure 3.13 that as predicted, the SP excitation wavelength is
directly proportional to the grating spacing, Agp < A. Also, as the wavelength, 4,
approaches the grating spacing, A, more and more of the light is diffracted from the 0™
order, and thus the relative response is seen as slightly, yet constantly, decreasing. As A4
becomes larger than A no light is diffracted, and the relative response begins its return to
unity, until the SP excitation condition is met (1 = Agp) and the sharp troughs appear
(destructive interference). As A becomes larger than Agp, the relative response continues
its return to unity (~1). At normal incidence, only one value of Agp exists which satisfies

the ky;gne = ksp condition.

As seen in table 3.1, theoretical approximations at normal incidence were in good
agreement with experimental results shown in figure 3.13. Discrepancies can be
attributed to approximations which ignore non-flat surfaces, frequency dependence and

losses.

Table 3.1. Theoretical and experimental comparison of Agp at 8; = 0.

Once control of Agp at normal incidence was demonstrated, the effect of varying

the grating depth was explored. For a fixed grating spacing at normal incidence, grating
depths were varied by adjusting the exposure time during grating inscription. Figure 3.14
illustrates a plot of the relative (TM/TE) reflected irradiance at normal incidence for

varied grating depths at an air-Ag interface for a fixed grating spacing of 4 = 635 nm.
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Varied Grating Depth, A ~ 635 nm, Air / Ag (~100 nm)

1.0 = —— ]
0.9 —
T™TE,,, = 0.8781, Agp = 660 nm
~ 0.8
m
g 4 ——~15 nm
= 074 ——~35nm
8 ———~ 45 nm
.E N —~55nm
'g 0.6
é -
jg 0.5 — TMW/TE,,, = 0.5087, Ao = 660 nm
E 4
L 04— - -
% TMW/TE,, = 0.3842, Agp = 662 NM
&‘_’ -
0.3 — TM/T E, = 0.2974, 3, = 662 nm
0.2 -
0-1 L] ' L] ' L] ’ L) ’ L) , L) ' L4 ' L ’
500 550 600 650 700 750 800 850 900

Wavelength (nm)
Figure 3.14. SPs at an air-Ag interface at §; = 0 for varied grating depths (A ~ 635 nm).

While varying the grating depths had no effect on Agp, it did have a significant
effect on the relative (TM/TE) reflected irradiance. As seen in figure 3.14, as the grating
depth increases from ~15 to ~55 nm, the corresponding TM/TEmn decreases. This was
expected since deeper gratings generally correspond to greater diffraction efficiency. The
smallest possible TM/TEyn was desired, since it corresponded to an increase in SP
excitation (i.e. more destructive interference — more re-radiated light — more SP
excitation). It was found that grating depths beyond ~55 nm yielded characteristic band
gaps in the SP resonance !, For the sake of simplicity, SP band gaps were avoided by

only using gratings with depths less than ~55 nm.
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Once the effects of grating spacing and depths were examined, trials involving
varying angles of incidence were carried out. Figure 3.15 illustrates a nine-panel plot of
the relative (TM/TE) reflected irradiance of a single grating air-Ag interface for varied
angles of incidence (8° to -8°) with a fixed grating spacing of 4 = 640 nm and depth of

~55 nm. Here the normal incidence Agp = 672 nm.

Single Grating, Angle Scan (8° to -8°), Air/ Ag (~100 nm)
Grating Depth ~ 55 nm, A ~ 640 nm, A, =672 nm
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Figure 3.15. SPs at a single grating air-Ag interface for varied ;.

As seen in figure 3.15, as the angle of incidence was increased from zero, two

values of Agp emerged which satisfied the kg, = kgp condition given by Agp =
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(1.027 ¥ sin;)A. These values of Agp corresponded to the +1% orders of diffraction,
and were seen in the graphical results as a splitting of the SPs excited at normal
incidence. Theoretical approximations were again in good agreement with experimental
results. At 6; = 8°, theory predicted Agp values of 568 nm and 746 nm, whereas

experimental results yielded Agp values of 594 nm and 778 nm.

Figure 3.16 illustrates an intensity plot of the relative (TM/TE) reflected
irradiance of a single grating air-Ag interface for varied incident angles (10° to -10°) with
a fixed grating spacing of A = 640 nm and depth of ~55 nm. This is the same test

sample as was analyzed in figure 3.15.

Single Grating, Angle Scan (10° to -10°), Air / Ag (~100 nm)
Grating Depth ~ 55 nm, A ~ 640 nm, rep =672 nm

\O

fx'/

Angle {*)

T

T { T T T
500 5§50 600 650 700 750 800 850 900

Wavelength (nm)

Figure 3.16. SPs at a single grating air-Ag interface for varied 6; contour.
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Figure 3.17 illustrates the same intensity plot shown in figure 3.16, but with
colour. One can see from figure 3.17 that generally more SPs were excited (deeper
troughs) for A < 672 nm compared to A > 672 nm. It is believed that this may be due to
the wavelength-dependency of the dielectric permittivity. Another possible cause may be
a slightly blazed diffraction grating, creating asymmetrical diffraction throughout its

orders.

Single Grating, Angle Scan (10° to -10°), Air / Ag (~100 nm)
Grating Depth ~ 55 nm, A ~ 640 nm, &, = 672 nm

1 Zone 1

1 ' 1 '
500 550 600 650 700 750 800 850 9200

Wavelength {nm)
Figure 3.17. SPs at a single grating air-Ag interface for varied 8; colour.

The zones highlighted in figure 3.17 correspond to the cases illustrated in figure
3.18. Recall that the order diffracted to the right of the 0" order is the +1* order, whereas
that diffracted to the left is the -1% order. Also, as the wavelength of light increases, so
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too does its angle of diffraction (relative to the (i order). Thus, looking at the grating
geometry of zone 1, the +1* order will couple to the SPs at a shorter wavelength than the
lst

order (Asp 41 < Asp—1), yielding two different values of Agp. As the angle of
incidence further increases, the orders sweep in a CW-direction, yielding a decreasing
Asp +1, but an increasing Agp_;. In zone 2 (8; = 0), Asp 41 = Asp,~1 Yyields a standing
wave, represented by a single value of Agp. This accounts for the most favourable
TM/TEmiy seen at 8; = 0, since it has overlapping contributions from both the +1%
orders. Looking at the grating geometry of zone 3, the -1% order will couple to the SPs at
a shorter wavelength than the +1* order (Agp 1 < Agp 1), yielding two different values
of Asp. This is the reverse of what was occurring in zone 1. As the angle of incidence
further decreases, the orders sweep in a CCW-direction, yielding a decreasing Agp _;, but

an increasing Asp 41.

Zone 1 Zone 2 Zone 3

_lst +1st _1st +lst _lst

0 o y.N - 5 N .
TV - ! \*/ el - A AY4 el
Asp'_1§ SP,+1 . }‘SP,-1§ASP,+1 ASP,—I ASP,+1
Asp—1> Asp 41 Asp.-1= Asp 41 Asp-1 < Asp41
(@ (b) (©)

Figure 3.18. Explanation of zones (a) 1, (b) 2 and (c¢) 3 as highlighted in figure 3.17.
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3.3.2 Crossed Grating Air-Silver (Ag) Interface

Following the analysis of single gratings, SPs at a crossed grating air-Ag interface
were examined. The spacings of both gratings were equal. By limiting the exposure time
of the second grating to ~1/3 that of the first grating, comparable relative reflected

irradiance responses were obtained. Recall that in order for SPs to be excited, the

incident light must have an E-field component along the grating vector. For gratings
oriented with the grating vector parallel to the plane of incidence, this condition is
satisfied via TM polarized incident light only. However, using a crossed grating scheme,
there exists grating vectors both parallel and perpendicular to the plane of incidence, and
thus both TM and TE polarized incident light are capable of exciting SPs. In fact using

crossed gratings, any incident light polarization will generate SPs (8]

. A crossed grating
can be thought of as a single grating simply extended to include SP excitation in all

polarizations.

Since SPs were excited' in all polarizations, a relative (TM/TE) irradiance
response would not illustrate the excitation of SPs. Thus, an irradiance response relative
to a polynomial fit was taken. The destructive interference tro‘ughs (corresponding to SP
excitation) of the irradiance response were removed and a polynomial fit was computed.
This allowed a clear indication of SP excitation over all polarizations. The gratings were
oriented such that the initial grating written at full exposure time would generate SPs with
TM polarized incident light (TM active grating — grating vector parallel to the plane of
incidence), whereas the second grating written at ~1/3 the exposure time would

generate SPs with TE polarized incident light (TE active grating — grating vector

78



perpendicular to the plane of incidence). Results of the TM active grating will be

provided first.

Figure 3.19 illustrates a nine-panel plot of the relative (TM/polynomial fit)
reflected irradiance of a crossed grating air-Ag interface for varied incident angles (8° to -

8°) with a fixed TM active grating spacing of A = 640 nm and depth of ~55 nm.

Crossed Grating, Angle Scan (8° to -8°), Air / Ag (~100 nm)
Grating Depth ~ 55 nm, A ~ 640 nm, A, = 664 nm
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Figure 3.19. TM SPs at a crossed grating air-Ag interface for varied 8;.

At normal incidence, one value of Agp (Asp = 664 nm) excited SPs. As the angle

of incidence was increased from zero, two values of A;p emerged which satisfied the
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Kiight = ksp condition. These values of Agp corresponded to the +1% orders of
diffraction, and were seen in the graphical results as a splitting of the SPs excited at

normal incidence.

Figure 3.20 illustrates an intensity plot of the relative (TM/polynorhial fit)
reflected irradiance of a crossed grating air-Ag interface for varied incident angles (10° to
-10°) with a fixed TM active grating spacing of A ~ 640 nm and depth of ~55 nm. This

is the same test sample as was analyzed in figure 3.19.

Crossed Grating, Angle Scan (10° to -10°), Air / Ag (~100 nm)
Grating Depth ~ 55 nm, A ~ 640 nm, 1, = 664 nm

500 550 600 650 700 750 800 850
Wavelength (nm)

Figure 3.20. TM SPs at a crossed grating air-Ag interface for varied 6; contour.
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Figure 3.21 illustrates the same intensity plot shown in figure 3.20, but with
colour. Again, one can see that generally more SPs were excited for A < 664 nm

compared to A > 664 nm.

Crossed Grating, Angle Scan (10° to -10°), Air / Ag (~100 nm)

Grating Depth ~ 55 nm, A ~ 640 nm, 1, = 664 nm
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Figure 3.21. TM SPs at a crossed grating air-Ag interface for varied 8; colour.
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In order to examine SPs excited via the ‘TE’ active grating, the test sample had to
be physically turned 90°. This was necessary due to the slight inclination given to the
test sample in order for its reﬂectign to bypass the polarizer. Figure 3.22 illustrates a
nine-panel plot of the relative (TE/polynomial' fit) reflected irradiance of a crossed
grating air-Ag interface for varied incident angles (8° to -8°) with a fixed TE active
grating spacing of 4 = 640 nm and depth of ~25 nm. At normal incidence, Asp = 662
nm. This grating was written at ~1/3 the exposure time of the TM active grating, .

accounting for the grating depth of ~25 nm.

Crossed Grating, Angle Scan (8° to -8°), Air / Ag (~100 nm)
Grating Depth ~ 25 nm, A ~ 640 nm, i, = 662 nm
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Figure 3.22. TE SPs at a crossed grating air-Ag interface for varied 6;.
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Figure 3.23 illustrates an intensity plot of the relative (TE/polynomial fit)
reflected irradiance of a crossed grating air-Ag interface for varied incident angles (10° to
-10°) with a fixed TE active grating spacing of A = 640 nm and depth of ~25 nm. This

is the same test sample as was analyzed in figure 3.22.

Crossed Grating, Angle Scan (10° to -10°), Air / Ag (~100 nm)
Grating Depth ~ 25 nm, A ~ 640 nm, 1, = 662 nm

v T
500 700
Wavelength (nm)

Figure 3.23. TE SPs at a crossed grating air-Ag interface for varied 6; contour.
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Figure 3.24 illustrates the same intensity plot shown in figure 3.23, but with

colour. Given that the TE active grating depth was less than half that of the TM active

grating, the former was slightly weaker in the excitation of SPs.

Crossed Grating, Angle Scan (10° to -10°), Air / Ag (~100 nm)

Grating Depth ~ 25 nm, A ~ 640 nm, ., = 662 nm
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Figure 3.24. TE SPs at a crossed grating air-Ag interface for varied 8; colour.

3.3.3 Parallel Grating Air-Silver (Ag) Interface

Following the analysis of crossed gratings, SPs at a parallel grating air-Ag

interface were examined. The larger grating was first written, followed by the smaller

grating, i.e. A; > A,. By limiting the exposure time of the second grating to ~ 1/2 that

of the first grating, comparable SP irradiance responses were obtained. Figure 3.25

84



illustrates a nine-panel plot of the relative (TM/TE) reflected irradiance of a parallel
grating air-Ag interface for varied incident angles (8° to -8°) with fixed grating spacings
of A; = 700 nm and A, = 600 nm. The depth of each grating, A, and A,, was ~55 nm
and ~35 nm respectively. Given that the first grating (A;) was deeper than the second

(A,), the former was slightly stronger in the excitation of SPs.

Parallel Superimposed Grating, Angle Scan {8° to -8°), Air / Ag (~100 nm)
A, ~700 nm, A, =724 nm, A, ~600 nm, A, = 630 nm
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Figure 3.25. SPs at a parallel grating air-Ag interface for varied 6;.

Recall that for parallel gratings their exists two grating vectors, K; (4;) and K,

(A;), and as such the effective grating vector — limited to 1% orders — can be any
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combination of +m; K; + m,K,. As seen in figure 3.25, at normal incidence, two values
of Agp (Asp = 630 nm annd 724 nm) excited SPs (representing two standing waves).
These values corresponded to the +£1% orders of each grating separately, i.e. m; = +1,
m, =0 (K410), and my =0, m, = +1 (Kp41). As the incident angle was increased
from zero, four values of Asp emerged which satisfied the k;;4n; = kgp condition. These
values of Agp, seen in the graphical results as a splitting of the.SPs excited at normal
incidence, again corresponded to the £1* orders of each grating separately, i.e. m; = +1,
my = 0 (K410), and my = 0, m, = +1 (K 44). Therefore, within the spectral range of
500 — 900 nm, parallel gratings of spacings, A; = 700 nm and A, = 600 nm, can be
treated as two separate gratings, and the SP excitation wavelength approximation holds
true, i.e. Agp = (1.027 Fsinf;)A. In order to see SPs excited by the grating vector
combination my; =1, m, =1 (Ky4), or my = =1, mp, = —1 (K_;_;), an ultraviolet
(UV) spectral scan would be necessary. Similarly, in order to see SPs excited by the
grating vector combination my = 1, m, = —1 (K; —;), orm; = -1, m, =1 (K_; ), an
infrared (IR) spectral scan would be necessary. In order to predict the SP excitation
wavelengths in the UV and IR bands, another SP excitation wavelength approximation

would have to be derived accounting for the combined grating vector effects.

Figure 3.26 illustrates an intensity plot of the relative (TM/TE) reflected
irradiance of a parallel grating air-Ag interface for varied incident angles (10° to -10°)
with fixed grating spacings of A; = 700 nm and A, ~ 600 nm. The depth of each
grating, A, and A,, was ~55 nm and ~35 nm respectively. This is the same test sample

as was analyzed in figure 3.25.
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Parallel Superimposed Grating, Angle Scan (10° to -10°), Air/ Ag (~100 nm)

500 550 600 650 700 750 800 850 900
Wavelength (nm)-

Figure 3.26. SPs at a parallel grating air-Ag interface for varied 6; contour.

Figure 3.27 illustrates the same intensity plot shown in figure 3.26, but with
colour. One can see that the larger grating A, is slightly stronger than the smaller grating

(A2). At normal incidence, only two values of Agp (Asp (0,+1) and Agp (+1,0)) Will excite
SPs, whereas at oblique incidence, four values of Asp (Asp 0,1y, Asp,(1,0)> Asp,(0,~1)> and

Asp (-1,0)) Will excite SPs.
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Parallel Superimposed Grating, Angle Scan (10° to -10°), Air / Ag (~100 nm)
A, ~700 nm, a,, =724 nm, A, ~ 600 nm, »__, = 630 nm
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Figure 3.27. SPs at a parallel grating air-Ag interface for varied 8; colour.

The zones highlighted in figure 3.27 can be visualized by looking at the parallel
grating SP excitation plot as illustrated in figure 3.28 (recall that w « 2™1). In zone 1
(8; > 5°), Asp0,1) < Asp1.0) < Asp0,-1) < Asp(—1,0) Yyielding four different values of
Asp. The +1% orders will excite SPs at a shorter A (larger w) than the -1% orders, i.e.
Asp0,1) < Asp0,-1) and Asp 10y < Asp(-1,0r As the angle of incidence further
increases, the orders sweep in a CW-direction, yielding decreasing Agp,(o,1) and Agp (1,0),
but increasing Agp o,-1) and Agp -1,0)- This is the actual condition represented in figure

3.28. In zone 2 (40 < Bi < 50), ASP,(O,I) < ASP,(l,O) = ASP,(O,—l) < ASP,(—LO) ylelding
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three values of Agp. This accounts for the favourable TM/TEm seen in the central
trough, since it has overlapping contributions from both the (m = 1,0) and (m = 0,—1)
orders. Looking at figure 3.28 this makes sense, since the angle of incidence (and thus
the ksin@; term) has decreased compared to zone 1. In zone 3 (0° < 6; < 4°),
Asp01) < Asp0-1) < Asp(1,0) < Asp(-1,0) Yielding four different values of Agp. This is
the same condition as in zone 1, except now Agp o -1) < Asp,1,0)- In zone 4 (6; = 0°),
Asp,0,1) = Asp0-1) < Asp(1,0) = Asp,(~1,0), yielding two different values of Asp (two
standing waves). At normal incidence the k sin 8; term in figure 3.28 disappears. This
accounts for the mosf favorable values of TM/TEmm seen at 8; = 0, since they have
overlapping contributions from both the (m = 0,+1) and (m = *1,0) orders. Zone 5
(—4° < 6; < 0°), is the reverse of what was occurring in zone 3, Agp (0-1) < Asp,0,1) <
Asp(-1,0) < Asp(1,0)- The -17 orders will excite SPs at a shorter wavelength than the +1%
orders (i.e. Agp(0-1) < Asp,(0,1) and Asp 1,0y < Asp,(1,0))- As the angle of incidence
further decreases, the orders sweep in a CCW-direction, yielding decreasing Agp (o-1)
and Agp(_10), but increasing Asp(o,1)y and Agp(10)- In zone 6 (-5° < 6; < —4°),
Asp 0,-1) < ASP,(—1,0‘) ~ Aspo1) < Asp,(1,0) Yi€lding three values of Agp. This accounts
for the favourable TM/TEyn seen in the central trough, since it has overlapping
contributions from both the (m = —1,0) and (m = 0,1) orders. In zone 7 (6; < —5°),
Asp0-1) < Asp-1,0) < Asp0,1) < Asp,(1,0) Yielding four different values of Agp. This

is the same condition as in zone 5, except now Agp (_1,0) < Asp,(0,1)-
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Figure 3.28. Parallel grating SP excitation plot.
34 Analysis of a Polyvinyl Alcohol (PVA)-Silver (Ag) Interface
3.4.1 Single Grating Polyvinyl Alcohol (PVA)-Silver (Ag) Interface

For the PVA-Ag interface analysis, at 650 nm, ng = 1.525 ©® and E;,m =
—~19.552 ") and thus the SP excitation wavelength equation (2.54) took the form,
Asp = 1.525(1.065 F sin 8;)A. Initially, varied PVA thickness trials were carried out on
a single grating in order to determine an optimal film thickness. It was necessary to vary
the mix ratios from 3 to 5% in order to obtain the full range of film thicknesses. Varied
film thicknesses were spin coated onto a cleaned BK7 glass slide and measured using the

Dektak IIA surface profiler as illustrated in table 3.2.
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Table 3.2. PVA thin film parameters.

Sloan Dektak IIA ’Sﬂurface_Pljoﬁler -
RPM (% w/wmixratio) -~ .~ Film Thickness
3009 O 446+ 11

_1000.(4)
1200 (4)

3000 (4)

R AR

1700 (3)

5000 (3)

14

2
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Once the appropriate thickness parameters were determined, PVA thin films
varying from ~75 to ~450 nm were spin coated onto the Ag gratings and subsequently
analyzed. Figure 3.29 illustrates a nine-panel plot of the relative reflected irradiance
(TM/TE) at normal incidence for varied film thicknesses (~75 to ~450 nm) at a single
grating PVA-Ag interface with a fixed grating spacing of A4 = 400 nm and depth of ~55

nm.

Varied PVA Thickness, A ~ 400 nm, PVA / Ag (~100 nm)
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Figure 3.29. SPs at a PVA-Ag interface at 8; = 0 for varied film thicknesses.

Based on the SP excitation wavelength approximation at normal incidence, one

would think that for a fixed grating spacing (A = 400 nm), Agp would remain constant.
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However, as seen in figure 3.29, depending on the PVA thickness, this may not always be
the case. Recall that SPs are evanescent waves which propagate along the interface and
extend into each adjacent media. Typically, the decay length at which the E-field falls to
1/e of its initial value into the dielectric, 84, is on the order of half the wavelength of
incident light ). Thus, for film thicknesses below the E-field decay length, the
evanescent tail of the SP extends beyond the PVA thin film, and the effective refractive
index of the dielectric used in the SP excitation wavelength approximation, becomes
some combination of the refractive indexes of both air and PVA. This explains the

changing Agp seen in figure 3.29 for varying PVA film thicknesses. One can see that at
~400 nm, Agp more or less stabilizes, indicating that the adjacent SP E-field is mostly

decayed. Figure 3.30 illustrates the SP E-field decay length into the dielectric, 64.

ylk

\ 5

Air 15( film thickness

PVA : | E |
e s N, S : Y
\ N .\/ ~ N -

Ag grating

Figure 3.30. SP E-field decay into the dielectric, 6.

As seen in figure 3.29, as PVA film thicknesses increased, non-SP related peaks
and troughs became apparent in the irradiance response of the test sample. These peaks
and troughs are credited to thin film coupling effects, and can become cumbersome when
trying to highlight purely SP-related effects. These coupling effects, by themselves, have

actually been proven to enhance photocurrent generation in OSCs (191 however in order
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to keep the analysis evident and purely SP-based, it was decided that a PVA film

thickness of ~180 nm would be used for further analysis. This would allow for a nice

portion of the adjacent, decaying SP E-field to be encompassed within the PVA thin film.

3.4.2 Crossed Grating Polyvinyl Alcohol (PVA)-Silver (Ag) Interface

Following the analysis of single gratings, SPs at a crossed grating PVA-ag
interface were examined. The spacings of both gratings were equal. The gratings were
oriented such that the initial grating written at full exposure time would generate SPs with
TM polarized incident light, whereas the second grating written at ~ 1/3 the exposure

time would generate SPs with TE polarized incident light.

Figure 3.31 illustrates a nine-panel plot of the relative (TM/polynomial fit)
reflected irradiance of a crossed grating PVA-Ag interface for varied incidence angles
(16° to -16°) with a fixed TM active grating spacing of A ~ 430 nm and depth of ~55

nm. At normal incidence, Agp = 670 nm.
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Crossed Grating, Angle Scan (16° to -16°), PVA (~180 nm) / Ag (~100 nm)

Grating Depth ~ 55 nm, A ~ 430 nm, 3., = 670 nm
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Figure 3.31. TM SPs at a crossed grating PVA-Ag interface for varied 6;.

Figure 3.32 illustrates an intensity plot of the relative (TM/polynomial fit)

reflected irradiance of a crossed grating PV A-ag interface for varied incident angles (16°

to -16°) with a fixed TM active grating spacing of A = 430 nm and depth of ~55 nm.

This is the same test sample as was analyzed in figure 3.31.
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Crossed Grating, Angle Scan (16° to -16°), PVA (~180 nm) / Ag (~100 nm)
Grating Depth ~ 65 nm, A ~ 430 nm, A, =670 nm

850
Wavelength (nm)

Figure 3.32. TM SPs at a crossed grating PVA-Ag interface for varied 8; contour.

Figure 3.33 illustrates the same intensity plot shown in figure 3.32, but with
colour. One can see that at ; = 0°, only one value of Agp will excite SPs (standing
wave), whereas at oblique incidence, two values of Agp will excite SPs (corresponding to

+1% orders).
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Crossed Grating, Angle Scan (16° to -16°), PVA (~180 nm) / Ag (~100 nm)
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Figure 3.33. TM SPs at a crossed grating PVA-Ag interface for varied 8; colour.

For the TE active grating, the sample had to be physically turned 90°. Again, this

was necessary due to the slight inclination given to the test sample in order for the

reflection to bypass the polarizer. Figure 3.34 illustrates a nine-panel plot of the relative

(TE/polynomial fit) reflected irradiance of a crossed grating PVA-Ag interface for varied

incident angles (16° to -16°) with a fixed TE active grating spacing of A = 430 nm and

depth of ~25 nm. This grating was written at ~ 1/3 the exposure time of the TM active

grating, accounting for the grating depth of ~25 nm. At normal incidence, Agp = 674

nm.
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Figure 3.34. TE SPs at a crossed grating PVA-Ag interface for varied 6;.

Figure 3.35 illustrates an intensity plot of the relative (TE/polynomial fit)

reflected irradiance of a crossed grating PVA-Ag interface for varied incident angles (16°

to -16°) with a fixed TE active grating spacing of A = 430 nm and depth of ~25 nm.

This is the same test sample as was analyzed in figure 3.34.
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Crossed Grating, Angle Scan (16° to -16°), PVA (~180 nm) / Ag (~100 nm)
Grating Depth ~ 25 nm, A ~ 430 nm, A, = 674 nm
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Figure 3.35. TE SPs at a crossed grating PVA-Ag interface for varied 8; contour.

Figure 3.36 illustrates the same intensity plot shown in figure 3.35, but with
colour. Again, given that the TE active grating depth was less than half that of the TM

active grating, the former was slightly weaker in the excitation of SPs.
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Crossed Grating, Angle Scan (16° to -16°), PVA (~180 nm) / Ag (~100 nm)
Grating Depth ~ 25 nm, A ~ 430 nm, A, = 674 nm
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Figure 3.36. TE SPs at a crossed grating PVA-Ag interface for varied 8; colour.
3.4.3 Parallel Grating Polyvinyl Alcohol (PVA)-Silver (Ag) Interface

Following the analysis of crossed gratings, SPs at a parallel grating PVA-Ag
interface were examined. Figure 3.37 illustrates a nine-panel plot of the relative
(TM/TE) reflected irradiance of a parallel grating PVA-Ag interface for varied incident
angles (14° to -14°) with fixed grating spacings of A; = 460 nm and A, ~ 400 nm. The
depth of each grating, A; and A,, was ~55 nm and ~35 nm respectively. Given that the
first grating (A,) was deeper than the second (A,), the former was slightly stronger in the
excitation of SPs. At normal incidence, two values of Agp (Agp = 626 nm and 694 nm)

excited SPs (representing two standing waves). As the angle of incidence was increased
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from zero, four values of Asp emerged satisfying the kj;gp, = ksp condition. These

values of Agp were seen in the graphical results as a splitting of the SPs excited at normal

incidence. Compared to an air-Ag interface, this splitting occurred at a much slower rate.

This was attributed to both the higher index of the PVA, as well as the smaller spacing of

the gratings.

Parallel Superimposed Grating, Angle Scan (14° to -14°), PVA (~180 nm) / Ag (~100 nm)
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Figure 3.37. SPs at a parallel grating PVA-Ag interface for varied 6;.

Figure 3.38 illustrates an intensity plot of the relative (TM/TE) reflected

irradiance of a parallel grating PVA-Ag interface for varied incident angles (14° to -14°)

with fixed grating spacings of A; =~ 460 nm and A, = 400 nm. The depth of each
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grating, A; and A,, was ~55 nm and ~35 nm respectively. This is the same test sample

as was analyzed in figure 3.37.

Parallel Superimposed Grating, Angle Scan (14° to -14°), PVA (~180 nm) / Ag (~100 nm)
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Figure 3.38. SPs at a parallel grating air-Ag interface for varied 6; contour.

Figure 3.39 illustrates the same intensity plot shown in figure 3.38, but with
colour. One can see that the larger grating A, is slightly stronger than the smaller grating

(A2). At normal incidence, only two values of Asp (Asp 0,+1) and Asp (+1,0y) Will excite
SPs, whereas at oblique incidence, four values of Agsp (Asp (0,1)> Asp,(1,0)> Asp,(0,-1)> and
Asp(—1,0)) Will excite SPs. The zoning explanation given for a parallel grating air-Ag

interface holds true for the parallel grating PVA-Ag interface shown in figure 3.39.
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Parallel Superimposed Grating, Angle Scan (14° to -14°), PVA (~180 nm) / Ag (~100 nm)
A, ~ 460 nm, A, =626 nm, A,~400 nm, A, =694 nm
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Figure 3.39. SPs at a parallel grating air-Ag interface for varied 6; colour.

From both air-Ag and PVA-Ag analysis, it was determined that the grating depth
and film thickness would be held constant at ~55 nm and ~180 nm respectively,
throughout P3HT-PCBM OSC trialing. Also, for both crossed and parallel gratings, the
appropriate exposure time rules would remain. These were deemed as the optimal
parameters for yielding pure, SP-based photocurrent enhancements in thin film OSCs.
For grating depths and film thicknesses beyond these optimal values, band gaps and
coupling effects become quite apparent. Furthermore, grating spacings would be chosen

based on the desired location of SP excitation.
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CHAPTER 4: THIN FILM ORGANIC SOLAR CELLS (OSCs)

Chapter four is designed to provide the reader with the methodology used, and
results obtained, during the OSC trials. The entire experimental procedure will be
discussed, beginning with the fabrication and continuing through to OSC result analysis.
Generic manufacturing considerations and techniques will be discussed, followed by the
presentation and discussion of results. The results will be arranged based on OSC grating
schemes, with those relating to single gratings being‘ provided first, followed by those
relating to crossed and superimposed gratings. All unique manufacturing and analytical

related apparatuses will be illustrated and discussed.

4.1 Organic Solar Cell (OSC) Fabrication Process
4.1.1 Grating Inscription and Verification

Surface-relief diffraction gratings were optically inscribed into pDRIM
azopolymer films (~200 nm) using the same apparatus outlined in figure 3.1. This time
however, light from a Spectra-Physics Stabilite 2017 argon laser with a wavelength of
458 nm and output power of 200 mW was filtered and collimated to ~3.4 cm in diameter,
yielding a plane wave writing beam with an irradiance of ~22 mW-cm™?. The use of this
shorter wavelength laser allowed gratings to be written with spacings as small as
A = 240 nm. Due to its relatively low irradiance compared to the diode-pumped laser,
exposure times required to achieve desired grating depths were much longer. For a
grating of spacing, A = 240 nm, it was found that an exposure time of ~1500 secs
yielded a grating depth of ~55 nm. Both grating spacings and depths were verified using

an AFM.
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4.1.2 Metal Deposits

Once the desired gratings were inscribed onto the azopolymer film, an ~100 nm
thin layer of aluminum (Al) was evaporated onto the sample using a Key High Vacuum
Products, Inc. Evaporator. The layer thickness was controlled by adjusting the
evaporation power current, and made thick enough such that it was completely opaque to
the majority of incident light being reflected. Evaporation is considered a non-intrusive
method of depositing a thin metal layer, whereas sputter coating is considered intrusive.
While not necessary during the deposit of the bottom (Al) electrode, evaporation was
necessary during the deposit of the top (Au) electrode, since it avoided metal intrusion
into the photoactive layer. In order to monitor the thickness of the electrode deposits in
real-time, the resistance, R, of the deposit was measured using Fluke 25 multi-meter
connected to each end of the electrode strip. The thickness of the deposit was predicted

using the relationship given by equation 4.1 th;

_ PL_ pL — pL
R——A—-wt->t-—wR 4.1)

where p is a measure of the material's ability to oppose electric current, known as its
resistivity, L is the length of the deposit, and A is the cross-sectional area of the deposit

(A = wt), as shown in figure 4.1.

Figure 4.1. Dimensions of metal deposit.
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Both the length and width of the electrode strips in all evaporations were fixed at
L=35-10"2mand w = 4.2 - 1073 m, respectively. The resistivity of Al at 20°C is
2.82 - 1078 Q-m, whereas that of Au is 2.44- 1078 Q'm 21 Thus, in order for an ~100
nm thin layer of Al to be evaporated, current was applied until the multi-meter measured
a resistance of R =~ 2.5 Q. Thicknesses predicted using this resistance monitoring
system, were verified using a Sloan Dektak II surface profiler, and proved to be in good
agreement with experimental measurements. Aluminum deposited to a real-time, multi-
meter resistance of R = 2.5 Q (t = 100 nm), yielded small discrepancies of t = 111.3 +

5.2 nm.

4.1.3 P3HT:PCBM Photoactive Blend

Once the bottom (Al) electrode was deposited, it was time to prepare and deposit
the photoactive layer. Due to its availability and proven success P! (4. 151 18] the
commonly used bulk hetero-junction blend of the polymer poly (3-hexylthiophene)
(P3HT) and the fullerene [6,6]-phenyl Cs;-butyric (PCBM) was chosen as the photoactive
layer. The P3HT serves as the electron donor, while the PCBM serves as the electron
acceptor ). Absorption of incident light photons result in charge separation and the
subsequent formation of electron-hole pairs. The electrons are transported via the
acceptor domains, and collected by the bottom (Al) electrode, whereas the holes are
pulled in the opposite direction and collected by the top (Au) electrode, thus generating
photocurrent ** ). The metals Al and Au were chosen as the harvesting electrodes based

on their proven success and compatibility with the P3HT:PCBM blend (¢} 110 [11]

. Figure
4.2 illustrates the P3HT:PCBM bulk hetero-junction layer sandwiched between the two

harvesting electrodes. Notice the electron is donated by P3HT, accepted and transported
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by the PCBM, and subsequently collected by the Al electrode. The hole is pulled in the

opposite direction to the Au electrode.

incident light

Figure 4.2. P3HT:PCBM bulk hetero-junction blend.

The energy, E, required for charge separation is provided by the incident light

photons and given by equation 4.2:

where h is known as Planck’s constant, while the other parameters are as previously

defined.

4.1.4 Organic Solar Cell (OSC) Architecture

A (1:1) P3HT:PCBM solution was diluted in chlorobenzene with a mix ratio of
5% weight/weight. This solution was thoroughly mixed using an ultrasonic bath and a
mechanical shaker. The P3HT:PCBM blend was then spin-coated on top of the Al
electrode with a thickness of ~180 nm, and annealed at 95°C for 1 hour under N,
atmosphere. Annealing has béen shown to improve the performance of P3HT-based

OSCs Pl Finally, a very thin layer of Au (~10 nm) was evaporated on top of the

108



P3HT:PCBM blend, to serve as the second, harvesting electrode. The completed SP-

based, P3HT:PCBM OSC architecture was as illustrated in figure 4.3.

P3HT-PCBM

Azo-polyvmer

% BK7 glass slide

Figure 4.3. Architecture of a SP-based, P3HT-PCBM OSC.

4.2 Organic Solar Cell (OSC) Analysis
4.2.1 Organic Solar Cell (OSC) Analysis Apparatus

Once the OSCs were fabricated, they were placed on an analytical set-up as
illustrated in figure 4.4. Light from a spectrometer was passed through a mechanical
chopper and circularly polarized using a /4 plate. It was then collimated and reflected
off of a concave mirror and through a polarizer, before being incident upon the OSC,
which was located on a computer-controlled rotary mount. The signal from the OSC was
amplified by a lock-in amplifier and recorded on a computer. The illuminated section of

the P3HT:PCBM layer was ~2 X 4 mm>.
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Figure 4.4. Overview of OSC analytical set-up.

During earlier air and PVA trials, SPs were being directly measured by viewing
the irradiance response of the samples with a photo detector. With the OSCs, the sample
becomes the photo detector, and its photocurrent response is measured. Enhancements in
this response due to SP excitation are seen. Since no tilting of the sample was necessary
during OSC analysis, TM and TE photocurrent responses were obtained by simply

adjusting the polarizer accordingly for all grating configurations.

4.2.2 Organic Solar Cell (OSC) Photocurrent Response

Using the apparatus described above, the direct photocurrent response of OSCs
was measured in amperes (A). In order to assess the performance of the OSCs in terms
of A/W, it was first necessary to determine the characteristic wattage (W) curve of the
spectrometer lamp within the desired optical regime. This was done by first obtaining the
characteristic A/W curve of the photo detector from the manufacturer website (United

Detector Technology Sensors, Inc.). This photo detector was then used to measure the
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ampere (A) responsé of the lamp. The wattage (W) curve of the lamp was calculated by
taking the characteristic A/W curve of the photo detector and dividing by the ampere (A)
response of the lamp. Thus, the A/W curves of the OSCs were obtained by taking its
photocurrent response (A) and dividing by the wattage curve (W) of the lamp.
Photocurrent enhancements were seen as increases in both A and A/W curves of all SP-

based, OSCs.
4.2.3 Single Grating Analysis

For a P3HT:PCBM-aluminum (dielectric-metal) interface at 600 nm, n; = 2.1
2] and E;,m ~ —51.1225 B the SP excitation wavelength equation (2.54) becomes
Asp = 2.1(1.046 F sin6;)A. Thus, at normal incidence, with a grating spacing of
A = 250 nm, the SP excitation wavelength is Agp = 549 nm. Figure 4.5 illustrates the
A/W response of a single grating, P3SHT:PCBM OSC at normal incidence for both TM
and TE polarized incident light. The thickness of the P3HT:PCBM layer is ~180 nm,
and the grating spacing, A = 250 nm. The predicted SP excitation wavelength is

represented in the figure as a vertical dotted line.
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Single Grating, P3HT:PCBM (~180 nm) OSC
Grating Depth ~ 55 nm, A ~ 250 nm
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Figure 4.5. Photocurrent response of a single grating, P3HT:PCBM OSC at 8; = 0.

One can see from figure 4.5 that there is a noticeable increase in the photocurrent
generation of the OSC in the TM response. This was expected, since the sample was
oriented such that its grating would generate SPs with TM polarized incident light.
Photocurrent enhancements were observed over a wide range of wavelengths. This may
be attributed to the widely varying, wavelength-dependent, refractive index of the
P3HT:PCBM blend over the desired optical regime (i.e. 1.58 < n < 2.17) (121 making
multiple SP excitation wavelengths possible. Another possible cause for these broad
photocurrent enhancements may be attributed to the increased optical path length caused

by the diffraction of light, resulting in improved light absorption. In any case, these
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broad photocurrent enhancements somewhat disguised the SP excitation wavelengths
throughout the experimental results, making them very difficult to pinpoint, especially at

oblique incidence.

Figure 4.6 illustrates the relative photocurrent response (TM/TE) of OSCs at
normal incidence for two different, single grating spacings. The thickness of the
P3HT:PCBM layer is ~180 nm, and the grating spacings are, A ~ 250 nm and A4 = 280
nm.

Varied Grating Spacing, P3HT:PCBM (~180 nm) OSC
Grating Depth ~ 55 nm

TMITE, = 3.64

T TMITE,_ = 3.55\\

Relative Photocurrent Response (TM/TE)

0.5 L1 ' L] l L] ' L) I ¥ ' L l 1 l
400 - 450 500 550 600 650 700 750

Wavelength (nm)

Figure 4.6. Relative photocurrent response at 8; = 0 for different single grating spacings.

113



One can see from figure 4.6 that for a single grating spacing of 4 =~ 250 nm and
A = 280 nm, relative photocurrent enhancements of 3.55 and 3.64 were observed,
respectively. As expected, enhancements due to the larger grating (i.e. A = 280 nm)
were observed at higher wavelengths compared to that of the smaller grating (i.e.

A = 250 nm).

Figure 4.7 illustrates the photocurrent response of a single grating OSC for varied
angles of incidence (0° to 20°) with a fixed grating spacing of A; = 250 nm. The
predicted SP excitation wavelength at normal incidence is represented in the figure as a
black vertical dotted line, whereas those predicted for an angle of incidence of 8; = 10°
are represented as two red vertical dotted lines (i.e. Agp = 458 and 640 nm). The
predicted SP excitation wavelengths for an angle of incidence of 6; = 20° fall outside of

the absorption range of the P3HT:PCBM blend (i.e. Asp = 370 and 728 nm).
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Single Grating, P3HT:PCBM (~180 nm) OSC, Angle Scan (0° to 20°)
Grating Depth ~ 55 nm, A ~ 250 nm
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Figure 4.7. Photocurrent response of a single grating OSC for varied ;.

As seen in figure 4.7, larger photocurrent enhancements are present at normal
incidence. This is believed to be due to the overlapping contributions from both the +1*
orders present in the standing wave. The characteristic SP splitting previously seen in air
and PVA trials were not evident in OSC results. This may be due to several factors,
including the fact that indirect, as opposed to direct, SP effects were being measured
during OSC experimentation, making their presence less apparent. Another possible

factor may be the aforementioned broad range over which photocurrent enhancements
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were observed, also making them less apparent, especially at oblique incident where no

standing wave is present.
4.2.4 Crossed Grating Analysis

Following the analysis of single grating OSCs, crossed grating OSCs were
examined. The spacings of both TM and TE active gratings were .equal, with the
exposure time of the latter being ~ 1/3 that of the former. Figure 4.8 illustrates the A/W
response of a crossed grating OSC at normal incidence for both TM and TE polarized
incident light. The A/W response of a non-grating OSC at normal incidence is also
provided for comparison. The thickness of the P3HT:PCBM layer is ~180 nm, and the
grating spacing 1s A =~ 240 nm. For a P3HT:PCBM-aluminurﬁ interface at normal
incidence, with a grating spacing of A = 240 nm, the SP excitation wavelength is
Asp = 527 nm. Given that that TE active grating depth was less than half that of the TM
active grating, the former was slightly weaker producing photocurrent enhancements.
The predicted SP excitation wavelength is represented in the figure as a vertical dotted

line.
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Crossed Grating, P3HT:PCBM (~180 nm) OSC
Ay ~ 240 nm, Grating Depth_,, ~ 55 nm
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Figure 4.8. Photocurrent response of a crossed grating OSC at 8; = 0.

Figure 4.9 illustrates the relative photocurrent response (TM/TE) of a crossed
grating OSC at normal incidence. This is the same OSC as was analyzed in figure 4.8.
As expected, the relative response is near unity, and slightly favouring the TM polarized

incident light.
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