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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 appropriate
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 C6i-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
A1 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

iii

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

Les plasmons de surface (PS) est un phenomene de resonance de la lumiere
resultant en des ameliorations souhaitables dans la concentration des champs
electromagnetiques a Finterface entre un dielectrique et un metal. Une des applications
les plus prometteuses de ces PS existe dans le monde de l'energie photovoltai'que (PV), et
plus precisement dans les cellules solaires organiques (CSO). En exploitant les PS a
l'interface polymere-electrode d'un CSO, une augmentation du photocourant genere peut
etre obtenue dans la gamme de longueurs d'onde satisfaisant les conditions de resonance
duPS.
Des essais methodiques et intensifs sur les PS ont ete effectues sur diverses
interfaces dielectrique-metal afin d'examiner et d'evaluer le comportement des PS. Les PS
ont ete optiquement excites avec des reseaux de diffraction simples, croises et paralleles,
afin d'identifier les parametres optimaux pour la generation des PS dans les cellules
photovoltaiques. Ces parametres optimaux ont ete appliques a la conception et la
fabrication des CSO basees sur le polymere (3-hexylthiophene) (P3HT): [6,6]-phenyl
C61-butyrique (PCBM).
Une couche de P3HT: PCBM a ete mise en sandwich entre deux electrodes de
recolte. L'aluminium (Al) etait utilise a la base, tandis que l'or (Au) etait utilise dans la
partie superieure de la cellule solaire. L'electrode Al a ete mise par-dessus les reseaux de
diffraction pour generer les PS. Des balayages optiques de parametres variables ont ete
v

effectues sur tous les echantillons, avec des ameliorations de photocourant attenant a un
maximum de 364%. Des ameliorations pour une lumiere incidente polarisee transverse
magnetique (TM) etaient presentes sur les structures de reseau simples et paralleles, et
des ameliorations similaires pour les lumieres incidente polarisees TM et transverse
electrique (TE) etaient presentes sur les structures de reseaux croisees.
Lorsque comparees a des ameliorations de photocourant vues sur les structures de
reseaux simples, celles observees sur les reseaux paralleles etaient d'une ampleur
comparable, mais sur une bande optique beaucoup plus large. Cet elargissement de la
bande optique a ete centre sur le pic du PS theorique du second reseau dans le systeme de
reseaux paralleles.
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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, resulting in desirable conductivity [1]. These free
electron clouds can be viewed as plasma ^ - a collection of charged particles taking the
form of gas-like clouds which respond strongly and collectively to electromagnetic (EM)
fields

t3].

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, within the metal. A plasmon is a
quantization of these plasma oscillations, and can be defined as the collective oscillations
of free electron density with respect to the fixed positive ions 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
interface

dielectric permittivity changes sign across the

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 freespace [5]. On a perfectly flat surface in the visible regime, the SP propagation length is

1

generally on the order of micrometers (p.m). 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 ZT-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 F-field
falls to 1/e of its initial value into the dielectric material, 8<i, is on the order of half the
wavelength of incident light, whereas the decay length into the metal, 5m, is between one
and two orders of magnitude smaller than the incident light

These compressed

dimensions lead to an enhancement of the EM field at the interface

t7],

and have given

rise to the discipline of sub-wavelength optics [5]' [6l Figure 1.1 illustrates the evanescent
nature of the SP at the dielectric-metal interface.

dielectric
metal

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

t8]' C9].

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 [10] and Otto fn]. 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
and Fedders [13], among others

[14].

This surface roughness can be structured on the

nanoscale, giving rise to the term localized surface plasmon resonance ^l5^.

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
elder of the three

[16],

will only excite SPs when the incident £-field has a component

along the grating vector. The grating method was first discovered, albeit accidently and
inexplicably, as anomalous behavior [16]. It was not until the late 1960's however, that
this method could be explained and demonstrated in a controlled manner

[17l

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.

pnsm

prism

metal

dielectric

dielectric

metal

dielectric

dielectric

metal nanoparticle

metai

Figure 1.2. SP excitation configurations: (a) Kretchman geometry, (b) Otto geometry,
(c) surface roughness (nanoparticle), and (d) diffraction grating.
3

In the literature, SPs have been referred to by a variety of names
example, the term surface plasmon polariton

[19]'[20]

[18].

For

is sometimes used to highlight the

hybrid, polarizing nature of the excitation. Other terminologies include surface plasmon
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
mysterious case of uneven distribution of light in the reflected spectrum

[16l

He noted

that these significant variations in diffraction intensities occurred over very minor angular
and spectral ranges, and only when the ZT-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 [23l 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

t24]' [25],

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 [26l
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.
A series of experiments in the 1940's by Ruthemann [27]'[28], and later Lang[29], on
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 Bohmt30J'[31J'[32J 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
133-1

and Sommerfeld ^34\ Ritchie was the first

to predict the existence of collective

[35],

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 [361'[37] demonstrated the existence of these collective surface excitations, the
quanta of which Stern and Ferrell[38J referred to as the surface plasmon (SP). Further
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research revealed that the energy loss resulted from the excitation of SPs in which part of
the restoring £-field extended beyond the specimen boundary t39l 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[40].
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 common, 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.
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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
CO2 and O2 concentration
characterization of thin films
detection and biosensing

Shortly thereafter, these sensors were used for
[42],

monitoring processes at metal interfaces [43\ and gas

Subsequent generation sensors incorporated additional

optical methods, such as spectroscopy, ellipsometry and interferometry

[45],

and later

nanotechnology [46\ In the medicinal context, these sensors have been used to study a
drug's protein and lipid-binding efficiencies [47], as well as to detect respiratory virus
molecular signatures t48], casein allergens in milk [49], and Alzheimer disease biomarkers
[50l

Companies such as Biocore® have commercialized SP-based sensors[5I], and recent

trends have seen much effort placed in versatile, multi-channel sensors, aimed at
enhancing sensor throughput, providing multi-analyte detection capability

Surface plasmons (SPs) can also be used to enhance the surface sensitivity of
several spectroscopic measurements, including fluorescence[54] and Raman scattering[55],
with the enhancement factor of the latter having been shown to be as much as 10n *-56^
allowing for the detection of single molecules[57]. Another use has been to improve upon
the classical limits of resolution within optical microscopy[58]. By using the evanescent
SPs to illuminate the sample and provide image contrast, enhanced super-resolution of ~
0.33 nanometers (nm) has been demonstratedt59J.

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 SP7

based devices which have both the capacity of traditional photonics, yet the
miniaturization of electronics

Examples of such electro-optical devices include SP

waveguides [61], switches [62J, couplers [63i, and modulators [64]. 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 [65l
Another application of SPs involves their use in improving upon the low lightemission 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[66].

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) [67l In its
simplest form, a SC is a layer of photoactive material sandwiched between two metal
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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.

Metai electrodes

Photoactive layer

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 '67^. 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)[68].

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.
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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
photocurrent generation for a number of different architectures ^69\ involving a variety of
polymer materials [70]'t71'"[72]. The bulk hetero-junction blend of the polymer poly (3hexylthiophene) (P3HT) and the fullerene [6,6]-phenyl C6i-butyric (PCBM) has shown
much potential as an OSC material

t74].

Surface plasmon (SP)-based OSCs have been

fabricated using both nanoparticles t75] and nanogratings [76J as the excitation methods,
with modest success. Photocurrent enhancements of 2.72 times have been demonstrated
for incident light upon an OSC using a single-grating system[77]. Similarly, photocurrent
enhancements have also been demonstrated for both TM and TE polarized light incident
upon OSCs structured on a cross-grating system ^78^'

No work however, could be

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 nonsustainable 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 [67l

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.
terrestrial solar energy available (AM 1.5 standard)

[67J,

With 1000 W*m"2 of

great potential lies within

harnessing 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
'80l 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-grating 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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