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Abstract
As the concept of renewable energy becomes increasingly important in the modern society, a
considerable amount of research has been conducted in the field of organic photovoltaics in
recent years. Although organic solar cells generally have had lower efficiencies compared to
silicon solar cells, they have the potential to be mass produced via solution processing. A
common polymer solar cell architecture relies on the usage of P3HT (electron donor) and PCBM
(electron acceptor) bulk heterojunction. One of the main issues with this configuration is that in
order to compensate for the high exciton recombination rate, the photoactive layer is often made
very thin (on the order of 100 $%). This results in low solar cell photocurrents due to low
absorption. This thesis investigates a novel method of light trapping by coupling surface
plasmons at the electrode interface via surface relief gratings, leading to EM field enhancements
and increased photo absorption. Experimental work was first conducted on developing and
optimizing a transparent electrode of the form &'() /+,/&'() to replace the traditional ITO
electrode since the azopolymer gratings cannot withstand the high temperature processing of ITO
films. It was determined that given the right thickness profiles and deposition conditions, the
MAM stack can achieve transmittance and conductivity similar to ITO films. Experimental work
was also conducted on the fabrication and characterization of surface relief gratings, as well as
verification of the surface plasmon generation. Surface relief gratings were fabricated easily and
accurately via laser interference lithography on photosensitive azopolymer films. Laser
diffraction studies confirmed the grating pitch, which is dependent on the incident angle and
wavelength of the writing beam. AFM experiments were conducted to determine the surface
morphology of the gratings, before and after metallic film deposition. It was concluded that
metallic film deposition does not significantly alter the grating morphologies.
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Chapter 1. Introduction
1.1. Background
Energy plays a vital role in the development of the human society. Almost every aspect of daily
life in the modern world involves the manipulation and consumption of energy. For thousands of
years, humans harnessed basic forms of energy such as human and animal powered processes,
gravitational energy in the form of water mills, and chemical energy in the form of combustion
of wood. Beginning in the 19th century, technological progress was made in the fields of
engineering and manufacturing, energy was able to be harnessed much more efficiently. Steam
engines and other internal combustion engines were able to rapidly extract chemical energy from
fossil fuels such as coal and petroleum products. This gave rise to the Industrial Revolution and
the manufacturing processes transitioned from hand powered methods to machines, further
increasing the rate of production and consumption of energy [1]. In the 20th century, the global
widespread usage of non-renewable energy sources such as fossil fuels caused a large increase in
the emission of greenhouse gases such as /(0 , as shown in Figure 1. The large increase in /(0
emission in turn caused various anthropogenic climate changes, including global warming [2]
[3]. However, towards the second half of the 20th century, emerging renewable and
environmentally-friendly energy resources were increasingly being investigated. These
renewable energy resources include solar, wind, and hydroelectric powers [4].
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Figure 1. Global CO2 emission from the 1750 to present time. The rise of the Industrial Revolution in the 19th century
dramatically increased global energy production and consumption. Since the energy came from burning of fossil fuels, global
CO2 emission increased significantly. Note that the CO2 emission rate increased further after 1950. [2]

Of the most common sources of renewable energy, solar power has the greatest potential for long
term usage as fossil fuel replacement. Although hydropower generally has low cost per watthour, it is not suitable in many locations due to the lack of resources (all year flowing water that
does not freeze) and requires substantial modification of the waterways. Wind power also has
low cost per watt-hour. However, wind resource is generally unreliable and sporadic which
necessitates the usage of large power banks and alternate power sources. In addition, wind
turbines raise some environmental concerns in the form of bird kills, as well as aesthetics and
noise complaints from the people living in the surrounding areas. On the other hand, solar power
traditionally has a prohibitively high initial installation cost per watt. However, its advantages
are many. It can be used almost anywhere there is sunlight, and it has an extremely long system
lifetime with low maintenance. The power output is very predictable in most locations, and the
system is generally very quiet and unobtrusive [5].
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Therefore, besides the fact that solar power has such a high initial installation cost per watt, it is
quite an attractive option for renewable energy. One of the main reasons that traditional solar
power has such a high initial cost is that the technology relies on the expensive and time
consuming process of growing semiconductor crystals. In solar cell design, there is often a tradeoff between the top three most important qualities of a device: efficiency, stability, and cost, as
shown in Figure 2. Efficiency refers to the device’s ability to convert solar energy to electricity.
Stability refers to the longevity of the device. In other words, how long can the device retain a
certain efficiency threshold before degradation. Finally, as in any engineering endeavors, cost is
also an important consideration [6] [7].

Figure 2. The “Golden Triangle” of solar cell design. The the top three engineering design parameters of solar cells are shown.
Crystalline silicon solar cells are located towards the top right, while emerging PVs such as polymer solar cells are placed
towards bottom left. [7]

Traditional semiconductor solar cells exhibit relatively high efficiencies ranging between 20% to
30% for commercial products to over 40% in research cells, as shown in Figure 3.
Semiconductor solar cells also exhibit extraordinarily long lifetimes of up to 20 years (while
retaining 80% of rated efficiencies), as long as they are properly encapsulated [7]. However,
commercial semiconductor solar cells are time consuming and difficult to manufacture, and
therefore the cost is high. During the past decades, the high cost of manufacturing semiconductor
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photovoltaic materials and the difficulties associated with the device fabrication process
prevented the rapid growth of global photovoltaic capacity.

Figure 3. National Center for Photovoltaics – Research Cell Efficiency Records (2015). This plot shows the best efficiencies and
progress of various emerging photovoltaic technologies. [8]

An alternative to the traditional semiconductor solar cell is the organic solar cell. Organic
photovoltaic is a relatively new technology, using small organic molecules or conjugated
polymers as the photovoltaic material instead of silicon semiconductors [6]. Research interests in
the area has been growing exponentially and there has been great advances in recent years. This
is illustrated in a plot of the number of research papers published on polymer solar cells since the
2000s, as shown in Figure 4.
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Figure 4. Published papers on Polymer Solar Cells. This bar plot shows an exponential increase in polymer solar cells research
papers in the last fifteen years. [9]

One of the key differences between organic solar cells and semiconductor solar cells lies in the
fabrication process. Whereas semiconductor solar cells require the sequential growth of
crystalline structures (epitaxy), which is slow and expensive, organic solar cells can be fabricated
much more quickly and cheaply via solution processing and roll-to-roll manufacturing [6].
However, the ease of fabrication and lowered cost of polymer solar cells sacrifice the efficiencies
and stabilities of silicon solar cells, as currently even the best research grade polymer solar cells
are well below 20% efficiency [8].
While polymer solar cells generally have high internal quantum efficiencies due to good optical
absorption coefficient of the photoactive polymers, their total absorption is low with active layers
having thickness on the order of 100 $% [6]. The relatively thin active layer thickness is
required to keep a low exciton recombination as the organic materials generally have poor charge
carrier mobilities [6]. Since polymer solar cells do not absorb as much light as thicker silicon
solar cells, in order to improve the solar cell performance, methods for improving light trapping
are important for these solar cells [10].
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In this thesis, a novel method of light trapping for polymer solar cells based on the bulk
heterojunction poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) via plasmonic structures on the electrode-photoactive layer interface was investigated.
The chemical structures of P3HT and PCBM are shown in Figure 5.

Figure 5. The chemical structures of regioregular P3HT (electron donor) and PCBM (electron acceptor). [11]
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One of the simplest forms of the plasmonic structures is a surface relief grating, which can be
formed on a photosensitive material such as azobenzene polymer (azopolymer) using laser
interference lithography, followed by metal film deposition. The chemical structure of the
azopolymer pDR1M is shown in Figure 6 below.

Figure 6. The chemical structure of azopolymer pDR1M. [12]
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1.2. Relevant Concepts
Electron Binding Energy – Commonly known as Ionization Energy (IE). This is the minimum
amount of energy required to free the most loosely bound electron from the valence band of a
gaseous atom or molecule. It can be roughly described as how strongly a neutral atom holds onto
its valence electrons.
5 + 78 → 5 : + ; <

(1)

Generally, on the periodic table, IE increases within a period from left to right, since the atomic
number (and thus nuclear charge) increases, while the valence electrons are still in the same
shell. Ionization energy decreases within a group from top to bottom, since the outer electron
shell moves further away from the nucleus as one moves down the column. Also note that
successive $=> IE always increases, with a large jump at the noble gas of the previous group.

Work Function – The term work function is a closely related concept, qualitatively defined as the
minimum amount of energy required to remove an electron from atoms on the surface of a solid
to a point in vacuum immediately outside the surface. Work function is a property of the material
surface rather than bulk material, and is influenced by factors such as surface crystal state,
contaminations, etc. Work function is defined by the following equation.
8? + @ = −;Φ

Where 8? is the Fermi energy (electrochemical potential of the electron), @ is the work
function, and Φ is the vacuum electrostatic potential immediately outside the surface.
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(2)

Equation (2) can be rearranged to form
Φ=−

8? @
@
− =D−
;
;
;

(3)

Where D is the voltage of the material as measured by a voltmeter with reference to a ground of
zero Fermi level, and in general can be controlled by applying a voltage to the electrodes.
Therefore, Φ immediately outside a surface depends on the work function of that surface.
Consider two dissimilar metals in close proximity, even when the Fermi levels of the two metals
are in equilibrium by electrically shorting to each other and held at the same temperature, there
exists an electric potential between them. This is due to the difference in their work functions,
and it is known as the built-in electric field.
Measurements of work functions can be achieved via several methods, either absolute or relative.
Absolute measurements employ electron emissions, for instance via photoemission
(photoelectric effect), thermionic emission, field electron emission, and electron tunneling. In the
case of photoemission, the minimum photon energy required to free an electron from the surface
is the work function of the material. When photons with greater energy than the work function of
the emitter is incident on its surface, electrons are liberated. If an electric field is applied between
the emitter and collector, the liberated electrons can be extracted and a current can be measured.
The minimum photon energy required to detect a current is therefore the work function of the
emitter material.
Relative methods of measuring work functions use the Volta (contact) potential difference
between a sample and a reference. For instance, in the Kelvin probe method, the vacuum electric
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field gradient between a sample and a probe with known work function is detected. A bias
voltage is added to the probe’s Fermi level until the vacuum electric field gradient is flat.
At this condition,
@E = ;ΔDEG + @G

(4)

The flat vacuum electric field gradient condition is detected by varying the distance between the
probe and the sample while holding ΔDEG constant, which generates a current due to changes in
capacitance. This current is proportional to the vacuum electric field gradient.
A list of experimentally determined work functions of various materials is shown below in Table
1, including the corresponding method of measurement and the source. Note that as the work

function is a surface material property, it varies for different crystal planes of the same material.
Material
Ag (100)
Ag (110)
Ag (111)
Ag
(polycrystalline)
Al (100)
Al (110)
Al (111)
Au (100)
Au (110)
Au (111)
ITO film on glass
MoO3

Work Function (eV)
4.64
4.52
4.74

Method
PE [13]
PE [13]
PE [13]

4.26
4.2
4.06
4.26
5.47
5.37
5.31
4.2
5.3

PE [13]
PE [14]
PE [14]
PE [14]
PE [14]
PE [14]
PE [14]
UPS [15]
UPS [16]

Table 1. Work Functions of various materials. PE denotes photoemission spectroscopy, UPS denotes UV photoemission
spectroscopy.

Fermi Level – Also known as the total electrochemical potential for electrons, denoted by H or
8? . The Fermi level of a body is the energy required to add an electron to this body, or equally,
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the energy obtained by removing an electron from it. The quantity known as “voltage” difference
between two points A and B in a circuit as measured by a voltmeter is simply the Fermi energy
difference per unit charge between A and B.
DI − DJ = −

8?,I − 8?,J
;

(5)

Electrons will flow from a body with lower voltage (higher Fermi level) to a body with higher
voltage (lower Fermi level) once the two bodies are electrically in contact. The flow of electrons
will cause the lower Fermi level to increase, and the higher Fermi level to decrease, eventually
reaching an equilibrium. Thus, in thermodynamic equilibrium, the bodies will have a constant
Fermi level throughout.
In the band theory of solid state materials, electrons occupy a series of bands composed of single
particle energy states L. The Fermi-Dirac distribution M(L) gives the probability that an electron
will occupy a particular energy state.
M L =

1
P<QR
; ST

(6)

+1

Where 8? is the Fermi level, U is the Boltzmann’s constant, and V is the absolute temperature. In
this case, the Fermi level refers to the state L = 8? which has a 50% chance of being occupied at
any given time.
Depending on the type of material, the Fermi level may be an actual energy level, or it may exist
in a band gap, such as in an insulator.
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The Fermi level, in the sense of electrochemical potential of electrons, may also be understood of
as the sum of the electrostatic potential (Galvani potential) and the internal chemical potential of
electrons in a solid.
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1.3. Semiconductors
A semiconductor is a material that has an electrical conductivity value in between that of
conductors and insulators. The Fermi level of a semiconductor lies in between the valence band
and the conduction band. As electrons are excited into the conduction band, the conductivity of
the material increases. Therefore, the electrical conductivity of a semiconductor increases with
increasing temperature. Current in a semiconductor is carried via movements of charge carriers
known as electrons and holes. An intrinsic semiconductor is a pure crystal without any impurities
or crystal defects, and has equal number of electrons and holes due to the thermal generation
across the band gap 8W . An extrinsic semiconductor is an intrinsic semiconductor “doped” with
impurity atoms in the crystal lattice so that the concentration of one type of charge carrier far
exceeds that of the other. Doping atoms with higher valency than the intrinsic semiconductor
releases electrons into the conduction band. This type of dopant is called a donor, and the
resulting semiconductor is n-type in which the majority charge carriers are electrons. Doping
atoms with fewer valency than intrinsic accepts electrons from the valence band, and therefore
produces holes in the valence band. This results in p-type semiconductor in which the majority
charge carriers are holes, and the dopant are called accepters.
When a p-type semiconductor and an n-type semiconductor are joined abruptly in a single
crystal, the boundary or interface between the two sides is known as the p-n junction. The p-n
junctions are the basis for most semiconductor electronic devices, such as diodes, transistors, and
more importantly, solar cells. A brief description of the working mechanisms of p-n junctions is
given as follows. Due to the hole and electron concentration gradients from either side of the
junction, holes diffuse from the p-side to the n-side, while electrons diffuse from n-side to the pside. Near the junctions, the diffusing holes and electrons recombine, creating a region devoid of
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charge carriers, known as the depletion region. In the depletion region, an internal electric field
builds up due to the positively charged donor ions, and the negatively charged accepter ions,
both of which are immobile. This built in electric field imposes a drift force on the holes and
electrons in the opposite direction to that of the diffusion force. As more charge carriers diffuse
across the junction, eventually an equilibrium is reached so that the rate of diffusion flux is
exactly balanced by the rate of drift flux. When the p-n junction is forward biased, that is, the pside is held at a higher voltage than the n-side, the applied voltage is in opposition to the built in
voltage. This effectively reduces the potential barrier for charge carrier diffusion. The electrons
therefore diffuse from the n-side to the p-side, and vice versa for the holes. Under reverse bias
condition, the applied voltage across the junction adds to the built in potential, so the potential
energy barrier increases. The diffusion currents rapidly become negligible as they are
exponentially scaled to the applied voltage. However, there is a small reverse current arising
from the drift of charge carriers. As an electron-hole pair (also known as an exciton) is generated
(e.g. thermally) near the depletion region, they roll down the potential barriers, and are collected
at the respective electrodes. This reverse current is, in fact, the basis of the photocurrent in
photodiodes and solar cells.
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1.4. Photodiode and Solar Cell
A photodiode is a device that converts light into current. When a photon of energy equal to or
greater than the corresponding band gap energy of the semiconductor is absorbed by an electron
in the valence band, the electron is excited into the conduction band, and thus generating an
electron-hole pair. If this electron-hole pair is generated within or close to the depletion region,
they will be swept down the potential hill and collected at their respective electrodes. The holes
move toward the anode, and the electrons move toward the cathode. This yields a reverse current
across the device, and it is known as the photocurrent.
A semiconductor solar cell is similar to the photodiode in terms of working mechanism. The
differences are that solar cells are large-area devices in order to harvest greater amount of
incident light, and that solar cells normally operate at zero bias. Note that solar cells and
photodiodes are indeed the same device, but operating under different bias conditions.
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1.5. Organic Photovoltaics
Organic photovoltaic devices are solar cells that use organic materials as the active photovoltaic
materials. These solar cells use organic polymers or organic small molecules for light absorption
and charge transport to produce electricity [6].
Polymer materials have for the past two decades received considerable attention in the fields of
photonics and electronics, due to a variety of benefits. The organic molecules or polymers are
solution-processable, therefore they can be fabricated cheaply and at a high throughput; and thin
films of these materials are flexible and lightweight [6]. Organic materials generally have high
optical absorption coefficients, so that they can convert a large portion of the incident light into
charge carriers with a small amount of material (thin films). Disadvantages of organic solar cells
are their low efficiencies (the first organic solar cells fabricated twenty years ago had efficiencies
less than 1%), and low stability (worsened by oxygen and moisture contamination).
A commonality between small molecule organic solar cells and polymer organic solar cells is
that they both employ the usage of conjugated hydrocarbons as the light absorption material [6].
A conjugated hydrocarbon is a system in which the carbon atom forms alternating single and
double covalent bonds. These conjugated hydrocarbons’ electrons form a delocalized bonding
orbital, and an antibonding orbital. The delocalized bonding orbital corresponds to the Highest
Occupied Molecular Orbital (HOMO), and the antibonding orbital corresponds to the Lowest
Unoccupied Molecular Orbital (LUMO). The HOMO and LUMO in organic molecules roughly
corresponds to the valence band edge and conduction band edge, respectively, for inorganic
semiconductors. Therefore, the difference in the HOMO and LUMO levels corresponds to the
bandgap of the organic material, and is typically between 1 and 4 eV.
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Similar to inorganic semiconductor photovoltaic materials, photons with energy less than the
bandgap of the organic material will pass through it, while photons with energy greater than the
bandgap will be absorbed. The electron will be excited from within the HOMO to the LUMO,
with any excess energy imparted to the electron given off as heat when the electron falls back to
the LUMO edge [6]. Therefore, a suitable photoactive material must be chosen as the donor in
order to maximize absorption throughout the solar spectrum.
The excited state of an electron-hole pair, known as an exciton, is bound together by electrostatic
force and must be dissociated into free electron and hole before they can be collected at the two
electrodes of the solar cell. Disassociation, or charge separation, occurs at the interface between
the electron donor and acceptor materials, and is due to the difference in their electron affinities.
Once disassociated, the electron and holes drift towards their respective electrodes due to the
built-in electric field.

1.5.1. Single Layer
The simplest form of organic solar cell is based on sandwiching a thin layer of organic
semiconducting material between two metallic conductors with different work functions. The
higher work function conductor is typically gold or ITO, and acts as the anode. The lower work
function conductor is typically metals such as aluminum, magnesium, or calcium, and acts as the
cathode.
Under illumination, the organic material absorbs light, exciting electrons from the valence band
to the conduction band, creating excitons. The difference in the work functions of the two
conductors sets up a built-in electric field, which splits the excitons into free charge carriers, and
drifts them to their respective electrodes. In this way, illumination generates a photocurrent.
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However, there are two major problems with single layer organic solar cells which limit their
quantum and power conversion efficiencies. The first problem is that the electric field resulting
from the difference in the work functions of the two conductors are often too weak to split the
exciton into free charge carriers. Therefore, the electron-hole pairs often recombine before
charge transport occurring. Even if the excitons dissociate into free charge carriers, the second
issue is that most organic donors (materials that absorb light and produce an electron-hole pair),
such as P3HT, have good hole transport properties but extremely poor electron mobilities.
Therefore, only those electron-hole pairs generated very close to the low work function cathode
can be effectively collected to generate a photocurrent.

1.5.2. Bi-Layer Heterojunction
In order to solve the first problem mentioned above, a bi-layer scheme can be used. An organic
material with a high electron affinity (such as PCBM or other fullerene derivatives) can be used
as an electron acceptor layer.
The difference in the electron affinities of the donor and acceptor materials generates large local
electric fields which help to dissociate the excitons into free charge carriers. An electron that has
been promoted to the LUMO level of the donor will jump down to the LUMO level of the
acceptor due to the difference in their electron affinities.
In this way, the electron acceptor (high EA) layer acts as a n-type semiconductor in which
electrons are the majority charge carriers, and the electron donor (low EA) layer acts as the ptype semiconductor in which holes are the majority charge carriers. The electron acceptor layer
makes contact with the low work function cathode, while the electron donor layer makes contact
with the high work function anode. The main issue is that the interfacial area between the
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electron donor and electron acceptor materials remains small. Organic semiconductor materials
typically have low exciton diffusion lengths on the order of 10 $% [17]. In order for the excitons
to diffuse to the interface between the layers and dissociate into charge carriers, the layer
thickness needs to be in the same range as the diffusion length. However, most organic light
absorbing layers need at least 100 $% in order to absorb enough light, and therefore only a small
fraction of the excitons diffuse to the heterojunction interface [17].

1.5.3. Bulk Heterojunction
The bulk heterojunction organic solar cell solves the above problem by blending the donor and
acceptor materials on a nanoscale morphology. For example, in the case of P3HT and PCBM, the
PCBM molecules are dispersed throughout the P3HT polymer matrix. In this way, the entire
active layer is the heterojunction, and the interfacial area between the donor and the acceptor is
greatly increased. This configuration allows for thicker active layers for enhanced photo
absorption while still allowing for effective exciton dissociation and charge transport.

The bulk heterojunction solar cells are commonly fabricated by creating a solution containing
both the electron donor and electron acceptor materials. For instance, P3HT polymer and PCBM
molecules are dissolved in a solution of dichlorobenzene. The solution is then spin coated or
drop casted onto the substrate containing the bottom electrode. As the solvent evaporates, the
two materials (P3HT and PCBM) self-assemble into an interpenetrating network comprising the
active layer. [17]
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Figure 7. Energy diagram for a bulk heterojunction polymer solar cell. [6]

As a photon is absorbed by the P3HT, an electron is promoted from the valence band (HOMO)
to the conduction band (LUMO), forming an exciton. Due to the large interfacial area of the
P3HT and PCBM in the interpenetrating matrix, photo absorption is likely to occur near an
interface. The exciton is therefore easily dissociated into free charge carriers by the difference in
electron affinity of the two materials. Electrons move to the acceptor domain and are carried
through to the cathode, whereas holes move within the donor domain and are carried through to
the anode. This process is illustrated in the energy band diagram in Figure 7 above.

The nanoscale morphology of the active layer is difficult to control, but is critical to the
performance of the device. The bulk heterojunction domain needs to be small enough to allow
for efficient exciton diffusion, but needs to remain large enough to form a percolating network
such that the donor material can reach the anode, and the acceptor material can reach the
cathode. If the bulk heterojunction domain does not percolate, charges can become trapped in
regions of the active layer.
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1.6. Transparent Conductive Electrodes
It is evident that the top electrode (anode) of the solar cell must be transparent in order to
incorporate the surface relief gratings on the bottom electrode (cathode). This can be explained
as follows. In a standard inverted polymer solar cell, light enters from the bottom ITO side
(cathode), whereas the top side (anode) is a thick opaque silver layer. For polymer solar cells
incorporating surface relief gratings, the gratings are typically generated via laser interference
lithography on a photosensitive azopolymer film, on top of which a metallic layer (silver or
aluminum) is deposited which takes the form of the surface relief gratings. In order to fabricate
this sequential structure, the metallic grating layer is typically used on the bottom electrode. This
means that the bottom electrode cannot be ITO as used in standard inverted polymer solar cells,
but instead must be thick layers of silver or aluminum, neither of which has acceptable
transmittance at thickness which gives acceptable conductivities. Evidently, light must enter
from the top of the solar cell via some transparent anode.
ITO is generally used as a transparent conducting electrode for polymer solar cells due to its high
transmittance and high conductivity. However, there are several issues with using ITO as a top
electrode for surface plasmon enhanced polymer solar cells that are discussed in this research.
Firstly, the scarcity and price of Indium, along with manufacturing difficulties associated with
the material means that ITO based solar cells will always have a high cost in terms of price and
embodied energy [18]. Secondly, the production process and the material properties of ITO make
it incompatible with the otherwise cheap and flexible polymer solar cell substrates that can
generally be produced roll-to-roll. The deposition of highly conductive ITO films requires a high
temperature process that most polymer solar cell materials cannot withstand [18]. Therefore, a
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new type of transparent conducting electrode must be developed for use in surface plasmon
enhanced polymer solar cells.
One of such designs is a tri-layer dielectric-metal-dielectric stack. The metal is typically of high
work function such as silver or gold, and the dielectric can be various oxides, such as vanadium
oxide (D(X ), or molybdenum oxide (&'() ). The type of dielectric that was used during this
research was molybdenum oxide.
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1.7. Surface Plasmon Polaritons
A plasmon is a quasi-particle representing a quantum of plasma, in other words, they are electron
density oscillations. When plasmons are coupled to an electromagnetic wave, they are known as
plasmon polaritons (PP). Another term that is often used is surface plasmons (SP). The prefix
“surface” signifies that they are plasmons that travel on the surface of a medium. The lack of the
suffix “polariton” signifies that they are not coupled with an electromagnetic wave. Combining
the prefix and the suffix, surface plasmon polaritons (SPP) are quasi-particles representing
quanta of plasma oscillations that are confined to - and propagate along - a two-dimensional
surface, and that they are coupled with an external electromagnetic wave. In most cases, they are
quasi two-dimensional electromagnetic waves propagating along the interface between a metal
and a dielectric. However, the two media need not be metal and dielectric, any two media such
that the real part of the dielectric function changes sign across the interface would support
surface plasmon propagation [19] [10].
As discussed previously in the organic solar cell section, the type of organic solar cell being
studied in this research are based on light absorption using P3HT:PCBM bulk heterojunction.
The goal is to maximize the absorption of light throughout the solar spectrum. The absorption of
light by any material can be characterized by the absorption spectrum of that material. The
absorption spectrum of P3HT:PCBM is dependent on many factors, including the blend ratio
between P3HT and PCBM, and the annealing temperature after spin coating. For example, the
dependence of the absorption spectrum on the annealing temperature for a fixed blend ratio is
shown below in Figure 8.
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Figure 8. Absorption spectra of P3HT:PCBM with a blend ratio of 1:0.98. The various curves show the absorption spectrum at
various annealing temperatures. [20]

Unsurprisingly, each blend ratio has a different optimal annealing temperature. For this particular
case, the annealing temperature that maximizes the absorption is 100° / [20].
Besides the dependence on the absorption spectrum of the material, light absorption is also
directly proportional to the thickness of the material, as per the Beer-Lambert Law.
As discussed in the introduction section, the bulk heterojunction active materials P3HT:PCBM
has a high efficiency of converting photons to electron hole pairs. However, the charge transport
characteristics of the two polymers are limited, causing high recombination rate and resulting in
a large series resistance and low short circuit current in the solar cell. To alleviate this issue,
most polymer solar cells based on the P3HT:PCBM bulk heterojunction use a thin layer of the
active material, generally between 100 $% to 200 $% [17]. However, a photoactive layer that is
too thin will have weak absorbance, therefore there exists a trade off between the absorption of
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incident light and the series resistance of the active layer, leading to a compromise in the design
of the polymer solar cell.
To increase the performance of the polymer solar cell, either novel materials or novel device
designs must be explored in order to trap and maximize the use of incident light. One such
method to improve light absorption without increasing the thickness of the photoactive layer is
via light trapping by inscribing a surface plasmonic structures at the interface between the
photoactive layer and the metallic electrode. Enhanced EM field near the electrode interface
generated by the surface plasmons in turn causes an enhanced photocurrent generation [17].
Since the peak absorption of the P3HT:PCBM photoactive blend is at 500 $% regardless of the
blend ratio and annealing conditions, one should design the surface plasmonic structure so that
the surface plasmons would couple at the same wavelength. As will be shown in the following
sections, in the case of a simple surface plasmonic structure such as a surface relief grating, the
wavelength of the coupled surface plasmon can be directly controlled by the pitch of the gratings
and the incident angle.
1.7.1. Notation on Polarization
To understand the definition of polarizations, one must note the plane of incidence. The plane of
incidence is defined as the plane formed by the normal of the surface of incidence, and the
incident wave vector. Note that the wave vector is perpendicular to both the E and B fields, as it
is the direction of wave propagation. Z×\ = ]. A transverse magnetic (TM) wave is an EM
wave such that its magnetic field is perpendicular (transverse) to the plane of incidence.
Likewise, a TE wave is when the E-field is perpendicular to the plane of the incidence. Note that
an EM wave can be described using either one of its two fields since the other field is simply a
phase shift. Often people choose to describe the EM wave using its E field, this gives rise to the
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term p (parallel) and s (senkrecht) polarizations. If the E-field is parallel to the POI, then the Bfield is necessarily transverse to it. Similarly, if the E-field is senkrecht (perpendicular) to the
POI, then the B-field is necessarily parallel to it. Therefore, under the assumption that one uses
the E-field to represent the EM wave, then s polarization is equivalent to TE, and p polarization
is equivalent to TM.
1.7.2. Propagation and Skin Depth
Consider a dielectric-metal interface, and an incident TM polarized light, as shown in Figure 9.

Figure 9. Surface plasmons at the interface between a metal and a dielectric. A TM polarized light is incident on a metaldielectric interface at y=0, showing surface plasmon propagating along the x axis and evanescently decaying in y directions. [10]

The incident light is TM polarized, with wave vector ]^ . (The plane of incidence is the plane
formed by the normal of the interface and the incident wave vector). Due to the evanescent
nature of surface plasmons, the SP waves are strong only near the surface, in this case the _ = 0
plane, and decays exponentially into either adjoining media. The SP waves penetrate much
further into the dielectric than the metallic side as there is strong losses in the metal (as shown in
Figure 9 and Figure 10). On the metallic side, at low frequencies, the penetration depth is
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comparable to that of the characteristic skin depth. Therefore, the surface plasmon waves have
their maximum at the _ = 0 surface, and this is shown in Figure 10.

Figure 10. Surface plasmon penetration depths. Note that the surface plasmon penetrates into the dielectric (top) much more
than metallic (bottom) media. [10]

As the surface plasmon polariton propagates along the surface, it loses energy to the metal due to
absorption, and loses energy to free-space radiation via defects on the dielectric side (scattering).
This is the reason that surface plasmon polaritons are evanescent. This unique property makes
surface plasmons very sensitive to perturbations on the surface, and thus SPP can be used to
probe inhomogeneity on a surface.
1.7.3. Dispersion Relation
At low frequencies, the surface plasmon polariton dispersion approaches that of free-space
electromagnetic wave (photons), the ` = aU light line. As the incident wave vector (and
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frequency) increases, the dispersion curve bends over and approaches an asymptotic limit,
known as the surface plasma frequency.
From the observations, one can make the following two conclusions. The surface plasmon
frequency never exceeds the bulk plasma frequency,
`EG<bcd =

`G
2

(7)

and the dispersion curve of the surface plasmon never intersects with the light line. This implies
that surface plasmons should never be able to couple to free-space radiation, which leads to the
next topic, excitation.
1.7.4. Free-Space Excitation
In general, SPP can be excited by both electrons and photons, the latter of which will be the
focus of this thesis. In the case of electron excitation, free electrons are incident on a bulk metal
and as they scatter, some energy is transferred into the bulk plasma. The component of the
scattering vector parallel to the surface results in surface plasmon polariton.
In the case of photons, excitation depends on the surface structures. Free-space radiation cannot
directly couple with surface plasmons on a smooth surface (radiation cannot excite SP, and SP
cannot lose energy to radiation), because at any given wave vector, they have different
frequencies. Since the free-space radiation wave vector is always smaller than the SP wave
vector, one must boost the incident radiation wave vector via some mechanism [19]. There are
generally two methods to couple the incident wave vector to SP. One method is using a prism,
proposed by Kretschmann and Otto, and the second method is using a surface relief grating or
any periodic lattice structure on the surface.
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1.8. Surface Relief Gratings
Surface plasmonic structures support the coupling and propagation of surface plasmons. In most
cases, they are a periodic lattice. The periodicity can be in one or two dimensions. This project
will focus on the research of one-dimensional surface plasmonic crystals, which are simply
surface relief gratings. However, two dimensional crossed grating as well as parallel grating
structures will also be explored, to a lesser extent.
In all the following derivations, bold letters will be used to denote vectors, and normal letters
scalars. Complex numbers will be denoted by a tilde above the letter.
1.8.1. Fields and Propagation
Knowing that the surface plasmons are evanescent waves that propagate only along the surface,
one can make the conclusion that the at least one component of the wave vector (the normal
component) is imaginary and the other component (tangential or in-plane component) of the
wave vector can be either real or complex.
] = ]e + f]g

(8)

Using the same coordinate axis as shown in Figure 9, the wave will exponentially decay towards
_ → ∞.
The fields in the dielectric (_ > 0) are given by [10],
Zj = 8d,k , 8l,k , 0 exp f Ud,k p + fUl,k _

(9)

qj = 0,0, rd,k exp f Ud,k p + fUl,k _

( 10 )
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and the fields within the metal (_ < 0) are given by [10],
Zt = 8d,b , 8l,b , 0 exp f Ud,b p + fUl,b _

( 11 )

qt = 0,0, ru,b exp f Ud,b p + fUl,b _

( 12 )

1.8.2. Derivation of Dispersion Relation
In mathematical terms, the dispersion relation is a function that relates the wave number
(magnitude of the wave vector) to the angular frequency of the wave, such that ` U = M(U). In
the case of free-space radiation (photons), the relationship is simply a straight line,
` = aU

( 13 )

And in general,
] =U=

2v
w

`0
U = 0 = `0 HL
a
0

( 14 )

( 15 )

The dispersion relation for surface plasmons will be slightly more complicated. Firstly, since the
SP decays rapidly in the normal directions, only the tangential (in-plane) component of the wave
vector are of concern. Following the same coordinate notations, the dispersion becomes,
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` U = `(Ud )

( 16 )

Using Maxwell’s curl equation (Ampere’s Law), assuming no free current and no dipoles,

∇×qbyk = −f`Lbyk Ztzj

( 17 )

Where %;{ denotes either medium.

Since the SPs are evanescent waves, the fields do indeed extend some length into the adjacent
media, one can make the assumption that the metal is a non-perfect conductor, since in a perfect
conductor no field can exist. The boundary conditions stating the continuity and discontinuity of
the tangential and normal components of the fields at _ = 0 are given by [10],
8d,k = 8d,b

( 18 )

ru,k = ru,b

( 19 )

Lk 8l,k = Lb 8l,b

( 20 )

Using equation 17 in equations 9 to 12, one obtains
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fUl,byk ru,byk , −fUd,byk ru,byk , 0 = (−f`Lbyk 8d,byk , −f`Lbyk 8l,byk , 0)

( 21 )

Separating the equation into components, for both the dielectric and metal media,
fUl,k ru,k = −f`Lk 8d,k

( 22 )

fUl,b ru,b = −f`Lb 8d,b

( 23 )

−fUd,k ru,k = −f`Lk 8l,k

( 24 )

−fUd,b ru,b = −f`Lb 8l,k

( 25 )

Applying boundary conditions given by equations 18 and 19 to equations 22 and 23,
Ul,k
Ul,b
=±
Lk
Lb

( 26 )

And applying the boundary conditions given by equations 19 and 20 to equations 24 and 25,
Ud,k = Ud,b ≡ Ud

( 27 )

Therefore, the normal components of the wave vector are discontinuous by a factor of the
permittivity of the media, whereas the tangential components of the wave vector are continuous.
Noting the that overall wave number is,
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0
Ubyk

=

Ud0

+

0
Ul,byk

`0
= 0 H~,byk L~,byk
a

( 28 )

Isolating for Ul,byk and plugging into (26), and assuming the media are non-magnetic, then
solving for Ud , one obtains,

Ud =

`
L~,k L~,b
≡ UÄ = Ud, + fUd,,
a L~,k + L~,b

( 29 )

Where the subscript Å denotes the relative permittivity. Note that for magnetic materials, there is
an extra H~ in the numerator inside the square root. Note that this derivation for the dispersion
relation assumes a flat surface. A flat surface will allow for the propagation of surface plasmons,
but cannot couple SPs to electromagnetic waves. Therefore, this derivation is only an
approximation, which is good for small surface modulations (grating depth << SP propagation
length along the interface) [19]. However, the dispersion relations for a non-flat surface can also
be derived, commonly using the Rigorous Coupled Wave Analysis (Fourier Modal Method) or
the Rayleigh Scattering Hypothesis. These topics are complicated and will not be explored in this
thesis.
For the normal components of the wave vector,

Ul,k

0
L~,k
`
,
,,
=
= Ul,k
+ fUl,k
a L~,k + L~,b
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( 30 )

Ul,b =

0
`
L~,b
,
,,
= Ul,b
+ fUl,b
a L~,k + L~,b

( 31 )

Since the permittivity of the metal is a complex number, such that,
ÇÇ
L~,b = L Ç ~,b + fL~,b

( 32 )

The wave numbers will also have a both a real and imaginary part. The real part U Ç represents SP
propagation, and it gives information regarding the wavelength and the speed of the wave. The
imaginary part U ÇÇ represents attenuation, and will give the skin depth. Writing out the real
portion of the wave vectors explicitly,

Ç
UÄ
= UdÇ =

`
L~,k L Ç ~,b
a L~,k + L Ç ~,b

( 33 )

Ç
Ul,k
=

0
L~,k
`
a L~,k + L Ç ~,b

( 34 )

Ç
Ul,b
=

`
L Ç 0~,b
a L~,k + L Ç ~,b

( 35 )

As stated previously, one component of the tangential wave vector must be real in order for an
evanescent wave to exist, and all components of the normal wave vector must be purely
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imaginary. The wave will decay in the normal direction, and propagate as well as attenuate in the
tangential direction.
Ud = UdÇ + fUdÇÇ

( 36 )

Ç
ÇÇ
Ul,byk = Ul,byk
+ fUl,byk

( 37 )

From the two equations above, one can see that UdÇ must be purely real, and UlÇ must be purely
imaginary. Overall, Ud is complex, and Ul,byk is imaginary. Looking at equations 33 and 34, one
can make the conclusion that,
L Ç ~,b < 0

( 38 )

L Ç ~,b < −L~,k

( 39 )

A negative real permittivity means that the material attenuates EM waves. (It reaffirms the
hypothesis made earlier that one of the media is a metal). The SP wavelength w can be found via
UdÇ , and the SP propagation length ÉÄ (SP penetration length in the tangential direction) can be
found via UdÇÇ . The SP propagation length (skin depth) into the adjacent media Ék and Éb can be
found via Ul,byk , using the general equations,
w=

2v
UÇ
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( 40 )

ÉÄ =

Ébyk =

1
UdÇÇ

1
ÇÇ
Ubyk

( 41 )

( 42 )

The dispersion relation of SPs is given in terms of the permittivities of the dielectric and the
metal. The permittivity of dielectric is constant for all frequencies, however the permittivity of
the metal is a function of frequency. Therefore, the Drude model for the permittivity of metal
will be used.
At optical frequencies, the real portion of the relative permittivity of a metal, at frequency `,
given by the Drude model is,

L

Ç

~,b

`G0
≈1− 0
`

( 43 )

Where `G is the characteristic plasma frequency of the metal.
A plot of the permittivity of both the dielectric and the metal (Drude model) is shown in Figure 11
below.
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Figure 11. The relative permittivities of dielectric and metal. Note that the permittivity is a function of frequency. [10]

Now, in the infrared and visible spectra, the optical frequency ` will generally be less than the
plasma frequency `G . This means that the L Ç ~,b will be a negative number, satisfying equation
38. However, as the optical frequency increases (towards ultraviolet), there will come a point
when
L Ç ~,b = 1 −

`G0
= −L~,k
`0

( 44 )

And going beyond this frequency, equation 39 will no longer be satisfied. Thus there is a
maximum SP frequency. By rearranging equation 44 one obtains,
`G

`bcd =

1 + L~,k

37

( 45 )

Using the Drude model in the dispersion relation, and solving for ` as a function of UdÇ in
equation 33, one can then obtain a plot of the surface plasmon dispersion relation, as shown in
Figure 12.

Figure 12. The surface plasmon dispersion curve. Note that at lower frequencies, it approaches a light line, and at higher
frequencies the dispersion curve reaches an asymptote. Although not shown, the curve is symmetrical about the ω axis. [10]

Looking at the upper and lower limits,
Ç
lim UÄ
≈

à→â

`
L~,k
a

( 46 )

Or
lim
å

Pä,ã →<ç

`≈

Which is a straight line.
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Ç
aUÄ

L~,k

( 47 )

At higher frequencies,
lim

à→àãéè

Ç
UÄ
→∞

( 48 )

` → `bcd

( 49 )

Or
lim

å →<P
Pä,ã
ä,ê

In words, at lower frequencies and wave numbers the SP dispersion relation approaches that of a
free-space electromagnetic wave, while at higher wave numbers the dispersion curve bends over
and asymptotically approaches a maximum frequency.
1.8.3. Surface Plasmon Polariton Coupling Conditions
As mentioned before, since the dispersion curve of the surface plasmon never intersects the freespace photon dispersion, it is impossible to couple free-space radiation into surface plasmon
polaritons on a smooth surface. Therefore, a surface plasmonic crystal is required to boost the
tangential component of the incident wave vector so that it can couple with SPs. In the simplest
case, a one-dimensional surface relief grating would work. Light diffracted from a grating will
acquire a boost to its wave vector component along the direction of the grating vector. The
grating vector is more generally known as the reciprocal lattice vector. Consider a one
dimensional Bravais lattice (a grating) that is uniform in the other two directions. The reciprocal
lattice vector is given by,
ë=

2v%
í

( 50 )

Where í is the lattice period, and % is any integer corresponding to an order of diffraction. Note
that the RL and BL vectors point in the same direction. Now consider an incident light and a
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grating oriented in such a way that they line up (for example, along the p direction). The incident
light makes an angle ìî with respect to normal of the surface. Therefore, the magnitude of the inplane (tangential) component of the incident light wave vector has contribution from both the
wave vector component from the reflected wave along the grating vector, as well as the boost
acquired from the RL vector itself. Mathematically, this can be expressed as [19]
UïîW>= = U sin ìî ± ò

( 51 )

Where
ò=

2v%
ô

( 52 )

Where ô is the grating period, and % is an integer.
Equation 27 can be rewritten as,

Ç
UÄ
= Uâ $k

Ç
L~,b
Ç
$k0 + L~,b

( 53 )

`
a

( 54 )

Since,
Uâ =

$k =

L~,k H~,k =

L~,k

Ç
To find the coupling conditions, one must equate UïîW>= with UÄ
, therefore,
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( 55 )

Ç
UÄ
= Uâ $k

Ç
L~,b
= Uâ $k sin ìî ± ò
Ç
$k0 + L~,b

( 56 )

Ç
L~,b
− sin ìî
Ç
$k0 + L~,b

( 57 )

Which can be rearranged to obtain,

wÄ = ± $k ô

This equation gives the wavelength of the surface plasmon (obviously only the positive
wavelength makes sense), for a given set of the dielectric permittivity, the grating period, the real
part of the metallic permittivity, and the incident angle.
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Chapter 2. Experimental Results
2.1. Fabrication of Inverted Polymer Solar Cell
Two types of substrates have been used during the course of this research. The first variety is
simply a glass slide of 20 %% by 25 %% uniformly coated with Indium Tin Oxide (ITO), on
which patterning can be achieved by using scotch tape and submerging in 1& hydrochloric acid
and adding Zinc powder. The ITO etching is typically complete within 10 minutes in the acid
solution. A typical etch pattern is shown in Figure 13 below.

Figure 13. ITO coated glass etch pattern. Slides are 25 mm wide by 20 mm tall. The taped areas (blue) are not etched, while the
untapped areas (white) are etched by the HCl.

After etching, the tape is removed and the slide is first washed mechanically by hand and
detergent. The slide is then ultrasonically cleaned in a series of solvents including toluene,
acetone, ethanol, isopropanol, distilled water, and deionized water, for 8 minutes each. After the
ultrasonic cleaning, the samples are dried by blowing with compressed air, and heated to
110° / on a hot plate to fully evaporate any residue solvent. Then the samples are left ITO-side
up in a petri dish, and placed in a plasma cleaner for 10 minutes at 600 %V'ÅÅ on low power to
remove any remaining organic contaminants.
The first layer to be deposited on top of the ITO is the low work function electron transport layer
(ETL) Zinc Oxide (ZnO). The ETL is not mandatory for the fabrication of a polymer solar cell,
but it does improve the performance of the solar cell by providing an intermediate work function
layer and helps with the extraction of electrons to the cathode. ZnO is solution processed and

42

spin coated. There are two methods of solution processing, the first and most common method is
the solution gel (Solgel) method. Typically, 5 %õ batches of ZnO solution are made by adding
4.8 %õ of 2-methoxy ethanol, 0.2 %õ of ethanolamine, and 0.8 , of zinc acetate dihydrate in a
small glass vial, and stirring with a magnetic stirrer for 12 hours, and finally aging for 24 hours.
When it is ready to deposit the ZnO layer, the slides are preheated to 80° /, and the solution is
taken and dropped from a pipette onto the sample slide, and it is then spin coated at
2000 Åù% for 40 seconds. After spincoating, the slide is immediately taken onto a hot plate at
275° / for 10 minutes to thermally anneal the ZnO layer. Various annealing conditions have
been investigated, and it was later discovered that a better annealing procedure is to use a lower
temperature for a longer duration. Therefore, the optimal annealing procedure is 150° / for 30
minutes. The other method of solution processing and depositing ZnO layer is to simply
purchase ZnO nanoparticles suspended in isopropanol, called ZnO ink. This has the advantage of
requiring a lower annealing temperature (80° / for 30 minutes), and is viable for use on the
azopolymer gratings [23], as will be discussed in the Surface Relief Grating section.
The next layer to be deposited is the active layer, which is the P3HT:PCBM bulk heterojunction.
The solution is generally made in 1 %õ batches, by adding 20 %, of P3HT and 20 %, of
PCBM in 1 %õ of dichlorobenzene (DCB), and stirring with a magnetic stirrer for 12 hours. The
resulting solution is light, oxygen, and moisture sensitive. So it is generally sealed with paraffin
tape and covered with an aluminum foil during storage. After the solution has been stirred, it is
filtered using a syringe and syringe filter (10 H%), and dropped using a pipette onto the sample
slide, then spin coated at 600 Åù% for 60 seconds. Finally, the sample is annealed at 100° / for
10 minutes. Ideally, the entire process, including filtering, spincoating, and annealing should be
done in a nitrogen glovebox.
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After annealing, parts of the active layer are cleaned off using solvent, exposing the ITO
underneath. The area that is cleaned off is shown in Figure 14 below.

Figure 14. Post-spin coat patterning. Cleaning off part of the active layer area (orange), using either acetone or DCB, exposing
the ITO underneath,

This allows the top electrode to be in electrical contact with the strip of ITO (orange section in
Figure 14), so that during IV characterization, the alligator clip can clip onto the more scratch

resistant ITO layer rather than the silver layer itself, as the thin layer of silver is easily damaged
by mechanical wear.
After the sample slides have been properly cleaned off of the active material in the orange
section, they are placed in an aluminum slide holder designed to be mounted to the top of the
Physical Vapour Deposition (PVD) system, also known as a metal evaporator. The sample
holder with the samples are transferred into the dry glovebox, which houses the Kurt J. Lesker
PVD system. The slide holder has a capacity for 8 slides, which are 8 cutouts with a small lip on
each, which houses the sample slides and prevents the slides from falling down during operation.
An electrode mask specially designed for the desired shape of the electrode is then placed on the
slide holder, over the slides, and the entire assembly is bolted unto the top of the PVD system.
The shape of the top electrode commonly used is shown as the gray tadpole areas in Figure 15.
The area of the electrode produced is approximately 0.2 a%0 .
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Figure 15. The silver electrode mask used during PVD. The tadpole shaped gray area is the top electrode (anode). During
testing, one of the alligator clips can clip onto the orange area (ITO) which is electrically connected to the silver anode.

This PVD system allows the respective deposition of two materials without interruption. For the
top electrode (the anode), a high work function hole transport layer (HTL) is first deposited. In
this case, a thin layer of molybdenum oxide (&'() ) is used. Typically, the thickness of this
&'() layer is 5 $%. The &'() reagent is available in powdered form. The powder is scooped
into a &'() crucible, and the crucible is placed in a crucible holder which is bolted to the
secondary heater of the PVD system. After the deposition of the HTL, a thicker silver layer is
then deposited, typically 100 $% in thickness. The silver substrate is available in wire form of
2 %% diameter and is cut into segments of approximately 5 %% long; these segments are placed
in a small silver crucible of 10 %% diameter by 10 %% height, which is placed in a crucible
holder. The crucible holder is then bolted onto the primary heater of the PVD system. The PVD
features a turbo-molecular pump backed by a roughing pump, and the deposition process can
begin once a vacuum of 10<ü %†íÅ is achieved.
Once deposition is complete, the vacuum chamber is vented with nitrogen, and the samples are
removed from the system. The bottom of the sample slide still covered by the active layer is
cleaned off using acetone or DCB to expose the bottom ITO electrode.
The cells are now ready for IV characterization. An Oriel Instruments solar simulator outputting
AM 1.5 intensity (1000 @/%0 ) is used for illumination. A Keithley semiconductor
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characterization device (Keithley 4200-SCS) is used for the IV measurements. The positive lead
alligator clip is connected to the anode (silver), and the negative lead alligator clip is connected
to the cathode (ITO). The sample is held via a stand at a calibrated distance away from the
collimated output of the solar simulator, and the lamp is turned on and off for light and dark IV
measurements.
A new type of ITO glass substrate was later made available. This variety is a pre-patterned ITO
glass slide, with the same physical dimension as the older slides. The ITO pattern is shown in
Figure 16 below. Using this type of substrate, four cells can be fabricated on each slide, instead of

two. However, the active area is reduced slightly.

Figure 16. Pre-patterned ITO slides. The drawing shows the etch pattern and various dimensions.
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2.2. Fabrication of Transparent Electrode Solar Cells
The schematic of the electrode design from bottom to top is a thin layer of &'() , a layer of
silver, and a thick layer of &'() . During the characterization and optimization of the fabrication
process for the transparent electrode, ITO coated glass slides were used as the substrates. This is
due to the availability of the ITO glass in the laboratory, and the fact that most equipment in the
laboratory are designed to be compatible with glass slides of this particular dimension. Similarly,
a zinc oxide electron transport layer is spin coated at 2000 Åù% on top of the ITO and annealed
at 150° / for 30 minutes. The active layer is also the same composition and concentration as
used previously, and was spincoated at 600 Åù%, and annealed for 10 minutes at 110° /. After
the active layer is completed, the tri-layer transparent electrode stack is fabricated by
sequentially depositing &'() , +,, and &'() in the dual crucible PVD system.
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2.3. Characterization of Transparent Electrodes
Literature reports for the optimal thicknesses for the three layers of the transparent electrode
varied significantly. Initially, a layer composition of 3 $% &'() , 10 $% +,, and 40 $% &'()
was used. This produced electrode with high transmittance, however, solar cells with these
electrodes had low performance due to generally low currents. The solar cell performance of a
set of identically fabricated transparent electrode solar cell samples are shown in
Sample

JSC (+/a% 0 )

VOC (D)

FF

RS (Ω)

RSH (Ω)

PCE (%)

1L

-1.95E-05

4.50E-01

3.20E-01

5.44E+04

3.61E+05

2.80E-03

2L

-6.22E-05

3.50E-01

2.94E-01

1.26E+04

1.34E+05

6.41E-03

2R

-2.81E-05

5.00E-01

4.97E-01

1.67E+04

5.99E+05

6.99E-03

3L

-7.88E-05

5.00E-01

4.15E-01

3.17E+03

1.50E+05

1.64E-02

3R

-7.92E-05

5.00E-01

5.11E-01

2.31E+03

1.60E+05

2.02E-02

4L

2.81E-07

0.00E+00

0.00E+00

5.31E+04

1.08E+05

0.00E+00

4R

-6.21E-06

5.00E-02

9.86E-02

3.97E+04

1.17E+05

3.06E-05

Sample

JSC (+/a% 0 )

VOC (D)

FF

RS (Ω)

RSH (Ω)

PCE (%)

1L

-1.95E-05

4.50E-01

3.20E-01

5.44E+04

3.61E+05

2.80E-03

2L

-6.22E-05

3.50E-01

2.94E-01

1.26E+04

1.34E+05

6.41E-03

2R

-2.81E-05

5.00E-01

4.97E-01

1.67E+04

5.99E+05

6.99E-03

3L

-7.88E-05

5.00E-01

4.15E-01

3.17E+03

1.50E+05

1.64E-02

3R

-7.92E-05

5.00E-01

5.11E-01

2.31E+03

1.60E+05

2.02E-02

4L

2.81E-07

0.00E+00

0.00E+00

5.31E+04

1.08E+05

0.00E+00

4R

-6.21E-06

5.00E-02

9.86E-02

3.97E+04

1.17E+05

3.06E-05

Table 2 below.

Table 2. Performance summary of a set of identically fabricated samples of transparent electrode solar cells.
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As an example, the IV curve of sample 2L is shown below in Figure 17. Additional plots of IV
curves are shown in Appendix A-1. One can see that the solar cell is indeed fully functional. The
solar cell exhibits an ordinary diode behavior in the dark, with a cut-in voltage of 0.35 D. The
cell also exhibits photovoltaic effects under illumination, with a short circuit current density of
−6.22 ∗ 10<X +/a%0 . However, the short circuit current is an order of magnitude lower than the
expected value for an inverted polymer solar cell of this configuration.

Figure 17. IV curve for transparent electrode solar cell sample 2L. Note that the solar cell is functional, however, the short
circuit current is lower than expected.

Despite a low solar cell performance, the transparent electrodes exhibit good optical properties.
The following graphs illustrate the high transmittance of the transparent electrodes. Note that the

49

absorbance is first plotted instead of transmittance, since they are related by the Beer-Lambert
law, + = − log•â V. In Figure 18, the absorbance of the transparent electrode layer (yellow) is
plotted, along with the absorbance of the P3HT:PCBM layer (red), as well as the combined
absorbance of the two layers (blue). One can see that the absorbance of the transparent electrode
layer is only a small fraction of the total absorbance of the sample. The latter of which depends
almost entirely on the absorption spectrum of the P3HT:PCBM. Conversely, this implies that the
transparent electrode layer has a very high optical transmittance. The plots in Figure 19 show that
the absorbance and transmittance of the transparent electrode are fairly constant across the entire
visible spectrum. Note that in all the following graphs, the absorbance of the glass substrate has
been taken into account.

50

Figure 18. Absorption spectra of the transparent electrode layer, the P3HT:PCBM layer, and the entire solar cell.

51

a)

b)

Figure 19. The a) absorbance and b) transmittance spectra of the transparent electrode layer.
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a)

b)

Figure 20. Comparison of the transmittance of a) MoO3/Ag/MoO3 transparent electrode and b) thin gold films of various
thicknesses using the same vertical scale. [24]

From these results, one can see that the transmittance of this type of transparent electrode is very
high, especially when compared to conventional “transparent” electrodes utilizing a thin (10 $%
thick) layer of gold [24], as shown in Figure 20. The &'() /+,/&'() tri-layer transparent
electrode achieves transmittance of up to 9 times that of the thin gold layer [19]. However, there
is a problem with the low ISC of these solar cells.
One initial hypothesis as to a possible cause of the issue is the way in which part of the active
layer are cleaned off to expose the underlying ITO before depositing the transparent electrode
layers. This process is discussed under the section detailing the fabrication of an ordinary
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inverted polymer solar cell. By cleaning off part of the active layer to expose the underlying ITO,
a vertical ridge is formed such that on one side of the ridge the elevation is much higher than the
other side due to the active layer thickness, which is much greater than the thickness of the
transparent electrodes. The top electrode is then uniformly evaporated onto this ridge. Therefore,
there may be a discontinuity in the top electrode across this ridge, due to the large elevation
difference. This effect is illustrated below in Figure 21. This discontinuity would manifest itself as
an open circuit, or less severely as a large series resistance. This would correspond to the low
short circuit current symptoms in these solar cells.

a)

b)

Figure 21. a) Schematic view and b) topographic view of the "ridge" as discussed earlier which causes the open circuit.

However, upon further testing and examination, it was concluded that the ridge was not the
primary cause for the low short circuit current of these solar cells. The reasoning behind this
conclusion is summarized as follows.
Firstly, when ordinary inverted polymer solar cells were fabricated, a silver top electrode of
thickness 100 $% was used. The total thickness of the transparent tri-layer electrode stack is not
an order of magnitude less than 100 $%. During the initial testing, a 3 $% &'() , 10 $% +,,
and 40 $% &'() was used, corresponding to a total thickness of 53 $%. A reduction by half of
the thickness from 100 $% to approximately 50 $% should not yield such a large discrepancy in
the resulting series resistance. In other words, if the previous solar cells had good performance
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with the 100 $% electrodes, then the current solar cells should have acceptable performance
with 50 $% tri-layer transparent electrodes, based on the hypothesis that the increase in series
resistance was purely due to the vertical ridge and the thickness of the top electrode.
Secondly, in reality, since the cleaning of the active layer is done via a cotton swab (Q-tip), the
ridges are not as sharp and vertical as the schematic images imply. The ridge was not
investigated under an AFM, however, one can safely assume that the ridges would realistically
be more scattered and gradual, rather than a single vertical drop. This hypothesis can be
implicitly confirmed by the success of previous inverted polymer solar cells. Those solar cells
had a top electrode of thickness 100 $%, which is still smaller than the thickness of the active
layer (200 $%). If the ridges were indeed perfectly vertical, the top electrodes would need a
minimum thickness equal to that of the active layer thickness in order to make a continuous
contact.
The second hypothesis as to the reason causing the low current (high series resistance) of these
transparent electrode solar cells involves the deposition rate of the silver layer. It is a known fact
that thin films of silver deposited via thermal evaporation has a minimum threshold of deposition
rate for any given final thickness. The smaller the final thickness, the higher the deposition rate
needs to be to form a continuous layer. This minimum deposition rate is known as the
percolation threshold of silver. The percolation threshold is loosely defined as the point in which
evaporated silver particles form long range connectivity (i.e. a uniform sheet) rather than isolated
islands (Volmer-Weber growth).
In order to confirm this theory, several &'() /+,/&'() transparent electrodes of various
thickness configurations were fabricated, and their optical and electrical properties were
characterized.
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The layers were sequentially deposited on glass substrates (microscope slides which have been
cleaned using the standard cleaning procedure as previously described) using the PVD system.
The +, layer was deposited at a constant rate of 0.3 $%/¶. The &'() layers were set to deposit
at a rate of 0.05 $%/¶.
Several groups of samples were made, which are listed below. The numbers represent thickness
in $%.
Group A: 17.5/11/35 (8 samples on glass)
Group B: 5/14/35 (6 samples on glass)
Group C: 18/11/35 (6 samples on glass)
Group D: 5/16/35 (6 samples. Complete solar cells were fabricated using these electrodes)
2.3.1. Electrical Properties
Directly measuring the surface resistance of the transparent electrode layers using a simple
ohmmeter would not be ideal because the large contact resistance, often exceeding 1 òß.
Therefore, silver paste was applied to the electrode layers at a fixed distance apart on the sample,
and was allowed to fully cure. This method worked very well for measuring the surface
resistance without using a more complicated four-point probe setup.
Group A transparent electrode samples were not very conductive. Even with the contact
resistance removed via silver paste, the resistance was still greater than 200 ß/cm.
Group B transparent electrode samples all exhibited good conductivity. The resistance was
measured to be about 20 ß/a% on average.
Group C transparent electrodes have similar layer thickness configuration as Group A samples,
and are again not very conductive, with average surface resistance greater than 200 ß/a%.
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Group D transparent electrodes were fabricated on top of layers of ITO, ZnO, and P3HT:PCBM,
and therefore these are complete solar cells. Their conductivities were not directly measured,
rather, they can be indirectly gauged from the solar cells’ IV performance.
2.3.2. Optical Properties
As shown in the following transmittance spectra in Figure 22, all the transparent electrode
samples showed similarly good transmittance in the visible spectra, and decent transmittance in
the UV range, despite the different layer thickness configurations. The following transmittance
spectra were taken on the HP spectrophotometer, with glass slides as reference.

Figure 22. Transmittance spectra of transparent electrode samples of two different thickness configurations. Increasing the Ag
layer thickness (while decreasing the first &'() layer thickness) does not negatively impact the transmittance of the film.
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Several observations can be made. The increase in +, thickness from 11 to 14 $% did not
systematically decrease the transmittance, although this is likely due to the concurrent decrease
in &'() layer thickness. The peak transmittance fluctuated between 75% to 88% as the
thickness is varied, but also as a random variance between the samples. The transmittance
spectra at higher wavelengths did not have such large fluctuations due to thickness
configurations and sample variance. Finally, at approximately 500 $%, all the samples showed
transmittances between 70% and 80%. From the above data, one can conclude that the thickness
configuration with a larger silver thickness 5/14/35 is the superior design compared to
18/11/35, since it does not negatively affect the transmittance (in fact, it has the higher
transmittance), while at the same time exhibiting much higher electrical conductivity.

2.3.3 Solar Cell Performance with Transparent Electrodes
A preliminary conclusion from these results can be drawn. The silver layer thickness needs to be
greater than 11 $% for a deposition rate of 0.3 $%/¶, in order to avoid discontinuous
nanoparticle formation (Volmer-Weber growth). In other words, in order to exceed the
percolation threshold for +, deposition, one would need to increase the deposition rate above
0.3 $%/¶ for a final thickness of 11 $%. The much higher conductivities of the transparent
electrode films in groups B and D agree with this conclusion.
Within the 6 solar cell samples (5/16/35) with the transparent electrodes there did not exist
significant variations in terms of IV performances. The IV plots of two of the samples are shown
in Figure 23 and Figure 24. Additional IV plots of these samples are shown in Appendix A-2.
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Figure 23. IV curve for sample 5R using the new transparent electrode configuration.
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Figure 24. IV curve for sample 6R using the new transparent electrode configuration.

Evidently, the IV performance of these solar cells are very good. The performance of a single
solar cell is compared between light entering from the ITO side and light entering from the
transparent electrode side. This will help to test the real world performance of the transparent
electrode as used in inverted polymer solar cells. An absorbance or transmittance spectrum of the
transparent electrode can be obtained via a spectrometer, but an IV characterization is more
useful in that the results directly correlates with the solar cell performance. The results, including
JSC, VOC, FF, and PCE are shown in Table 3. One can note that the JSC is slightly lower when
the device is illuminated from the transparent electrode side, as compared to when the device is
illuminated from the ITO side. This is expected as the transmittance of the transparent electrode
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is not as high as that of the ITO. However, the VOC and FF are largely not affected by the choice
of light entrance. The IV curves of the two scenarios are plotted in a single graph in Figure 25.
Note that the overall shapes of the two IV curves are very similar, with the ITO side illumination
having a slightly larger JSC.
Sample
ITO
Transparent
Electrode

JSC (+/a%0 )
-1.54E-03

VOC (D)
4.40E-01

FF
3.16E-01

RS (Ω)
8.55E+01

RSH (Ω)
5.05E+03

PCE (%)
2.13E-01

-1.08E-03

4.60E-01

2.93E-01

8.32E+01

9.69E+03

1.45E-01

Table 3. Solar cell performance comparison between light entering from the ITO side vs. light entering from the transparent
electrode side

Figure 25. IV curves for illumination from the ITO side and from the transparent electrode side. The performance is almost
identical. This suggests that the optical properties of the transparent electrode are very similar to that of the ITO.
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The experiments so far conclude that the problem with high series resistance and low short
circuit current can be attributed to the percolation threshold of silver film formation not being
reached. More specifically, the problem was that for the deposition rate which was used for
thermally evaporating silver, the final thickness was too low. Likewise, for the specific final
thickness used, the deposition rate used was too low. After increasing the deposition rate to
0.3 $%/¶, and with a final thickness of roughly 14 $%, the surface resistance of the films as
well as the series resistance of the solar cells drastically decreased, suggesting that the
percolation threshold has been reached, and that the deposition process is forming a uniform
silver film rather than discontinuous silver islands.
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2.4. Fabrication of Surface Relief Gratings
Assuming the light strikes the gratings at a normal angle (it is a good assumption because in
order to maximize absorption, solar cells should always face the light source at a normal angle),
where ìî = 0, then the surface plasmon wavelength would simply to,

wÄ = $k ô

Ç
L~,b
Ç
$k0 + L~,b

( 58 )

It is apparent now that the surface plasmon wavelength is simply dependent on three design
parameters: the grating pitch, the index of refraction of the dielectric material, and the real part of
the permittivity of the metal. Often times, in the design of this surface relief gratings for polymer
photovoltaic usage, the choice of the dielectric and the metal are fixed, and only the grating pitch
can be altered. For example, in the case of this research the bulk heterojunction blend
P3HT:PCBM is the dielectric, while aluminum or silver thin film is the metal. One would only
need to know what wavelength of surface plasmons is desired in order to calculate the optimal
grating pitch.
As previously mentioned in the Motivations section, the peak absorption of P3HT:PCBM occurs
at near 500 $%. It is also known that the real part of the relative permittivity for aluminum thin
Ç
film is L~,b
= −27.916 at 500 $% [25], while the refractive index of a regioregular

P3HT:PCBM blend at the same wavelength is $k = 1.7 [26]. Knowing these parameters, the
grating pitch that would couple the desired surface plasmon can be calculated to be ô ≅ 270 $%.
Knowing that the optimal grating pitch that would couple surface plasmons at the peak
absorption wavelength of the P3HT:PCBM blend is approximately 270 $%, every effort was
made to fabricate a grating with a pitch approaching this design parameter. However, as will be

63

shown in the next section, this grating pitch is not trivial to fabricate or characterize due to a
range of technical difficulties. In the end, it was decided to use larger grating pitch for the
experiments as these experiments are designed to judge the success of the fabrication and
characterization procedures and the morphology of resulting gratings, rather than to use the
gratings directly to boost the performance of a solar cell. In other words, the focus of this thesis
is not to reach a new milestone in the efficiency of P3HT:PCBM solar cells, but rather to
investigate and develop enabling technologies for novel plasmonic solar cells.
In addition, the majority of the sample gratings used silver as the metallic film rather than
aluminum due to the reactive nature of aluminum in the presence of oxygen. As these sample
gratings were not used in actual polymer solar cells, the dielectric side is simply air.
Standard square glass slides as well as rectangular ITO coated glass slides were both used as the
substrate during the fabrication of the gratings. The glass slides from RMC have the advantage of
larger physical dimensions and were therefore able to accommodate more grating samples per
substrate. However, the ITO slides are better suited for samples that will have solar cells built on
top, due to the scratch resistance of ITO coating as the electrodes will be subjected to repeated
alligator clip usage during IV characterizations.
Regardless of the substrate type and size, the standard procedure for cleaning and fabrication
begins with mechanical cleaning by hand using detergent, to remove oil and large physical
contaminations. Followed by ultrasonic cleaning using a series of solvents including isopropanol,
acetone, ethanol, distilled water, and deionized water, to remove finer contaminations. Finally,
the samples undergo plasma cleaning under a vacuum of 600 %V'ÅÅ to remove any remaining
organic contamination.
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The azopolymer, which is dissolved in a solution of dichloromethane (DCM) will then be spin
coated at 1000 Åù% for 20 seconds, and allowed to dry in an oven at 90° / for 10 minutes. After
drying, the samples are cleaned off of excess azopolymer on the backside of the substrate using
cotton swab dipped in acetone. At this point, the samples will be ready for laser interference
lithography.

Figure 26. The laser interference lithography apparatus and setup. [19]

The laser interference lithography setup used for the fabrication of azopolymer gratings is shown
in Figure 26. The process is described as follows. A laser beam exits from the aperture of either a
selectable wavelength Argon gas laser, or a fixed wavelength Verdi laser. The beam then passes
through a spatial filter for two reasons: to ensure only one wavelength is incident on the sample,
and also to decollimate and enlarge the beam. Following the spatial filter, the decollimated beam
passes through a large collimator followed by a quarter wave plate to impart a circular
polarization. Finally, a variable iris is used to control the spot size of the beam on the slides,
which directly translates to the size of the grating samples. A rotating sample mount consists of
two perpendicular plates. The azopolymer slide is mounted on one of the plates, while a mirror is
placed on the orthogonal plate. In this configuration, incident light beam is simultaneously
irradiating the azopolymer sample and the mirror. The beam incident on the mirror will be
reflected back onto the sample, and the two beams produce an interference pattern. This
interference pattern of the intensity inscribes a surface relief grating on the photosensitive
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azopolymer film. The resulting grating pitch is dependent on the incident wavelength and the
angle of incidence, while the grating depth is dependent on the exposure time of the laser.
It can be shown that the equation governing the resulting grating period from using the above
laser interference lithography setup is the following:
ô=

w
2 sin ì

( 59 )

Where w is the incident writing beam wavelength, ì is the incident angle of the writing beam
w.r.t. the sample normal, and ô is the resulting grating spacing.
Evidently, to achieve a smaller grating spacing, one could use either a smaller wavelength
writing beam or increase the incident angle. Some difficulties include the fact that practical
wavelength range is limited. In the case of the Argon gas laser, only the following options were
available:
•

514.5 $% (750 %@)

•

501.7 $% (15 %@)

•

496.5 $% (75 %@)

•

488 $% (225 %@)

•

476.5 $% (40 %@)

The general trend of this gas laser output is that the output powers are lower for smaller
wavelengths. Therefore, during the fabrication of these samples, the 514.5 $% and 488 $%
outputs were used most often. The 514.5 $% output offered a fast exposure time for gratings
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with moderate spacings. For very small spacings, the 488 $% output offers the smallest
wavelength without sacrificing the power significantly.
Another laser available for use at RMC is the Verdi laser, which outputs a fixed wavelength of
532 $% at powers of up to 2 @. This laser is ideal for quickly writing gratings that do not
require very small spacings.
The other method to decrease the spacing is to increase the incident angle since sin ì increases
as ì increases. However, the difficulty here is that as one increases the incident angle, the
semicircle on the sample that is illuminated by the laser grows and deforms, becoming a semielliptical shape. The increased area reduces the light irradiance on the sample.
The diffraction efficiency is related to the grating depth, which is dependent on the irradiance
and exposure time. Therefore, for the lower power settings and/or large incident angles, an
exposure time often exceeding 30 %f$™´;¶ was needed to write the gratings using the Argon
laser; while using the Verdi laser running at 1 @, 5 %f$™´;¶ was generally needed.
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2.5. Characterization of Surface Relief Grating Morphology
In one of the experiments, the morphology of the surface relief gratings was characterized. Three
sets of azopolymer films were coated on glass substrates using the standard procedure that was
discussed in the previous section. Using the laser interference lithography setup, which is
controlled by a LabVIEW program, seven gratings were written on the first sample set, and six
gratings were written on the second sample set. The LabVIEW program takes inputs of incident
wavelength and desired grating spacing, it calculates the angle ì, and automatically moves the
sample mount via stepper motor to that angle.
Two types of systems were used to characterize the morphology of the resulting sample films,
laser diffraction setup, and atomic force microscopy (AFM). Each of the two characterization
methods has advantages compared to the other method. In the case of the laser diffraction setup,
the measurements of the grating spacings were quick and accurate. However, it did not truly
characterize the morphology of the film and the gratings, as would the AFM. The main
disadvantage of the AFM was that the speed of the measurements was generally much slower.
The first two sets of the sample gratings were characterized using the laser diffraction setup. The
laser diffraction setup was controlled via a LabVIEW program, and the program required the
user to manually rotate the sample grating to the 0=> , and then ±1E= order diffractions, via a
stepper motor. The program then recorded the associated angles. The user was also required to
entered the wavelength of the diffraction laser, which was a 632.8 $% HeNe laser. Then, the
program calculated the grating spacing using the diffraction equation shown below.
Λ=

%w
sin ìb + sin ìî

Which in this particular setup simplifies to,
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( 60 )

Λ=

w
2 sin ì

( 61 )

Evidently, due to the nature of the setup, the minimum grating pitch that this process can
≠

measure is , which is 316 $%.
0

Figure 27 below shows a photograph of several grating samples. The substrate used here were

large square glass slides. One can see the gratings are the iridescent semi-circles. The two sets of
gratings’ various fabrication parameters are summarized in Table 4 and Table 5.

Figure 27. Azopolymer film with grating samples inscribed. The gratings show iridescence when light is shone on them.

Sample
1
2
3
4
5
6
7

Nominal ô (nm)
771
671
571
471
371
271
250

Exposure (min.)
15
15
15
15
30
45
45

Measured (ô ± 5$%)
770
670
570
470
Not measured
Not measured
Not measured

Table 4. First sample grating fabrication parameters. Gratings 5 to 7 could not be measured using the diffraction setup, as their
grating spacing were too small.
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Sample
1
2
3
4
5
6

Nominal ô (nm)
771
671
571
471
371
271

Exposure (min.)
20
20
20
20
30
60

Measured (ô ± 5$%)
770
670
570
470
Not measured
Not measured

Table 5. Second sample grating fabrication parameters.

From the results, one can see that for the gratings in which the laser diffraction setup was able to
measure, there was a strong agreement between the nominal (predicted) values of the grating
spacing and the actual values of the grating spacing. The errors are generally smaller than 5 $%.
However, for the smaller grating sample spacings, the laser diffraction setup was not able to
measure the grating spacings due to the aforementioned limitations of this method.
To better study the surface morphology and topology of the gratings, a third set of samples were
characterized using an AFM. The AFM software was able to generate three dimensional
topologies of the grating surfaces, as well as conduct graphical measurements of the grating
spacings. Note that the AFM measured values of the grating spacings are generally not as precise
as the laser diffraction setup. This is because although the AFM software allowed for graphical
measurements of distances on an image, it required human inputs to select the two points, which
introduced errors. A summary of the nominal grating spacings and measured grating spacings of
the fabricated samples is shown in Table 6 below.
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Sample

Nom. ô1
(nm)

Exp. (min.)

Meas. (ô• ±
20 $%)

Nom. ô2
(nm)

Exp. (min.)

Meas. (ô0 ±
20 $%)

1

771

30

Not Measured

N/A

N/A

N/A

2

671

30

Not Measured

N/A

N/A

N/A

3

771

30

740

N/A

N/A

N/A

4
5
(Crossed)
6
(Crossed)

771

20

780

N/A

N/A

N/A

771

25

770

771

10

770

771

25

780

771

10

780

7
8
(Parallel)
9
(Parallel)

771

20

770

N/A

N/A

N/A

771

20

860

500

8

520

771

20

760

600

8

650

Table 6. Summary of the grating measurements.

In general, the parallel gratings were more difficult to fabricate than crossed gratings, evident by
the discrepancies between nominal grating spacings and measured values. If the exposure time of
the secondary grating was not optimal, the primary grating would be degraded. For example, if
the exposure time of the secondary grating was set too long, the primary gratings would be
partially or fully erased, since the azopolymer is photo and thermally sensitive. Thus, the parallel
grating structure would resemble a single grating. In particular, note that in Table 6 above, for
the parallel grating samples 8 and 9, the discrepancy between the nominal primary grating
spacings and the measured primary grating spacings are significant. This is due to the partial
erasure of the primary grating structures. This also subsequently amplified the human input
errors for the manual selection of the two points in the AFM software for spacing measurements.
Overall, this introduced a significant discrepancy between the nominal and measured primary
grating spacing. The degradation of the primary gratings also occurred for crossed grating
structures when the secondary grating exposure was too long, however, the effect was not as
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pronounced as for parallel grating structures. AFM images of the surface morphology of a select
few grating samples are shown in Figure 28.

Figure 28. AFM images of the grating samples. The images show the surface morphologies, graphical measurements, and 3-d
views of grating samples 3, 5, and 9.

2.5.1. Effects of the Metal Film Deposition on Surface Relief Grating Morphology
As previously discussed in the surface plasmons theory section, in order to generate surface
plasmons, the grating must be at the interface between a dielectric and a metal, such that the real
part of the permittivity changes sign across the interface. Therefore, in order to fabricate useful
gratings, a metal film must always be deposited on top of the azopolymer. The metal film would
take the shape of the azopolymer grating, and a metallic grating would be generated. Even
though the surface morphology of the azopolymer gratings were already studied in the previous
section, the addition of a metallic film layer on top of the azopolymer grating would inevitably
alter its morphology. In order to better study the changes to the surface morphology due to metal
film deposition, and how well the metallic film conforms to the azopolymer gratings, the
following experiments were performed.
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Two azopolymer grating samples were fabricated following the standard grating fabrication
procedure. After writing the gratings, all the samples were probed using an AFM to verify the
grating structures. The AFM software generated three dimensional topography of the surface, as
well as conducted measurements of the grating spacing. The grating parameters of the samples
are shown in Table 7 below.
Sample
1
2

Nominal ô (nm)
771
500

Exposure (min.)
15
25

Measured (ô ± 20$%)
780
540

Table 7. Summary of the nominal and measured grating spacings.

Following the AFM study, the samples were taken into a nitrogen glovebox, and 100 $% thick
aluminum layers were deposited on the samples via PVD. Note that a large thickness of 100 $%
aluminum film was chosen so that if there were any inconformity and degradation to the
azopolymer grating structure due to metal deposition, they would be more apparent. The choice
of using aluminum film for this experiment instead of using other metallic films was based on
the assumption that for future surface plasmon photovoltaic applications using the inverted
structure, the material of choice for the cathode is a low work function metal such as aluminum.
After the aluminum layer was deposited, the samples were taken out of the PVD and studied
under an AFM again, to determine how the aluminum film conforms to the azopolymer gratings
and study any changes to the surface morphology due the deposition of the aluminum film. Figure
29 shows the before and after AFM images of the aluminum film deposition.
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Figure 29. The surface morphology of the azopolymer gratings. The images show the morphology of the gratings before and
after the deposition of a 100 nm aluminum film.

A comparison can be made between the before and after AFM images of the grating samples.
The deposition of the aluminum layer did not affect the grating structure in terms of the grating
pitch, as the grating sample remained at a pitch of 770 ±10 $%. The grating depth was
slightly reduced after the aluminum deposition, as the azo polymer grating had a depth of
approximately 160 ±20 $% peak-to-peak, whereas with the aluminum film, the grating depth
reduced to approximately 130 ±20 $%. Besides the changes to the grating depth, the
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aluminum deposition also added some roughness in the surface morphology. From the AFM
images, one can also see that the grating surface exhibited a smoother surface before the
aluminum deposition. After the deposition of the aluminum layer, the surface had visibly more
bumps. These bumps are likely dependent on the PVD process and parameters such as deposition
rate and film thickness. However, no further attempts were made to modify the PVD parameters
to optimize the surface morphology at this time. If one wished to characterize the surface
plasmon coupling efficiencies of the metallic grating, spectrometry would be a more suitable
measurement. On the other hand, if one wished to characterize the electro-optical properties of
the metallic gratings, IV measurements would be ideal.
2.5.2. Characterization of Surface Plasmon Generation
In order to confirm that surface plasmons were indeed generated on the gratings, metal films
were first deposited on the azopolymer gratings, then transmission and reflection spectrometry
were conducted on the samples. Recall that surface plasmons can only be excited when the
electric field of the incident light is oscillating in the same direction as the grating normal.
Therefore, in this particular sample mounting setup, where the grating normal is parallel to the
optical table, only TM modes can excite surface plasmons. In order to normalize the spectrum
for material absorption and other effects, TE and TM modes are both taken, and the TM modes
are normalized against the TE modes. Surface plasmons, if generated, would cause a peak in the
normalized transmission spectrum and a dip in the normalized reflection spectrum.
A sample slide consisting of 9 gratings was fabricated as follows. Azopolymer solution was spin
coated on a microscope slide at 1200 Åù% for 20 ¶;a'${¶, followed by drying and annealing at
95° / for 10 %f$™´;¶. Then 9 gratings were written on the slide using the 532 $% Verdi laser
at 1.5 @. The pitch of each grating was verified using the laser diffraction setup to within 5 $%.
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Finally, a 55 $% layer of silver film was deposited using a sputter coater. The thickness of the
final film was determined using the sputter coater time-thickness calibration line. Characteristic
parameters of the 9 grating samples are summarized in Table 8 below.
Sample
1
2
3
4
5
6
7
8 (Crossed)
9 (Parallel)

Exposure (min.)
6
6
6
6
6
6
6
6, 0.8
6, 0.6

Measured (ô ± 5$%)
600
600
600
600
620
620
650
650, 650
700, 500

Table 8. Grating samples parameters.

Theoretically, either transmission or reflection spectrometry can be conducted to verify the
existence of surface plasmons on the grating samples. However, experimentally, there are fine
differences between transmission and reflection spectrometry, as discussed below.
In transmission mode, light has to pass through the various layers of the sample, including the
metal film, the azopolymer film, and the glass substrate. Light of all wavelengths are attenuated
(the attenuation for each wavelength is dependent on the absorption spectrum of the materials,
however, the spectrum is normalized). At the surface plasmon coupling wavelength, which is
roughly wÄ = 1.1ô for metal-air interface, the incident light is coupled as surface plasmons and
travels parallel to the surface of the sample at the metal-air interface. They then reradiate as light
in all directions. This reradiated light is what is shown as a peak on the transmission spectrum. In
some ways, the transmission mode surface plasmon is analogous to a sharp band pass filter: the
sample attenuates light of all wavelengths, but selectively reradiate light of a particular
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wavelength (the surface plasmon wavelength). In this particular setup, an Ocean Optics USB
spectrometer was used to study the transmission spectra of the grating samples.
Several phenomena were visible in the transmission spectra (See Appendix B). Since the light
has to travel through all the layers of the samples, the materials and structures in each and every
layer may cause an unwanted effect. The end result is that various other phenomena were
combined with the surface plasmon excitation. Even though the spectra were normalized based
on polarization, there could be effects that are polarization dependent. For instance, the dip that
appeared in all the spectra could be due to TM polarization coupling effects. The secondary
peaks in some of the spectra could be due to surface plasmon excitation at the interface between
the silver layer and the azopolymer layer. Since azopolymer has a different refractive index as
air, these secondary peaks would not be at the predicted locations of the primary peaks. These
various phenomena in the transmission spectra were not studied in this experiment as they are
not part of the objective of this thesis; however, several plots of the transmission spectra are
shown in Appendix B-2 of this thesis.
It is evident that the fewer layers that the incident light interact with, the fewer unwanted
phenomena that would occur, and the better the primary phenomenon could be studied.
In reflection spectrometry, light from a spectrometer with mechanical monochromator first
passes through a chopper with a fixed frequency defined by a lock-in amplifier input frequency.
It then passes through a quarter wave plate followed by a collimating lens before being reflected
from a concave mirror and passes through a linear polarizer. Then, the light is incident on the
metal-air interface of the grating sample, reflected to a second mirror, and finally reflected into a
photodetector. The signal from the photodetector is amplified by the lock-in amplifier locked at
the same frequency as the chopper to reduce various noises, and sent to the computer via a
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LabVIEW program. The resulting spectral data was then plotted by LabVIEW. Much like a
mirror, light of all wavelengths are reflected according to the reflection spectrum of the metal
film. However, light matching the surface plasmon coupling wavelength at the metal-air
interface will excite surface plasmons to travel on the interface parallel to the film. This
wavelength is no longer purely reflected, but instead the surface plasmons will be reradiated in
all directions, which would obviously cause a dip in the reflection spectrum.
The reflection spectra of the sample is shown in Figure 30 and Figure 31. The red curve is the TE
spectrum, while the blue curve is the TM spectrum, showing a dip at the predicted wavelength
due to surface plasmon coupling. The normalized plot of the reflection spectrum shows that the
surface plasmon generated was significant, as the TM/TE dip reached below 0.35.
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S3, ô = 600 $%

Figure 30. TE and TM reflection spectra of grating sample with a grating pitch of 600 nm. The reflection minimum at 620 nm
agrees with the theoretical location of the SP dip for this interface.
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Figure 31. Normalized TM/TE spectrum of grating sample 3. The SP dip can be clearly seen here at approximately 620 nm with a
normalized amplitude of 0.35.

Additional plots of the reflection spectra of grating samples are shown in Appendix B-3. As
predicted, the reflection spectra were more promising as they show agreement with the
theoretical location of the surface plasmon dips, without showing any unwanted effects.
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Chapter 3. Future Work
Transparent electrodes and surface relief gratings are enabling technologies for a novel type of
surface plasmon enhanced polymer solar cells. This new type of polymer solar cell would have a
schematic as shown in Figure 32.

Figure 32. A schematic diagram of a surface plasmon enhanced polymer solar cell.

The fabrication procedure of this device can be explained as follows. A glass slide is used for the
substrate, on top of which is an ITO coating which is used as a wear resistant ohmic contact for
device testing. A layer of azopolymer film is spin coated onto the ITO, and the gratings are
inscribed using the laser interference lithography setup. Using the azopolymer grating as a mold,
an aluminum cathode is deposited conforming to the shape of the gratings, and acts as the
cathode. The photoactive layer of P3HT:PCBM blend is spin coated and annealed. Finally, the
transparent conducting electrode composed of the stack of &'() /+,/&'() is deposited via
PVD as the anode.
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A layer of electron transport such as ZnO can optionally be deposited on the aluminum cathode
before the photoactive layer, as shown in Figure 33. This would help with the transport and
collection of electrons at the cathode. However, the annealing temperature needs to be kept low
in order to not damage the azopolymer gratings, as the azopolymer is thermally sensitive above
80° /.

Figure 33. The schematic diagram for the plasmonic polymer solar cell with a ZnO ETL layer.
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Chapter 4. Conclusion
The global rising demand for energy grew considerably in the past century, and this enabled
various scientific and technological progress that were developed in the last 100 years. However,
the primary source of energy that was used in the past century came from non-renewable energy
resources such as fossil fuels and nuclear power. The widespread usage of fossil fuels caused
significant anthropomorphic climate change as well as other environmental damage. Due to these
environmental damages and a growing concern of the peak oil event, renewable energy sources
such as solar power, wind power, and hydro electric power are increasingly been used to replace
traditional fossil fuel energy sources. Significant research and technological progress have been
made in the field of solar power in the past decades, however, most commercial photovoltaic
devices currently available are based on silicon semiconductors. Although silicon semiconductor
solar cells have good efficiencies and stabilities, they are difficult and expensive to manufacture.
The high initial cost of silicon solar cells prevented their rapid global usage. A rapidly growing
field of research in photovoltaics is organic solar cells. Currently, organic photovoltaic devices
exhibit low efficiencies and low stability, but they have the potential to be easily and cheaply
mass produced using solution processing and roll-to-roll manufacturing.
Currently, one of the most successful architecture for organic photovoltaic device is using
conjugated polymers P3HT and fullerene derivative PCBM bulk heterojunction as the
photoactive materials. When P3HT absorbs a photon of light, an electron-hole pair is produced
due to the photovoltaic effect. P3HT has a high hole mobility, and the hole travels to the anode
via the P3HT. Conversely, the electron travels in the PCBM to the cathode. The photoactive
material blend P3HT:PCBM has a high absorption and high quantum efficiency. However, a
serious issue that is hampering the performance of the solar cell is the poor electron mobility of
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the PCBM. A low charge carrier mobility causes the electron-hole pair to often recombine before
reaching their respective interfaces. This high charge carrier recombination rate is the cause of
high series resistance often found if the photoactive layer is made thick. A work-around solution
of this problem is to use a thin photoactive layers, so that the the electron hole pair can reach
their respective interfaces quickly before recombining. A compromise exists in the design of the
thickness of the photoactive layer, since if the layer thickness becomes too small, not enough
incident light would be absorbed.
The goal of this research was to investigate and develop new technologies to enable a novel type
of polymer solar cells using the P3HT:PCBM bulk heterojunction as the photoactive layer, such
that light absorption in the photoactive layer can be enhanced without increasing the layer
thickness. The enhanced photo absorption can be achieved by generating surface plasmon
polaritons at the interface between the cathode and the photoactive layer. Surface plasmon
polaritons are coherent electron density oscillations that are coupled with incident light which
travels on the surface of the interface between two materials such that the real part of their
dielectric permittivity changes signs across the interface. This condition is expressly satisfied at
the interface between the metallic bottom electrode of the solar cell and the polymer photoactive
layer. The generation of these surface plasmons aid the performance of the solar cells by trapping
light as surface plasmon polaritons, and thereby increasing the light absorption. It also enhances
the EM fields near the electrodes and thereby increasing charge mobility and photocurrents
directly.
In a traditional P3HT:PCBM based solar cell, ITO is often used as the back electrode, due to its
high optical transmittance and high conductivity. However, in a surface plasmonic solar cell, the
bottom electrode is a thick non-transparent metallic layer, which means the top electrode must be
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of a new design of transparent conductive film with suitable work function. Traditionally, a thin
layer of gold has been used as the transparent conductive top electrode for surface plasmonic
solar cells. However, even at thickness of a few tens of nanometers, the transmittance of the gold
film is too low to be useful for photovoltaic applications. Therefore, half of this research focuses
on developing such a new transparent conductive electrode. It was found that a dielectric-metaldielectric stack of oxide-metal-oxide films can achieve both high optical transmittance and high
conductivity. In this research, &'() , +,, and &'() were used as the stack. The films were
sequentially deposited via PVD. The device design and deposition procedure were optimized by
characterizing the electrical and optical properties of the film. It was found that with a stack of
&'() − +, − &'() with thickness of 5 − 15 − 35 $%, and with a silver layer deposition rate
of 3 $%/¶, percolation of the silver film growth can be achieved, and a highly transmitting and
highly conductive electrode can be formed. The surface resistance of the samples was measured
to be similar to ITO, the transmittance of the film was measured to be greater than 70% across
the entire visible spectrum, and IV performance of the solar cells made using this transparent
electrode were very similar to the performance of those cells with ITO electrodes.
A background theory on surface plasmons was given in this thesis, including surface plasmon
propagation, as well as derivations for the surface plasmon excitation conditions. In brief, the
surface plasmons can only be coupled to an incident light if the tangential component of the
incident wave vector is boosted by some mechanisms, such as using a prism or a grating. The
mechanism that was investigated in this research is the usage of surface relief gratings. Surface
relief gratings were fabricated using laser interference lithography on the photosensitive
azopolymer material. As an interference pattern is irradiated onto a plain film of azopolymers,
photo-isomerization occurs and an exact copy of the interference pattern is inscribed onto the
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azopolymer film in the form of surface relief gratings. The azopolymer grating acts as a mold,
and a metallic film can then be deposited onto the azopolymer grating, which conforms to the
shape of the gratings.
In this thesis, the fabrication procedure, grating quality, and surface morphology were
investigated. The grating pitch was studied using a laser diffraction setup, and the grating surface
morphology was studied using an AFM. Laser interference lithography was used to accurately
generate linear, crossed, and parallel gratings on the azopolymer film. The addition of a metallic
layer on the azopolymer grating did not negatively affect the grating pitch, but it did add some
roughness to the surface morphology due to incomplete percolation of the film growth.
This research has thus provided the two enabling technologies for surface plasmons enhanced
polymer solar cells with potentials for improved photo absorption. Future work include applying
these two technologies to produce a fully functional solar cell and testing the various solar cell
performances. Various other configurations of the surface relief gratings should also be
investigated, including circular gratings. Circular grating structures have the potential to not only
improve light trapping but also concentrate the light to a smaller area.
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Appendices
A-1. IV Curves for 5/11/35 Transparent Electrode Solar Cells
The following figures show plots of the IV curves of select solar cell samples incorporating first
generation transparent electrodes with layer thickness configuration of
5 $% &'() , 11 $% +,, 35 $% &'() . These samples were discussed in section 4.3. Note that
the current density is generally low for this configuration.
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A-2. IV Curves for 5/16/35 Transparent Electrode Solar Cells
The following figures show plots of the IV curves of select samples incorporating transparent
electrodes with layer thickness configuration of 5 $% &'() , 16 $% +,, 35 $% &'() . These
samples were discussed in section 4.5. Compared with the previous generation of transparent
electrode solar cells, current densities have improved.
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B-1. AFM Images of Gratings
The following are select AFM topographical images of the surface relief gratings described in
section 6.6.
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B-2. Transmission Spectra
The following figures are plots of the normalized transmission spectra (TM/TE) of select grating
samples from section 6.6.2.

S1, 600 nm
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S3, 600 nm

S5, 620 nm

100

S7, 650 nm
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B-3. Reflection Spectra
The following figures are plots of the raw reflection spectra data (both TE and TM) of select
grating samples shown in section 6.6.2.

S1, 600 nm
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S3, 600 nm

S5, 620 nm

103

S7, 650 nm
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