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Abstract

Organic Photovoltaic (OPV) is an environmental friendly technology that promises
efficient and effective harvesting of solar energy. The organic polymers used in the
fabrication of OPVs are characterized by low weight, tunable electrical and optical
properties. However, the low photo-conversion efficiency (PCE) and instability in air
remains a major drawback that limits their commercialization. The project seeks to
increase the PCE of a cheap photovoltaic device using plasmonic effects and rare earth
doped waveguides to modify the optical response in the active layer. Incorporating
regularly shaped silver (Ag) nanoparticles (NPs) in OPVs through the surface plas-
mon resonance will enhance tunable absorption and scattering of light. These NPs
are prepared by reducing AgNO3 with N,N-dimethylformamide (DMF) and using 2,2-
Poly(vinylpyrrolidone) (PVP) as a stabiliser at different reaction times. The Ag NPs
have shown different shapes such as spherical and prism shapes of 14, 15 and 16 nm
visualised by TEM. The flexibility of the process allows tunability of the optical prop-
erties of Ag NPs by variation of the surface to volume aspect ratios. Optical resonance
dependences on shape has been measured in the range of 350 nm and 450 nm. The
surface plasmon resonance by Ag NPs has been modelled by MIT Electromagnetic
Equation propagation (MEEP) software based on the modified Drude-Lorentz model
to calculate the optical absorption and scattering cross-sections. The dependence of
absorption and scattering cross-section on the Ag NPs size has been established by
MEEP and it is in agreement with the experimental data. The optimum incorporation
of the noble metal in the OPV cell structure is pursued to achieve maximum light scat-
tering and absorption at the NPs plasmon resonance, as well as to expand the absorp-
tion spectrum beyond the visible region. Furthermore the Ag NPs were incorporated

onto organic solar cells where they were blended in poly(3,4-ethylenedioxythiophene)



polystyrene sulfonate (PEDOT:PSS) in volume ratios, then spin coated onto a clean
Indium Tin Oxide (ITO) glass. The polymer blend of [6,6]-phenyl Cg;-butyric acid
methyl (PCBM) ester and Poly(3-hexylthiophene-2,5-diyl (P3HT), PSHT:PCBM was
spin coated on the Ag NPs incorporated PEDOT:PSS to make a device. We report an
efficiency enhancement from 0.703% (a pristine device) to 1.054% (a device with Ag

NPs) on organic solar cells.

The planar Fu3t doped silica-hafnia waveguides were synthesized by sol-gel methods
to investigate light management through up and down conversion. SEM images show a
fully densified (without cracks) waveguide with no phase separation at the wavelength
scale, and with a refractive index and thickness of 1.5848 and 1.4951 um respectively.
Rare earth doped (Si0y — H fOq: Eut) waveguides optical response excited by argon
ion laser at 488 nm showed a strong red emission peak located at 613 nm meaning that

they are good down—converter and they can harvest solar energy.
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Chapter 1

Introduction

The use of fossil fuels as an energy source continue to raise environmental concerns
due to their deleterious effects [1]. These concerns have triggered concerted efforts
for innovation on clean and renewable energy alternatives. Furthermore the increased
demand for energy by growing economies have compounded the energy deficit problem
in the third world [2]. To address this shortage, harvesting solar power is considered
as one of the effective and sustainable approaches towards mitigating the energy crisis.
The search for a low cost solar cell has steered research towards organic photovoltaic
and halide perovskite solar cells [3]. In the mid to long term, the need to increase the
use of solar energy sources would be very important to keep up with the global energy
needs, as figure 1.1 elaborates. In South Africa, the shortage and rationalization of the
electricity usage has led to load shedding which has far reaching implications to the

economy and industry.

The production of the most effective solar cell with higher photo-conversion efficiency
(PCE) still remains a problem, not to mention the prohibiting costs, since the materials
explored for photovoltaic applications are expensive. The worst case of a photovoltaic
industry is that it is highly subsidized, which renders this energy alternative a less
competitive option. The current generation of organic solar cells is less expensive

and provides an efficiency of more than 15% for a single junction cell [5]. Solar cells
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Figure 1.1: World energy consumption demands, and the projected growth in solar energy
as a renewable and alternative energy resource [4].

fabricated from less expensive materials with similar performance benchmarks would
provide a commercially viable technology for application in 3"¢ world countries. Figure
1.2 illustrates the drive towards materials that yield high PCE for the replacement of
silicon based solar cell which continues to be regarded as the standard PV. Interestingly
the high potential of organic halide perovoskite and hybrid based solar cells is explicitly
demonstrated, due to their rapid increase in the PCE over a short period of time.
The push towards these materials has been mainly because of their cost effective and

environmental friendly attributes.
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In general a solar cell is known as a photovoltaic (PV) cell. PV is a device which

converts solar energy directly into electricity. It is also considered to be a form of

a photoelectric cell, because of its electrical properties such as current, voltage, or

resistance [7]. These properties varies as they are exposed to light. Solar cells may be

defined as building blocks of photovoltaic modules called solar panels [8].

Enormous research focus has been directed toward the development of highly efficient

and stable organic photovoltaics. The intensive research on these materials have been

driven by the following positive attributes [9]:

The cost of high volume production of the polymers is low, making organic pho-

tovoltaic (OPV) quite affordable.

Most polymer-based photovoltaic elements are easily fabricated by solution pro-
cessing at low temperatures and the thermal evaporation of the electrode depo-

sition requires small amounts of materials.

OPVs are marked by ultra fast optoelectronic response and generation of charge

carriers at the donor — acceptor interface.

Structural flexibility of OPVs enhances their application suite. There are many
possible functionalities and chemical structures of organic materials that favours
the current research for competitive alternative materials that has the necessary

PV properties.

The band gaps of OPVs can be varied by changing the length and the func-
tional group of polymers during synthesis. They are thus chemically tunable so
that their optical and electronic properties can be separately modified without
trade off’s concerning their solubility and structure (the valance highest occu-
pied molecular orbital (HOMO) and conduction lowest unoccupied molecular
orbital (LUMO) band energies, the band gap and the charge transport adjust
separately).



Despite the many positive properties of photovoltaic devices, they have efficiencies less
than 50% due to the losses and band gap mismatch with the solar emission spectrum

[10]. The two major mechanisms that limit the PCE of any general solar cell constitute:

e Thermalisation of high energy photons. This effect is ascribed to the intraband
transitions involving the high energy photons and hot electron carrier. Thus the
need to use down conversion in cases where thermalisation of photons having
energies larger than that of a band gap of the semiconductor will reduce losses

due to their excess energy via thermal equilibration [11].

e Non absorption of sub-band photons (Transmission losses). For transmission
losses, the energy barrier between the HOMO level of the donor and LUMO level
of the acceptor are too high for photon absorption. Thus it makes it impossible
to absorb low energy photons (E < E,) [12]. To mitigate the losses of photons of
energy I/ < E, the up conversion concept is adopted to generate photon energies

at resonance with the band gap energies of the active layer.

Beside photon cutting and up conversion for the enhancement of optical scattering
and absorption of solar cell, the use of metallic nanoparticles (NPs) of diverse shapes
and sizes in a solar cell can enhance the PCE. The additional functionalized layer
containing metallic NPs uses surface plasmon resonance effects to absorb light and
scatter it preferentially into the active layer of the solar cell [13]. A combination of
plasmonic effects with rare earth doped waveguides can widen the available absorption
spectrum of the solar cell through up- and down-conversion, and increase the absorption

efficiency of thin film solar cells [14].

Rare earth ions (Er3t, Pr3*, Ho®", and Tm?®") doped into oxide materials or heavy
metal fluoride have been used to fabricate optical amplifiers that operate at the wave-
lengths of 1.55, 1.46, and 1.31 pm. These materials are also being used as up-conversion

lasers and detectors of the infra-red radiation [15, 16]. Up—conversion is a luminescence

5



process where two or more photons of low energy are converted to a higher energy pho-
ton. When a layer containing an up-conversion phosphor is attached to the rear of
a solar cell, the sub-bandgap photons that are transmitted by the solar cell can be
absorbed by the up-conversion layer and converted into higher energy photons [17].

Up-conversion may enhance the response of solar cells in the infrared region [18].

The metallic NPs are embedded in a surrounding dielectric medium. The absorption,
scattering, reflection and transmission of an incoming plane wave of such a system
will be determined from the knowledge of the Poynting vector, calculated by the MIT
Electromagnetic Equation Propagation (MEEP) software. MEEP is a finite difference
time domain software that carry many other properties to determine the scattering
and absorption cross-sections spectra of nanostructured materials. We will examine
the scattering from single metallic sphere and from spheres arranged on a regular

lattice forming a plasmonic photonic crystal [19].

Furthermore, metallic NPs having sizes smaller than the wavelength of light will give
stronger dipole excitations similar to localized surface plasmon resonances (LSPR)[20].
LSPR is an optical phenomena generated by light when it interacts with conductive
NPs that are smaller than the incident wavelength [12, 21]|. This effect has attracted
extensive research in both applied and fundamental physics [22]. The resonance fre-
quency of the collective oscillation of electrons are referred as surface plasmon (SP),
that which is obtained through optical characteristics of a metal and the surrounding

environment such as:

e nanoparticle size,
e nanoparticle shape,
e coverage/density of nanoparticle’s,

e inter particle spacing.



The collective charge oscillations have a large effect on the surface plasmon resonance
enhancement in local fields that are inside and near the metallic NPs. The field en-
hancement caused by the resonance of free electrons is used in surface-enhanced Raman
scattering (SERS) [23] and are investigated in detail for numerous of applications in

non-linear optical devices [24].

1.1 Problem statement

OPV device are problematic because of their low PCE and instability. However their
low weight and low cost enables them to stand out as a superior potential PV device
that could remedy the exigent energy challenges. Their application consequently leads
to reduced environmental pollution resulting from reliance on fossil fuels. The biggest
challenge of OPV’s is their limited life time due to their instability in air and UV. When
OPVs are exposed to oxygen they degrade rapidly. This is one of the leading factors
that severely limits their commercialization in the market. For the widespread usage
of OPVs, high module efficiencies (more than 10%) and suitable lifetimes (in excess
of 25 years) are required. There is need to develop new strategies to increase light
harvesting capabilities, as well as the improvement of device architecture, modification
of the optoelectronic and the development of cost effective device processing methods
properties of the active layer are important for the enhance the efficiency and device

stability.

1.2 Aim of the project

The project seeks to increase the PCE of a cheap photovoltaic device using enhanced
optical absorption and scattering approaches by incorporating spherical Ag NPs in

functionalized PEDOT:PSS thin films. The incorporation of metallic NPs in OPV cell



structure is explored as for to achieve maximum light scattering and absorption at the
NPs plasmonic resonance within the visible region. In addition the application of light
guiding and down conversion through rare earth doped waveguide (SiOo-HfOq ) will

be studied.

1.3 Objectives of the project

The objectives of the project are outlined as follows:

—_

. Synthesis of Ag NPs of definite shape and size through the wet chemical reduction.

2. Establish the fundamental optical and plasmonic properties of Ag NPs in a func-
tionalized thin film. The properties are dependent on structural effects such
as size, surface structures, shape, density and dielectric medium encapsulating

them.

3. Numerical modelling of the optical data by suitable tools such as MEEP and
Python are used to optimize on the plasmonic characteristics that gives better

optical properties.

4. To incorporate metallic NPs into the OPV device for light scattering purpose
such that there’s an enhancement light absorption on the OPV. The effect of
optical absorption enhancement on the optoelectronic properties of OPV will be

established as a proof of concept.

5. Waveguides as an approach to guide/scatter light.



1.4 Dissertation structure

The dissertation is structured as follows:

Chapter 1: Introduces the background information and trends in photovoltaic tech-
nology and the ensuing global demands for energy resources. Here the projected growth
of renewable energy is highlighted. In addition the advantages of low cost OPV alter-

natives are presented against the backdrop of efficiency and stability.

Chapter 2: Presents a literature review on the mechanisms of operation of an organic

solar cell. The associated device requirements for extraction of PCE are discussed.

Chapter 3: A brief discussion of the theoretical framework detailing the conditions for
surface plasmon resonance is presented, using the Drude - Lorentz model and Maxwell’s
equations. We provide the theoretical description of the dielectric function of metal NPs
of diverse shapes and sizes. Further theoretical principles describing light propagation

in waveguides is presented.

Chapter 4: Discusses the synthesis of Ag NPs and the techniques used in fabrication
of organic solar cell (device), as well the techniques used in fabrication of waveguides.
It also includes the techniques used in the characterization and analysis of the samples

as prepared for morphology analysis and optical properties.

Chapter 5: Discusses the simulation (MEEP) results of spherical Ag NPs and morpho-
logical and optical analysis of Ag NPs. It also include the I-V or J-V characteristics data
analysis of organic solar cell with and without Ag NPs incorporated in PEDOT:PSS,
as well the morphology and optical characterisation of Eu?™ doped SiO; — H fO,

waveguides.

Chapter 6: Gives a summary of the results concerning simulations by FDTD meth-

ods of Ag NPs and the morphology with optical characterization of Ag NPs and the



efficiency enhancement of Ag NPs incorporated OPV’s. And also the summary on

waveguides.
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Chapter 2

Literature review

In this chapter the general working principles of organic solar cells are introduced. We
discuss the photo absorption mediated through exciton generation and its diffusion from
the donor — acceptor acceptor interface. Subsequently the dissociation of the exciton
at the interface is highlighted. The conceptualization of charge transport and charge
collection are discussed briefly in this chapter as well the production of free electrons
and holes. Subsequently the parameters that are used to relate to the performance

benchmarks in solar cells are discussed in this chapter.

2.1 Mechanisms of operation of an organic photo-

voltaic device

An organic solar cell is a device that uses conjugate polymers or small organic molecules
such as PCBM ([6,6]-phenyl Cg;-butyric acid methyl ester) and P3HT (Poly(3-hexylthiophene-
2,5-diyl)) as active layers for light absorption and charge transport in order to generate
electricity from sunlight through the photovoltaic effect [25]. These organic materials
are considered as conjugated systems in which the optical absorption and charge trans-

port are dominated partly by delocalised 7* and 7 orbitals [26].
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Materials such as P3HT are mainly used as a donor because of its suitable band gap (1.9
eV < E, <2.0 eV ) spans within the longer ultra-violet (UV) and the visible spectrum
(400 nm - 650 nm). It also has a high hole mobility (between 1075 and 10™* e¢m?/Vs)
[27, 28] and it is also partially stable in air. Importantly its solubility in chlorinated
solvents such as chloroform, chlorobenzene, dichlorobenzene and trichlorobenzene (see
table 2.1 for the solubility values of PBCM and P3HT) enables it to be fabricated thin
film using solution processing. PCBM, on the other hand has a high electron affinity
and it can delocalize negative charges as long they are relatively low in absorption in
the visible spectrum (400 nm) [29]. The mechanism of OPV device operation needs to
have four basic attributes namely: Absorption of light to generate electron-hole pairs
(excitons). Secondly, the exciton diffusion to the (donor — acceptor) interface, thirdly
the separation of charge carriers and finally, the separate extraction of those carriers
to an external circuit [30]. A detailed treatment of each attribute is presented in the

subsequent paragraphs.

Solubility values of P3HT and PCBM in halogenated aromatics (mg mL~!)

Halogenated aromatics P3HT solubility PCBM solubility
Chlorobenzene 15.9 59.5
Dichlorobenzene 14.7 42.1
Trichlorobenzene 2.7 81.4

Table 2.1: Solubilities of P3HT and PCBM in halogenated solvents [31].

Exclusive features of organic photovoltaic materials:

e Photogenerated excitons are bounded strongly and don’t naturally dissociate
into free charge pairs. For dissociation to take place the input energy should
be in excess of 100 meV.The carrier generation doesn’t actually come from the

absorption of light [32, 33].

e Charge transport takes place in localised states instead of the transport inside

the band, it comes from low mobilities in the range (2 — 5.8 x 10~ ¢cm?/Vs)
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(34, 35].

e The optical absorption is relatively low when compared with the values in the

solar emission spectrum [32].

e Sufficient absorption coefficients of (10" cm™!) are obtained such that the ade-

quate optical densities are achievable, at the peak wavelength of thin films.

e A lot of materials are susceptible to degradation when exposed to oxygen or

presence of water.

The inter-molecular van der Waals forces in organic solids are known to be weak
compared to the bonds in inorganic crystals. They are also more weaker than the
intramolecular bonds. Resulting in electronic states that are localised in an isolated
molecule and don’t create bands. The low mobility is critical, when a disorder of a high
degree is found in numerous organic solids. The optical excitations is only achievable
on photons that are in the visible region as they usually involve the 7w to 7* transitions
[36]. Hence most of conjugated solids tend to absorb light in the blue or green region,
thus rendering absorption in the infra-red or red difficult to harvest. Nevertheless, the
absorption bandwidth can be tuned by changing the conjugation degree to attain a

broader spectral sensitivity such as in a highly conjugated dye molecule [37].

Properties that imposes some limitations on OPV devices [38]:

A strong electric field is needed to separate the photogenerated exciton.

Low mobility of the charge carriers limits the optimal thickness of devices to few

nim.

Light absorption is quite limited beyond the solar emission spectrum, which curbs

the photocurrent produced.

Very thin devices means that interference effects is vital.
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e The sensitive photocurrent to temperature mainly by hopping transport.

In organic polymers, the absorption coefficient «(F) is equivalent to the density of
the HOMO states in which an electron hole is generated, and as well the LUMO
level density to which the electron is excited too. Assuming that a(F£) is uniform in
a polymer, the incoming light intensity out from a glass slab having thickness z, is

described by Beer’s law as:

I — Ioeiam (21)

and I, is the incident light intensity [39].

2.1.1 Absorption of photons

In OPV devices, at most cases a small portion/fraction of the incident light is absorbed,
mainly because of the band gaps that are very large relative to the solar emission
spectrum (see figure 2.1). A band gap of 1.1 eV (1100 nm) is needed to absorb 77% of
the solar radiation here on earth. This is sharp contrast with the band gap values of the
most semiconducting polymers as they have band gaps in excess of 2.0 eV (600 nm), the
trade off is thus limited by optical absorption of at least 30% [40]. Furthermore the low
film thickness ( 100 nm) also reduces the optical absorption significantly. The thickness
of the cell is constrained by the low carrier mobilities and short exciton diffusion length
( 20nm). Fortunately enough the absorption coefficient of organic materials is basically
higher than that of silicon, thus making it possible for devices of active layer thickness

of 100 nm absorb between 60% and 90%, if reflective back contacts are used [41, 42].
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Figure 2.1: A solar emission spectrum [43]

2.1.2 Single junction solar cells

Shockley and Queisser carried out calculations in 1961 for the evaluation of thermo-
dynamic limitations of the energy conversion efficiency of photovoltaics [44]. Figure
2.2 illustrates the basic phenomena (thermalization losses) that determines the energy

conversion efficiency:
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Figure 2.2: (a) Description of the absorption and thermalization losses occurring in a solar
cell [45].

e Photons with energy greater than that of the band gap of the photoactive mate-

rials get absorbed to contribute to photovoltaic conversion.

e Hot charge carriers that are created by photon absorption, relax down to con-
duction band of the photoactive materials, will contribute to the rise of thermal-

ization. This energy is released as heat to the device.

e The current collection (short-circuit current) and the forward bias injection cur-

rent (open-circuit voltage) are effected by recombination losses [46].

These phenomena have direct consequence on the maximum charge extraction of po-
tential at open circuit (V¢ ). This is because of the band gap of a photoactive material.
We then consider the Fill Factor (FF). The Fill Factor (FF) is the ratio of the maxi-
mum power from the photovoltaic device to the product of short circuit current (Ig¢)
and open circuit voltage (Vo) [45]. The fill factor is mainly affected by the device’s
shunt and series resistances and diodes losses. If the shunt resistance (Rgy,) is increased,

while the series resistance (Rs) is decreasing, this will then lead to a higher fill factor,
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resulting in a higher efficiency, and thus enabling the cell’s output power (P) to be

closer to its theoretical maximum [47]:

P

FF———
Voc X Isc

(2.2)

Assuming that the ideal fill factor (FF) is 1, then the maximum efficiency n(£,) ob-

tained with materials of band gap energy E¢ is given by:

_ Jsc(Eq) x Voo

n(Ee) 2 (2.3)

where P;, is the input power WW/m? or is given as the optical radiance (1 sun =

100mW /em? for A.M 1.5G), while the open circuit potential is given by

KgT
& m(%ﬂ) (2.4)

o

Voc =

= f(Ec) (2.5)

but Voc¢ is dependent on the dark current .J, and Jg¢ is the short circuit current

density calculated by:

Jso(Eg) = ISTC (2.6)

Where A is the active area of the device [44, 48].

2.1.3 Operating principles of organic solar cell

The operating principles of organic solar cells are illustrated in the electronic band

diagram (figure 2.3). The processes entailing this operation are discussed below:

e The photoexcitation of a donor material through light absorption to generate
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excitons, which is a bound electron—hole pair. The exciton diffuses into a donor—
acceptor (D—A) interface where exciton dissociation occurs through an electron—

transfer process.

The internal electric field generates the photocurrent and photovoltage from the sepa-
rated charge carriers, which move to the electrodes. But the limiting factors of their life-
times and diffusion length only allow excitons to diffuse for a short distance [49, 50, 51]
and the donor excitons generated far from the heterojunction interface will decay fast to
ground state without contacting the acceptor [51]. This then leads to loss of absorbed

photons and a reduction of the quantum efficiency.

{1) Photoexcitation and (2] Exciton diffusion (3 Excitondissociation (4} Charge transport
and callection

exciton formation

L LUMO
.

Dgnaor
|

o Acceptar
&r"rf'r'r-

@ electron
o hole

Figure 2.3: (1) Photoexitation of the donor to generate a bound electron hole pair, called
an exciton. (2) Exciton diffusion to the D-A interface. A distance longer than the maximum
diffusion length (max DL) will lead to relaxation of the exciton. (3) Bound exciton disso-
ciation at the D-A interface to form a germinate pair. (4) Free charge transportation and
collection at electrodes [51].

2.1.3.1 Exciton difussion

The binding energy and diffusion length of the exciton are influences by the location
of the dissociation site. The dissociation site is a site where the absorbed photon with
low energy diffuses. The recombination of the electron and hole, i.e. the decay of

the exciton, is limited by resonance stabilization due to the overlap of the electron and
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hole wave functions, resulting in an extended lifetime for the exciton. Exciton diffusion

ranges in pigments and polymers are usually likely to be around 10 nm [52].

Now the concept of a bulk heterojunction (BHJ) pioneered by Yu et al [53] comes
to play and has thus been used to increase the donor-acceptor interface area without
compromising the exciton diffusion length. Organic BHJ solar cells generally have
efficiency values in the range of 10% [54] . In this approach the donor (P3HT) —
acceptor (PCBM), are mixed in nanoscale dimensions to enhance the interpenetrability
of the resulting network, thus providing the requisite field to split the exciton. The
standard efficiency of the PSHT:PCBM based device is 3.6% under standard conditions,
however a high PCE of about 3.5 to 5.0% can be achieved by increasing the nanoscale

morphology or changing the constituents of the polymer blend [55, 56].

The generation of a bicontinuous network normally generates two channels for trans-
porting holes in the donor and electrons domains, producing an efficient charge col-
lection [51]. Studies on BHJ has proved that the open-circuit voltage depends on the
change of energy between the LUMO level of the acceptor and HOMO level of the
donor. This assumption/condition is valid if there’s a good electrical contact at the
electrode organic layer interfaces [57]. The efficiency of exciton dissociation is predom-
inantly dependent on the heterojunction-interface area. This provides the ability of an

exciton to diffuse through the interface [58].

2.1.3.2 Charge separation

Charge separation (exciton dissociation) occurs at the organic metal/semiconductor
interfaces, even at impurities like oxygen, and also between materials with great dif-
ference in ionisation potentials (IP) and electron affinities (EA). Thus some material
may serve as electron donor (D) while the other as an electron acceptor (A) since it

receives the positive charge. If the difference in IP and EA is not sufficient, the exciton
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will only just jump up and down onto the material with the lower band gap without
splitting up its charges. Hence recombination will preferentially occur without charge

contribution to the photocurrent [9, 52].

2.1.3.3 Charge transport

The transport of free charge carriers in OPV device is affected by recombination when
they are transferred to the electrodes, more specially if the exact material acts as
an ambipolar transport medium for both holes and electrons [59]. The interaction of
electrons and holes may be very slow due to the travel speed known as the drift velocity,

that which limits the current flow [60].

2.1.3.4 Charge collection

An electrode material having a very low work function (Al or Ca), has charges in which
the hole/electron often have to break the potential barrier of a thin oxide layer. In
addition, the formation of a blocking contact between the metal and the semiconductor
and the quality of the donor/acceptor interface could prohibit charge transport through
germinate recombination [61]. This effect is especially aggravated when donor /acceptor
domains are formed on the cathode and anode, respectively [52, 60]. The collection of
the charge carriers at the electrode is achieved by a transparent conducting oxide (TCO)
such as ITO and a hole transport layer PEDOT:PSS (which is a charged conducting
polymer at the ITO side.) which provide the required ohmic contact [62].

2.1.4 Reflection losses

Reflection losses may be really significant, but there less investigation in these materi-

als. Systematic studies of photovoltaic materials are required to estimate the absorption
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and reflective losses. at the interface or outward layers. The non-reflection coatings
are used initially in inorganic devices may also be proved resourceful, If there are other

losses like recombination, it becomes useless [63, 64].

21



2.2 Photoluminescence

Photoluminescence (PL) of noble metal and metal nanostructures has brought a great
attraction in research [65]. The elastic scattering of light in solid state material is a
useful technique to investigate the optical properties of matter. This is especially crit-
ical in areas where highly coherent light sources are used to probe the medium to emit
secondary light that carries information on the electronic properties of matter. This is
photoluminescence whose efficiency is dependent on the type of interband transition.
Metal photoluminescence is produced from recombination of photoexcited core holes

radiation and conduction band electrons [66].

The radiative recombination in noble metals, arises from transitions between electrons
in the sp conduction band and holes in the d-band generated by optical excitation [67].
Photon distribution is influenced by two factors. The first is due to the optics and the
final density of states for the exiting photons. This is off-set by a d-band density of

states factor increasing as the number of available d-states increase [68].

For example, let us consider the radiative recombination of an s—electron and a d—hole
inside a spherical NPs which has a radius that is less than the wavelength I' of the
radiation. The d—holes in noble metals appear to be strongly localized, this process is
considered as radiation of a dipole located at the d-hole position r. Radiative decay
rate of such a dipole, 4dr, will enhance relatively to the free-space radiative decay rate,

['dr, through the local field factor [69].

Rare-earth (RE)/Lanthanides elements are elements spanning in group III in the peri-
odic table. With an electronic configuration Ar 4f*~! in which the f levels determines
the valency states or lead to excellent luminescence properties [70]. These excellent
optical properties of RE enable them to be used in numerous photonic applications.
Basic devices requires a RE ions concentrations varying between tens and several thou-

sand parts per million (ppm), giving in a devices that of one to tens meters long like
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optical fibers and channel waveguides , respectively [71].

Optical devices, require the localization of the RE ions to be localised at the center
of the core for a maximum power gain per unit area. Such that, there’s transaction
restraint and the concentration of RE ions. To obtain a confined structure, a higher

concentration of RE ions is required [21, 72].

Exclusive features of RE ions are outlined below [71]:

They emit and absorb at about narrow wavelength range.

The absorption and emission wavelengths are dependent on the host material.

The transition intensities are weak.

The lifetimes are long for metastable states.

The quantum efficiencies are high, but not in aqueous solutions.

The above mentioned properties enables RE ions application in diverse optical applica-
tions such as devices with low scattering losses (glass or single-crystal hosts). In cases
where the application of crystalline materials are considered for reasons such as better
thermal conductivities or higher peak cross—sections. The utility of ceramic glasses
and absorption spectra and broader emission provision has led to higher applications
for the use of RE doped glasses, eventually it has limitation for particular host glass

composition [73].

RE ions can either be divalent or trivalent ions in solids. They have electronic con-
figuration of Ar 4fV55%5p°® and 4fN~15525p5, respectively. Trivalent RE ions are the
ones that have the most common valence state while divalent RE ions are the ones

incorporated in crystals [74].
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The outermost electrons in these ions are not the 4f electrons (which are weakly per-
turbed by surrounding charges of the atoms and are shielded by the electronic shells
with larger radial extension from the external fields). However the 4f levels are respon-

sible for the absorption or emission in solids owing to the atomic structure [21, 75].

The energy levels for a free RE ion are explained by the interactions between the 4f
electrons. The notation for these energy levels is given by Russell-Saunders notation
25+17, ;. which accounts for the spin-spin coupling, the orbit-orbit coupling and the
spin-orbit coupling, where L is the sum of the orbital angular momenta, J is the total
angular momentum of the atom and S is the total spin [76, 77]. The Hamiltonian for

the embedded RE ions is thus given as

h? Z*e? e?

2m T; J Tij
where the first and second terms in the Hamiltonian are spherically symmetric. The
spherical symmetry doesn’t lift any of the degeneracies within the 4f electron configu-
ration, and can thus be neglected. The third and fourth terms represents the mutual

Coulomb interaction of the 4f electrons with their spin-orbit interaction, which are

capable for the 4f electron energy levels structure [78].

Figure 2.4 shows the schematic of the energy levels of the triply charged RE ions. These

ions are isolated and are partially filled 4f orbitals.
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Emission is predominantly caused by optical transitions in the f-manifold (Gd3* (4f7),
Th3 (4f%) and Eu®T (47)). The 4f-electrons are protected from the chemical domains
and retains their atomic character. Broad emission bands are known for a number of
RE ions. Ions such as Eu?* and Ce?* are prominent examples, where optical emission
arises from 5d to 4f transitions [80]. The emission spectra having broad bands is due to
the chemical bonding nature of electrons. All of these transition are allowed quantum

mechanically and consequently have fast lifetimes (a few us or less) [79, 71].
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Chapter 3

Theoretical frame work

In this chapter a theoretical framework for surface plasmon resonance will be discussed
in detail, using Maxwell’s equations and the Drude-Sommerfeld model. We also provide
the theoretical treatment of the dielectric function of metal NPs of diverse shapes and

sizes.

3.1 Plasmonics

3.1.1 Surface plasmon condition

A classical approach to define the surface plasmon resonance effect is considered. The
optical properties of metals can be explained by a frequency dependent complex di-
electric function. These properties are determined by the conduction electrons which
move freely within the bulk of the material and by the interband excitations due to
the bound electrons in the metal [81]. Plasmons are collective electronic excitations at
the interface of a metal and a dielectric material. Since this excitation is localised at

the interface they can also be referred as surface plasmon (figure 3.1).

The conditions for the existence of surface plasmons is derived by solving the Maxwell’s
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Figure 3.1: Two media with dielectric function separated at interface [82]

equations under specific boundary conditions. Suppose two semi-infinite media char-

acterized by a metal and a dielectric of dielectric functions €; and &9, respectively are

considered. If they are in contact at the interface z = 0, then the appropriate Maxwell’s

equations become:

if ¢; is isotropic then

where E is the electric field, H is the magnetic field and ¢ is the index used to represent

the two media (metal or dielectric). The medium is indexed as follows: if z < 0 then

i=1and also if z > 0, i = 2. (See figure 3.1)

At z = 0, the fields decay into a positive and negative in the z direction. We assume
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that there is a propagation along the z axis [83], then

E = (E,,0, E,)e Fil#lgilaiz=wb) (3.5)

— —

H = (0, E,,0)e Ml gilaiz=wt) (3.6)

In which ¢; is the magnitude of a wave vector parallel to the surface (interface).

Now inserting equations 3.5 and 3.6 into equations 3.1-3.4 we find that

klﬁly = +%€1E11 (37)
— w —
kQHQy = ——€2E21 (38)
C
Where k; is given as
w2

Now invoking the boundary conditions governing the continuity at the interface for
components of vector E and H parallel to the interface [84]. From E;, — E,. = 0 (the

boundary condition at plane z = 0) we find that

k: . k: —
—H,, +—Hy, =0 (3.10)
&1 E9
and at the same time we have
Hy, — Hy, =0 (3.11)
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This is not possible if the coefficient determinant is zero,

€1 €9

g8 3.12

Tk (3.12)
]{31 €1

ke & 3.13

= % - (3.13)

This is the condition for the appearance of surface plasmon resonance. This system
condition gives equations with non-trivial solutions, which shows the dispersion relation

by connecting the frequency of the p-polarized wave and its wavenumber k.

The boundary condition also implies the continuity of 2D wave vectors. Now substi-

tuting equation 3.9 into 3.12 and let k; = ky = k and make ¢(w) the subject of the

w E1€2
= — 3.14
q(w) RV iy (3.14)

In this case w/c is the magnitude of wave vector, €5 is the dielectric function of the

formula we have:

metal.

3.1.2 Energy dispersion of metalic nanoparticles

The Drude-Sommerfeld model has the following modifications:

1. It treats electrons using Fermi Dirac statistics.

2. Recognizes that their energies are discrete hence they can be considered as a

particle in a box of constant energy.

3. Uses Pauli exclusion’s principle to distribute them in the available energy states
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Considering only the effect of the free electrons and using the Drude-Sommerfeld model

for the free electron gas we have:

O*r or it
meﬁ + mera = €E0€ (315)

where e is the electric charge (for free electrons), m, is the effective mass of the free
electrons, Fjy is the amplitude of the applied field and w is the frequency of the applied
electric field. T" is the damping term which is proportional to the ration of the Fermi
velocity and the electron mean free path between scattering (I' = vs/l). The cumulative
effect of all free electron dipole moment p = er (r is the displacement) results in

macroscopic polarization P per unit volume

P=npu (3.16)

= ner (3.17)

n is the number of electrons per unit volume and knowing that the macroscopic polar-

ization can also be expressed in terms of the electronic susceptibility x.(w) as:

P(w) = eoxe(w)E(w) (3.18)

and the frequency-dependent dielectric function of the metal assumes the form:

e(w) =1+ xe(w) (3.19)

using the ansatz r(t) = roe~™" and solving for 3.15 leads to
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me(—row?e™™") + m I (—irqwe ™) = eFpe ™! (3.20)
—meroe” ¥ (w? +iTw) = eFge ™! (3.21)

—mero(w® + iTw) = ey (3.22)

combining equations 3.16, 3.18 and 3.19 gives the frequency dependent electric field is

in the form:

ner,

b= o) - 14

(3.23)

now substituting 3.23 into 3.22 yields the frequency dependent dielectric function in

the following form:

e’n 1
Eprude(w) =1 — - 3.24
Drude () Meco w? + 1lw ( )
where w, = f?o is the plasma frequency (measuring plasma oscillations of the
electrons),
hence
() =1 (3.25)
€ Drude i e —— .
Drude\® w? +ilw
which can be decoupled into real part and imaginary parts as:
w? Fw?
5Drude(w) =1 d + 1 P (326)

W2 T2 w(w? +17?)
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Using w, = 1.380 x 10" s7' and I' = 4.053 x 10" s~! which are values for silver, we
have plotted the real and imaginary part of equation 3.26 (figure 3.2). In order to plot

this dispersion relation we assume that e, = 1 (g, is the relative permittivity of free

space) and independent of w.

100 T T T T T T T
; : ; 5 : - - imaginary

— real

€ Drude

~100 i ; ; ; ; ;
0 50 100 150 200 250 300 350 400

wavelength (nm)

Figure 3.2: Real and imaginary part of the dielectric constant for silver according to the
Drude-Sommerfeld free-electron model

In figure 3.2 the real part of the dielectric constant is negative because of the optical
characteristics of noble metals (in this case silver). Light can only penetrate by a very
small distance, having a negative dielectric constant gives a strong imaginary part of
the refractive index n = /¢ . The imaginary part of € describes the dissipation of

energy associated with the motion of electrons in metallic particles [85].

Substituting equation 3.25 into equation 3.14 we have

33



(3.27)

Equation 3.27 is the corresponding dispersion relation the particles.

3.1.3 Numerical modelling for scattering and absorption cross-

section
3.1.3.1 Absorption and scattering definition

Consider light scattering by small perfectly conducting sphere of radius a which has

the electric dipole p = 4we,a®E and the magnetic dipole moment m = —27a®*H (figure
3.3).

Y

Figure 3.3: A sphere of radius a exposed to the E field
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The Laplace’s equation for potential ®, is given by V2® = 0, and the electric field is
E = —V®. The Laplace equation may be expressed in spherical coordinates (r,0, ¢)

as follows:

.0 1?0 g, 0 1 0?
[sin—(—=—)] + %(san%) + a_ch]q)(T’ 0,0) =0 (3.28)

2
b —
VAO(r,0, ) i

r2sinf

It has a solution in the following form:

CI)(T7 07 QD) = Z bl,m : cI)l,m(T, 97 90> (329)

lym

where 0, ,,, are the constant coefficients to be determined from the boundary condition.

After evaluation of the boundary conditions [86] we have:

®;, = —F, 0 3.30
J— rCOoS ( )

. - 0
(Pout = _EOTCOSQ + Eo ! °2 CL3 s (331)

51+262 r2

see Jackson [86] and Novotny [85] for full details.

E, is the amplitude of the external electric field, €5 and ¢, are the dielectric permittivity
of and the surrounding medium of the NPs, respectively, w is the excitation frequency,
r is the radial coordinate for both functions. Substituting 3.30 into E = -V ,the

electric field is now expressed in the following form:

. 3
E, = EO81 —52252 (n,cosd — ngsind) (3.32)
— 362
_E 3.33
g1 — 262 ( )



_ — - £1 — &9 (13

Eout = Eo(n,.cosf — ngsind) + Eomﬁ(nﬂcos@ + ngsinb) (3.34)

From equation 3.34 the second term is known as the scattered field and is similar to
electrostatic field of a dipole p that is located at the center of the sphere [85]. The

dipole induced by an external field is thus given by
= ceax(w)E, (3.35)

which implies that the polarizability (a(w)) is of the following form:

3 €1(w) — ey

R (3.36)

a(w) = 4dre,a

The electric field of the oscillating dipole moment in the near field zone is approximated

as

(3.37)

where n is the refractive index.

The scattering cross-section of the sphere is calculated by the ratio between the total
radiated power of the sphere’s dipole and the intensity of the exciting plane wave.
Hence we have [85, 87|

k4

e

5la(w)]? (3.38)

Oscatt =
6
)

where k is wavevector in the surrounding medium.

From the incident beam, power is removed not only because of the particle’s scattering,
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but also because of absorption. The sum of absorption and scattering equals extinction.
To calculate the power which is dissipated inside the particle we use the Poynting’s

theorem. The power dissipated by a point dipole is [85]:

Pase = (5)Im{ps - Bj} (3.39)

where p = esaEy (2 is real).

For the absorption cross-section we find that

Oabs = ;[m{&(w)} (3.40)

[

3.1.3.2 Finite difference time domain (FDTD) approach to calculate scat-

tering and absorption cross-section

A better approach is to calculate the optical scattering and absorption cross-section
of silver NPs using the Finite difference time domain (FDTD) codes. Finite difference
time domain is a numerical technique used to model electrodynamic problems. It
propagates approximate solutions to the Maxwell’s equations. FDTD solutions covers
a huge frequency range with a single simulation run, and the method also treats non-

linear material properties in a natural way [88].

Among many applications of FDTD are also the calculation of absorption and scatter-
ing cross section of Ag NPs with diverse size distribution, a feature that is essential for

plasmonics [89]. A description of the conceptual basis is found in [89, 90].

Absorption and scattering cross sections are calculated using MEEP, which is an open-
source implementation of the FDTD algorithm. MEEP stands for MIT Electromag-
netic Equation Propagation. It is accessible online at http : //ab—initio.mit.edu/meep.

MEEP has interesting features, such as: non-linear,arbitrary anisotropic and disper-
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sive electric and as well magnetic media, such as different boundary conditions includ-
ing perfectly matched layers (PML), distributed-memory parallelism (cylindrical and

cartesian coordinates) and a very flexible output and field computations.

The package includes interesting features, like a frequency-domain solutions, which
exploits the time-domain coding, advanced signal processing to analyse resonant modes

and integrated optimization facilities and many more [90].

To compute the transmitted or scattered power in a particular direction as a function
of the frequency of incident light, one wishes to compute the integral of the Poynting

flux for a given sphere S:

P(w) = Re]ijiE(w,T) X H(w,r)dA (3.41)

E and H are defined for spatial points r and frequencies w. FDTD usually simulates
the propagation in space and time for the fields. The power spectrum P(w) can be
thus calculated by transforming the fields into frequency domain using the following

Fourier transform:

1 .
E=—Y “"AE(nAt)At 3.42
NG Z (nAt) (3.42)

which is also known as the discrete-time Fourier transformation [89].
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3.1.3.3 The Drude-Lorentz model on FDTD

Dielectric materials are implemented on MEEP in terms of a frequency and spatial

position dependent, dipole moment g and dielectric function e.

The dielectric functions £(w) are given due to the contribution of free and bound

electrons

OnWn

e(w) = e + 2y (3.43)

2 2 _
w2 —w? —wl’y,

where €4, is the instantaneous dielectric response, o, is an electric conductivity as a
position function specifying the strength of the n resonance and w, and I', are the

resonance and damping frequency, respectively.

The optical excitation in metals can be defined from the Drude-Lorentz model:

E€Drude—Lorentz — € Drude + € Lorentz (344)

where the Drude model represents the contribution due to free electrons, while the

Lorentz model describes the bound electrons, given below

EDrude = 1— P (345)

orentz — En = 3.46
©Lorent w2 — w? 4wl (3.46)

and I' is the damping term

Implementing the Drude-Lorentz model in FDTD, we consider the polarization equa-
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tion in a single resonance approach

P = e,x(w)E(w) (3.47)
and
XoWn
= 4
x(w) w? —w? +wl (3.48)
so now we have polarization as
P=cy— 2%  Fw) (3.49)

o .
w2 —w? +iwl

Taking the Fourier transform of the above equation, gives the differential equation of

the following form

9?P 9P .

o2 + FE + wp P = e,xow? E(w) (3.50)
and let %1: = J so now have
5 TTT+wnP = eoxowp B(w) (3.51)

Equation 3.50 and 3.51 are solved numerically together with the following equation

with in FDTD

0H, 0H. 0D, OEOP,
0z  dr Ot Ot Ot

(3.52)
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which supports simulations in 2D and 3D.

NB: ﬁx,y are real quantities.

3.2 Simulations of the absorption and scattering

cross-section of Ag NPs with MEEP

As discussed before, to calculate the amount of light a particle absorbs/scatters, we

consider the Poynting vectors and integrate it over a suitable domain [91].

Consider a surface A which encloses a volume V. We can also choose a local normal
vector, 7, at every point of A, such that it has a positive magnitude as it faces out-
wards. The rate at which electromagnetic energy is transferred through this surface is
given by W =— ¢ S AdA, where S indicates the time-averaged Poynting vector. A
time-averaged Poynting vector indicates the average rate of transfer of electromagnetic
energy per unit area and is given by S = %Re{ﬁ x H *1. A negative W indicates
energy transferred out of the surface and positive W indicates transfer of energy into

the surface.

Assume a particle of arbitrary geometry enclosed by A, as excited by light of some
frequency and polarization. At any point on A, the time-averaged Poynting is given

by

ny

]. — —
= S RelE x H') (3.53)

-
where S is a sum of three terms:
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§ = S—finc + S”scat + S"/ (354)

ginm g’scat and S’ are the time-averaged Poynting vector due to incident light, of the
scattered light and due to extinction of the incoming light, respectively. They also can
be expressed in terms of the scattered, and the incident electric and magnetic fields,

respectively:

— C — —_
Sscat = 8_7TR€{Escat X H:cat}7 (355>
‘*§’7:TLC = S%Re{ﬁznc X ﬁ;nc}7 (356>
g/ = S%Re{ﬁ’mc X [__i:cat + Escat X ﬁz*nc} (357)

where the electric field E and magnetic field H can be written as

E=E;,+ E.u (3.58)
H=Hy.+ Hopur (3.59)

The rate at which energy comes into the surface A is given by

-

The rate at which energy gets scattered and transferred out of A is given

T/T/vsccnt = - %(gscat : 'ﬁ'>dA (361)

The rate at which energy is absorbed by the particle can be expressed in the following
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form:
W = ~Was = Wine + Waear + W’ (3.62)

since the conservation of energy requires that the net outward energy through the

surface A is in the same rate at which is absorbed [91].

As part of the light also gets absorbed by the particle. If we assume that a surface A is
completely surrounding the particle, so there is rate at which scattered energy (Wseq)
is transferred across the surface, and is given by the integral of Poynting vector (which

is electromagnetic energy /unit area, W/m?) over the whole surface.

Total power P on the surfaces is then calculated by;

P,ooi(w) = Re [n : ]4 Bt (w) X ﬁ’*scat(w).dm] (3.63)
A

—

Pus(w) = Re [n : j[ E(w) x ﬁ*(w).dQA} (3.64)

Where 7 is the outward normal direction to the surface and

Escat() = E(w) — Eppe(w) (3.65)
Hyar(w) = H(w) — Hipe(w) (3.66)

Using the expression of the scatter and absorption we calculate the scattering and
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absorption cross sections as:

Uscat(w) = % (367)
Tabs(W) = I;:—((j)) (3.68)

where I;,.(w) is the intensity of incident light. Equations 3.63 and 3.65 - 3.68 give the

quantitative expression for the scattering and absorption cross-sections.

3.2.0.4 Units conversion on MEEP

The coefficients are in electron volts eV, since MEEP operates in dimensionless units
(e.g speed of light c=h=1)

&> The conversion from Joules to eV is given by first converting eV to angular frequency
given by results/h

& Frequency f (corresponds to the time dependent term e?™/?) is expressed in c/a,
where a is the length scale chosen

& Then convert angular frequency to dimensionless units: but

results/h = results/(2mc/a)

then

_XeV a o a
Xo = h QWC_XthC

(3.69)

3.3 Waveguides for applications in photonics

A waveguide is a elementary element which interconnects the different optical apparatus
of the optical integrated circuit in which optical waves travel in prominent optical

modes [92]. These modes are related to a spatial distribution of optical energy in one
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or more dimensions. The commonly used dielectric waveguide is the optical fibre which
mostly has a circular cross-section [93]. In contrast, the waveguides of interest in the
integrated optics constitute planar structures, like planar films [94]. Our discussion is
thus focused on planar waveguides even though most of the fundamentals properties

are appropriate to all types of dielectric waveguides.

3.3.1 Waveguide structure

e The standard structure of dielectric waveguides contains a longitudinal extended
high-index optical medium, known as the core. The core is transversely sur-

rounded with low-index media, namely, the cladding
e An optical wave that is guided transmits in the longitudinal direction.

e In contrast the transverse profile of waveguides, are determined by its dielectric
constant €(x,y)/eo which are independent of the longitudinal (z) or propagation

direction.

e Optically isotropic media waveguide, are characterized waveguides with single

spatial dependent transverse outline of the index of refraction n(x, y).

3.3.2 Boundary condition for electromagnetic fields.

The boundary conditions for the electromagnetic fields are given below [95]:

e Tangential components are continuous for the electric fields such that Fy = Ej.

e Tangential components are continuous for the magnetic fields when no current

flows on the surface, such that H, = Hs.
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e When there is no charge on the surface, the normal components of the electric flux
densities are continuous such that D; = D,. However the presence of a charge
on the surface, leads to discontinuity in the electric flux densities as follows:

D1 — Dy = pg, where pg is the surface charge density.

e Normal components of the magnetic flux densities are continuous such that B; =

Bs.

3.3.3 Optical waveguides

A planar waveguide in a transverse direction, has one optical confinement, in which
the core is sandwiched between cladding layers only in the x direction, having an index
profile n(x). The planar waveguide core is called a thin film, whilst the lower and upper

cladding layers are called the substrate and the cover respectively [96].

Assuming that the electromagnetic field oscillates with a singular frequency w, the

electromagnetic field be represented as [86]

E(r,t) = Re{E(r)e(=%"} (3.70)
H(r,t) = Re{H (r)e"} (3.71)
D(r,t) = Re{D(r)e"*"} (3.72)
B(r,t) = Re{B(r)e"*"} (3.73)
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From the Maxwell’s equation follows:

V X E = —iwuH

V x H = iweFE
V-H=0
V- (E)=0

w o
D ot

where p, and €, are the permeability and permittivity of free space, respectively.

Taking account of equation 3.74 and invoking the curl (V) on both sides leads to:

V x (VxE)=—iwu(V x H)

= wleu,FE

The left side of equation 3.79 is written using the vector identity as

Vx(VxE)=V(V-E)-V’E

where V? is the Laplician defined for the rectangular co-ordinate system as

0? 0? 0?
2 [ — [ [
V= 0x? + 0y? + 022

and Gauss law 3.77 can also be written as
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V-(F)=Ve -E+e¢V-E=0 (3.82)

Therefore the electric field is now:

Ve,

€r

V.- E=-~".F (3.83)

Substituting equation 3.83 into equation 3.80 we have

Ve,
Vx (VxE)==V(V-~)E - V’E (3.84)
then equation 3.79 can be written as
Ve, 2 2
-V(V- VE — V°E = w e FE (3.85)
€r

3.3.4 Transverse magnetic and electric modes in a planar waveg-

iude

Consider a three layer optical waveguide slab in figure 3.4, showing a three layer slab
optical waveguide film of thickness d and refractive index ny is placed between a sub-
strate and a cover (air) material with lower refractive indices n; and n., respectively.
The regions with n, and n., classified as the cladding layers and the region with ny is

the core layer having a higher refractive index than the others (ny > ny; > n, ).

Clearly from figure 3.4 the tangential field are connected at interface, we may assume

that 0/0y = 0, if the structure is uniform in the y direction.

A mathematical definition of the mode in the electromagnetic field is a solution of
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Figure 3.4: A three layer slab optical waveguide with refractive indexes, ns,ny, n.

Maxwell’s wave equation [97] given below

V2E(r,t) = [n(F) /c]al;—g’t) (3.86)

where 7 is a vector and n(r) is the refractive index and c is the speed of light in
a vacuum. Using the ansazt E(7,t) = E(7)e™! where w is the radian frequency in

equation 3.86, we have the electric field as

V2E(#) 4+ E*n*(#)E(f) = 0 (3.87)
where k = w/c. Similarly for the magnetic field we have

V2H(7) + E*n*(7)E(f) = 0 (3.88)

Equation 3.87 and 3.88 represents the two modes that propagate in a three layer slab
optical waveguide. The modes represent the transverse electric (TE) and transverse

magnetic (TM) modes, respectively.

For a uniform wave propagating in the z direction, the electric field is E(7,t) =
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E(x, y)eiﬁz and [ is the propagating constant, now we can write equation 3.87 as

O*E O*FE
@), PE@)

922 g T EE) ~ BB (,y) =0 (3.89)

We assumed that the waveguid is infinite in the y direction. Now, we can expand

equation 3.89 according to the layers in figure 3.4 such that we have

82E xZ, 82E xZ,

) TEC L e — () = 0 (390
O*E(x, O?E(x,

8552 o 35,2 D4 ot~ BB () =0 (3:91)
0*E(x, O?E(x,

afcz v, a;z W | a2 - BB, y) = 0 (3.92)

The solutions of the above equations are either sinusoidal or exponential functions of

x in each of the regions.
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Chapter 4

Methodology

In this section, the methods used to synthesize and characterize Ag NPs will be tech-
nically presented. In addition the fabrication and characterization methods used to

establish the properties of waveguides will be discussed in detail.

4.1 Synthesis of Ag nanoparticles

The application of the polyol process constitutes a robust and versatile for the synthesis
Ag NPs of diverse shapes and sizes. Chemical reduction has a very important role in
the synthesis of Ag NPs. A method suggested, based on coordination chemistry, is
extended for Ag™ stabilization in solution systems. Different ligands of metal ions
can be tested, for the stabilization the metal ions and thereby preventing metals to
precipitate onto the film surface [98]. The reduction process involves several routes,

which have been proposed for the oxidation of DMF, it normally involve the evolution

of Hy or CO4 gas [99].

Ag NPs with different sizes and shapes were synthesized through reducing AgN O3
in N,N-dimethylformamide (DMF). DMF was used as a capping agent (NB: DMF is
harmful so must be handled with care). 2,2 Poly(vinylpyrrolidone) (PVP) aqueous
solution was prepared by adding 0.4g of PVP into 20ml of ethyl-glycol (EtG) and PVP
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is used as stabiliser to prevent the agglomeration of Ag NPs and EtG oxidises to aldehyd
species with an oxidation potential of 1.6 eV and it also temperature dependent, 10 ml
of the solution was then added to DMF (80 ml), proceeded by an addition of 10 ml of
AgN O3 aqueous solution with a molar concentration of 0.01M. The aqueous solution
of AgNOj3 was prepared by adding 0.192 g of AgNO3 into 20 ml of EtG, the solution
was allowed to mix in the darkroom. The reaction was kept for 3 hours at 100 °C until
a dark-brownish solution was obtained. Centrifugation was performed to purify the
solution at 14000 rpm for 45 minutes. The resultant mixture was decanted to remove

the Ag NPs and there after suspended in H,O.

The concentration and temperature were kept constant at 0.1M and 100°C, respectively.
However the reaction times were varied by 10 minutes, 20 minutes and 40 minutes after

the initial 3 hours.
Reduction process of AgNO3; in DMF':

AgN O3 decomposes when heated

2AgNOs — 2Ag" + Oy + 2N O, (4.1)

The overall reaction displayed in equation when Ag™ react with DMF ((CHs)oNCOH)
shows the formation of a carbamic acid. The carbamic acid in conjunction with the

resulting acidic environment promote the deposition of Ag NPs [100]:
(CH3)oNCOH + 2Ag* + HyO — 2A¢° + (CH3);NCOOH + 2H™" (4.2)
if heat is applied, the carbamic acid is decomposed to
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4.2 Fabrication of Organic photovoltaic device

4.2.1 Cleaning of substrate

ITO-coated glass was cut into 1.2 cm x 1.2 cm slices with a WC tip scriber. Then 30% of
the cut ITO surface was etched through wet chemistry using zinc paste (mixture of zinc
powder and water) and hydrochloric acid (HCl) (with a concentration of 0.2 M). The
zinc paste was coated on the ITO glass and then immersed in HCI for a few minutes
until the ITO was completely removed. ITO has unique characteristics such as low
resistivity of 7.5x107* Qcm, high optical transmittance of about 82% to 89% over the
visible wavelength region, excellent adhesion to substrates and chemical stability. The
samples were then washed with detergents, then rinsed in distilled water. Thereafter
the samples were sonicated for 10 minutes in acetone, followed by methanol ultra-
sonicating for 10 minutes. Finally the samples were sonicated in ethanol and distilled

water for 10 minutes again and then dried with purified nitrogen gas (99.999%).

4.2.2 Reference solar cell

A reference solar cell was fabricated first by preparing a solution of PCBM ([6,6]-phenyl
Cg1-butyric acid methyl ester) by adding 0.5ml of chlorobenzene into 0.010g PCBM
and stirring it for 3 hours at room temperature. Similarly a solution of P3HT (Poly(3-
hexylthiophene-2,5-diyl)) was prepared with 0.5 ml of chlorobenzene into 0.010g of
P3HT under the same condition as PCBM solution. After stirring for 3 hours both

solutions were mixed together in 1:1 ratio and stirred for 2 hours at room temperature.

The fabrication of the OPV entailed foremost spin coating PEDOT:PSS [poly (3,4-
ethylenedioxythiophene)—poly(styrenesulfonate)] onto ITO glass substrate at 2000 rpm

for 1 minute. PEDOT:PSS serves to increase the transport of hole to the anode while
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blocking the flow of electrons (PEDOT:PSS solution is purchased as prepared). After-
wards the samples were then annealed on a hot plate for 15 minutes at 70 °C to remove

HO.

After this thermal treatment, the active layer was spin coated to the layer stack on the
substrate using the blend solution of PCBM:P3HT at room temperature with a spin
rate of 2000 rmp for 1 minute. Thermal evaporation was performed to deposit a thin
layer of aluminium on the sample to complete the whole organic solar cell after attaining
a base of pressure of 107 Pa (A full technical detail of thermal evaporation is discussed
in the following section). The OPV was later annealed in Ar gas at a temperature of

50°C for 15 minutes to remove the residual solvent and promote nanoscale morphology.

NB: PCBM and P3HT were purchased at Sigma-Aldrich with 99.50% and 99.995%
trace metals basis (purity), respectively. See the link below for information

http : / Jwww.sigmaaldrich.com/catalog/product/aldrich/6844497lang = en&region
=ZA

4.2.3 A solar cell with Ag NPs incorporated in the hole trans-

port layer

The same method described above was used to prepare the PCBM:P3HT blend except
for Ag NPs incorporation into PEDOT:PSS solution. The Ag NPs were suspended in
distilled water were blended in PEDOT:PSS solution in the following ratios: for every
z drops of Ag NPs; 10 drops of PEDOT:PSS were added. The following droplet ratios
were used in this work for Ag NPs and PEDOT:PSS, (2:10), (3:10) and (4:10).

All the different droplet ratios were separately spin coated on ITO under similar con-
dition (see section 4.2.2) and thereafter annealed at 70°C for 15 minutes. On each

sample, the active layer of PCBM:P3HT (1:1) was spin coated.. Metallization of Al
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electrode on the OPV was performed at 10~* Pa by thermal evaporation. The OPV

was the annealed in a vacuum at a temperature of 50°C' for 15 minutes.

4.2.4 Thermal evaporation technique

Thermal evaporation is a physical vapour deposition technique to deposit material as

thin films onto a substrate.

Our interest in thermal evaporation is the deposition of thin (Al) films. Figure 4.1
shows the principles of thermal evaporation, involving vaporizing of solid by heating
the material to sufficiently high temperature in high vacuum (10~°mbar) [101]. The
vaporized material diffuses radiatively upwards before it re-condenses on a cooler sub-
strate mounted above the evaporation site. Vaporized molecules are allowed to deposit
on the substrate due to their high condensation coefficient. While monitoring the pro-
cess, a quartz crystal monitor will measure the films thickness as well the deposition

rate [102].

Substrate
WDCPUﬂHOH of thin film

¢ Vaporized material

pc) / Source material

Evaporator

— Heater

T

Figure 4.1: Schematic of thermal evaporation [103]

Vacuum chamber

A thermal evaporation is a resistant heating method that is used to melt material and
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raises its pressure (vapour) to a more useful range. This is achieved in high vacuum,
allowing both the vapour to reach the substrate without reaction or scattering against
other gas-phase atoms in the chamber. This reduces the incorporation of unwanted
particles from the residual gas in the vacuum chamber [104]. Figure 4.2 shows the
experimental set-up used in the present study metallization of Al on an organic solar
cell and it is a home build thermal evaporator. The voltage used to melt Al was 45

Volts and the chamber deposition pressure was 10~* Pa.

Figure 4.2: The experimental set-up of the thermal evaporation system used in the present
study.

Advantages of thermal evaporation technique:

e Low impurities on the deposited thin films.
e Enhanced control of deposition rate.

e Loading of larger charges per deposition run.
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Disadvantages of thermal evaporation technique:

e A lot of material is lost in the process.

e AC power supplies are huge and expensive

4.3 Sol-gel technique

The sol-gel process is a method used for producing glasses from small molecules [105].
The general idea of sol-gel synthesis is dissolving building blocks as alkoxydes from
a liquid in order to reproduce it as a solid material in a more controlled manner. In
general a sol is considered as a stable dispersion of colloidal particles or even polymers
that are in a solvent. Then particles can either be crystalline or amorphous. There
are three types of particles that formed in this process, where we have aerosol particles
that are formed in a gaseous phase, sol has particles in a liquid phase [106] and gel
have 3D continuous network, which encloses a liquid phase. But in a colloidal gel, the

network is generated from the agglomeration of colloidal particles.

Polymer gel have particles that are polymeric sub-structured made from bulk of sub-
colloidal particles. Basically, there’s an interaction within the sol particles through
van der Waals forces or hydrogen bonds. A gel can be formed through cross linking of
the polymer chains. In a gel systems used for the synthesis of materials, the covalent
nature of the interactions render a gelation process that is irreversible. The gelation

process can however be reversed if other bonding interactions are involved [107, 106].

Advantages of sol-gel technique[108]

1. Low cost (effective cheap technique to produce high quality coatings).
2. Can be useful in preparing materials with different shapes, such as thin films,
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porous structures, dense powders and thin fibers.
3. Shapes materials into complex geometries in a gel state.
4. Has low sintering temperature capability, usually 200 — 600 °C.

5. Produce high purity products where the composition can be highly controllable.

There are two types of sol-gel conditions in every synthesis:

(a) Acidic conditions: there’s a decrease in reaction rate when alkoxy groups are hy-

drolyzed.

(b) Basic conditions: reaction rate increases instances where alkoxy groups are dehy-

drolyzed to form spherical particles, powders and etc.

Application: Sol-gel derived materials have different roles in optics, electronics, en-
ergy materials, space science, thin films, (bio) sensors, medicine (e.g. controlled drug

release) and separation technology (e.g. chromatography).

Sol-gel process includes the following steps during synthesis [107] (See figure 4.3):

1. Hydrolysis: is a process where decomposition involving separation of a bond
which links with the addition of the hydrogen cation and the hydroxide anion of

water.

2. Condensation: areaction in which two molecules add up to form a larger molecule,

including the loss of a small molecule which gives a formation of a network.

3. Gelation: Gels as defined by Born are liquids that exhibit a high elastic resistance
against shear due to their excellent viscous and elastic properties. A gel is the
product of condensation, where the network spans the size of the system (e.g.

film/particle size).
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4. Ageing: this is attributed to the physical change of a material with respect to
time, in a environment with defined conditions, resulting to improvement or

deterioration of properties.

5. Sintering: a process of densifying and forming a solid mass of material by heat

or pressure without deforming the structure.

6. Drying: A mass transfer process where water or another solvent removed from a

solid by evaporation.

7. Densification: is the act of reducing porosity in a sample by making it more

dense.
)
®) © 000 X
p °g 000
(o] L A
— B~
o] 800 J Do

)
Gel
Sol Fibers Solvent Supercritical
evaporation extraction

Powders Gelation
Evaporation

[MI Xerogel

Xerogel film lnw heat

[ ;

Dense ceramic film Dense glass or ceramic

Figure 4.3: Sol-gel processing options [107]

The sol-gel method was used in the preparation of Si0y — H fO, planar waveguides
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doped with Eu®* in a clean room at room temperature with a humidity of 59% to give

quality waveguides.

4.3.1 Dip-coating process

The dip-coating process is a method used to deposit thin layers on different substrates,
this technique is applied right after the sample preparation and it is separated into the

five stages listed below [109]:

1. Immersion: The clean substrate is immersed in the solution at a constant speed

for the coating material.

2. Start-up: The substrate will remains inside the solution for a certain period of
time and then starts to be pulled up with the same speed it was immersed. The

withdrawing is also at a constant speed to avoid any jitters.

3. Deposition: The thin layer will start deposits itself on the substrate during with-

drawal.
4. Drainage: Excess liquid drains out from the surface.

5. Evaporation: The solvent evaporates, to form a thin layer. For some solvents,
like alcohols, evaporation take place when the deposition and drainage steps are

in process.

Within a continuous process, all these steps are carried sequentially.

When depositing each layer of Eu®t doped SiO; — H fO, waveguide the following

parameters were kept constant:

1. Speed rate for immersion: 30 mm/minute
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2. Wait time (start-up): 30 seconds

3. Speed for withdrawing the sample (Deposition, Drainage and Evaporation): 30

mm /minute

4. Wait time before removing the sample (Evaporation and Drainage): 30 seconds

After deposition the sample was heated in an oven at 900 °C' for 60 seconds. This
process was repeated 20 times since each waveguide had 20 thin layers of Fut doped
S109 — H fO, waveguide. The speed at which you immerse and withdraw determines

the thickness of the coating (the faster the withdrawal the thicker film).

4.3.2 Cleaning of substrate

The glass substrate (v—SiO) were cleaned with detergent and rinsed with deionized
water. Thereafter the glass substrate was sonicated for 15 minutes in acetone, followed
by methanol ultra—sonicating for 15 minutes. Finally the samples were sonicated in
ethanol and distilled water for 10 minutes again and then dried with purified nitrogen

gas.

4.3.3 SiOy, — HfO, planar waveguides doped with Eu?"

Two starting solutions were prepared namely; the first one was prepared by adding
3 ml of tetraethylorthosilicate (TEOS) into 17 ml of ethanol (EtOH), proceeded by
4.80 ml of deionized water (H20) into 0.8 ml of hydrochloric acid (HC1) (HCI added as
catalyst); EOS:EtOH:H,O:HCI, was then left to prehydrolyze for 1 hour at 65 °C. The
second solution of ethanolic colloidal suspension was also produced by using as 2.2g

of HfOCI as a precursor, mixed in TEOS solution, with Si/Hf molar ratio of 70/30.
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Europium (Fu(NOj3)s solid phase, mass of 0.154 g) was added with a Eu(Si+ H f)

molar concentration of 0.01 percent and was prehydrolyzed for 1 hour at 65 °C.

The two solutions were then mixed together and the final mixture stirred for 16 hours at
room temperature. The obtained solution was then filtered with a 0.2 millipore filter
for dip coating Eu doped silica-hafnia waveguide. Europium-activated silica—hafnia
waveguide were obtained and then deposited on cleaned pure v—SiO glass substrates
using dip-coating technique, with a dipping rate of 30 mm/min (it includes the immerse
and withdraw speed). Before coating additional layers, post deposition annealing of
each layer was carried out in vacuum for 1 minute at 900 °C. After 20 cycles of dipping,
the film was subsequently heated for 2 min at 900 °C. Final films, produced from 20
coatings, were then stabilized by a last thermal treatment for 5 min in air at 900 °C.

As a result transparent and crack-free waveguides were obtained.

4.4 Techniques used for optical and morphology anal-

ysis

4.4.1 Scanning electron microscopy for morphological analysis

Imaging of a sample in scanning electron microscopy is achieved by scanning the sam-
ple using a focused beam of accelerated electrons in the range of (0.5-30 kV). The
interaction of atoms with electrons within a sample, produces Is that are detected and

also has information about the sample’s composition and its surface topography [110].

Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS) is an analytical tool used
for elemental or chemical analysis of an SEM sample. This technique relies on the
interaction of the sample with the incident electron beam, producing X-rays charac-

teristic of the chemical or elemental composition of the irradiated sample area. These
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characteristic X-ray are dependent on the unique atomic structure of every element.
Thus enabling the measurement of a unique set of peaks in the X-ray spectrum of the

element of interest [111].

An atom in a sample, at rest is at the ground state, with electrons having discrete
energy levels. The incident beam will excite an electron within an inner shell, so that
it ejects it from this shell while creating a hole. The system is likely to de-excite so
that it can occupy the empty level with an electron, there by emitting a characteristic
X-ray of energy equal to the difference in energy of the lower and higher energy levels.
The number of the X-rays emitted and their corresponding energy are measured using

an energy-dispersive spectrometer [112].

4.4.2 Transmission electron microscopy for morphological anal-

ysis

Transmission electron microscopy (TEM) images are formed when there is an interac-
tion of the electrons, that are transmitted through the sample. A continuous beam of
a highly accelerated electrons (30-300 kV) is transmitted through a very thin sample
(<100nm), interacting with the sample as it passes through it. The sample can be
drop cast on a TEM Cu-grid for imaging (for technical reasons). Energy dispersive
spectroscopy (EDS) is a technique or procedure that is used to identify and quantify
elemental composition of sample surface area in small ranges such as in nanometers
and is also performed on TEM using the same principles mentioned in the previous

section [88].
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4.4.3 UV-vis spectroscopy for optical characterization

Ultraviolet—visible spectroscopy relates to the absorption transmission and reflection
characterization of materials in the ultraviolet—visible spectral region. In some in-
stances the optical response of materials in the light near-UV and near—infrared the
same range of optical excitation. But absorption in the visible range is directly affected
by the detection of colors of chemicals that are involved in the sample [113]. This is
a region of electromagnetic spectrum, where materials undergo electronic transitions.
The technique complements fluorescence spectroscopy. However the difference between
absorption and fluorescence is that absorption measures transitions from the ground
state to the excited state whilst fluorescence probes transitions from the excited state to
the ground state [114]. The optical measurements were carried out using WIN CARY
500 spectrometer, set in the range 200 nm to 800 nm after a baseline correction for

100% and 0% calibration.
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Chapter 5

Results and discussion

In this chapter we report, foremost the simulations of the scattering and absorption
cross—section of Ag NPs were calculated using MEEP (FDTD methods). The mor-
phology analysis of Ag NPs synthesized by chemical reduction method is presented in
detail. Their optical and morphology characteristic are discussed in detail to determine
their plasmonic effect and dependencies on shape, size and interspacing of the Ag NPs
absorption. As a proof of concept organic solar cell is incorporated with Ag NPs to
observe efficiency enhancement effects associated with plasmonic effect. Lastly a dis-

cussion on the synthesis and characterization of Eu*t doped waveguides is presented.
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5.1 Data analysis from MEEP simulation

5.1.1 Methods of the simulation

The domain consists of a single silver spherical metal NPs of diameter a. Perfectly
matched layers (PMLs) were used in the upper and bottom boundaries to prevent
reflection. Periodical boundary conditions were used in the lateral directions to model

periodic array of NPs.

On the surface there were 10 spherical Ag NPs. A plane wave source of polarized
electric-field was placed 500 nm above the surface. The transmitted power into the
particles was measured by a frequency domain monitor placed at the plane interface.
It was calculated by integrating the Poynting vector of the Fourier transformed elec-
tromagnetic fields over the plane in the normal direction as discussed in section 3.2.
The integrated transmission efficiency within the spectral range of 200-900 nm was

calculated.

From the Drude-Lorentz equation (discussed in section 3.1.3.3), the resultant/complex

dielectric function of a metal was defined as:

2 2
W, 0o sk W,0;j

£w) w(w —i7,) Tw? —w? +iwy;

(5.1)

where e(w) is the dielectric function, wy, is the plasma frequency with oscillator strength
o, and damping frequency 7,, k is the number of oscillators with resonant frequency
wj, strength o; and damping frequency ;. The parameters for the complex dielectric
function used for Ag NPs in the FDTD simulations are given in table 5.1. These values

were obtained from [115, 116].
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Ag
w, (eV) 9.01
o, 0.845
Yo (V)  0.048
w, (eV) 0.816
o, 0.065
Y (eV)  3.886
w, (eV) 4.481
o, 0.124
Y, (eV)  0.452
w, (eV) 8185
o, 0.011
¥, (V)  0.065
w, (eV)  9.083
o, 0.840
Vs (V) 0916

Table 5.1: Parameters used in the modelling of Ag NPs absorption and scattering cross—
section.

5.1.2 Results from the simulation:

Figure 5.1 shows the scattering cross-section, for a simple plane surface with silver
spheres of different sizes. The simulation was performed using FDTD for different
sizes (diameter: 40, 50, 60, 70, 80, 90 and 100 nm) of the spherical Ag NPs. Note that
the resonance for the Ag NPs is in the ultraviolet region. As the size increases so does

the scattering cross-section.
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Figure 5.1: The scattering cross—section for silver spheres of different diameters.

Simple structures such as isolated tiny spheres exhibit a single plasmon resonance.
Nevertheless, more complicated structures often may result multi-featured resonance
spectra, with an enhanced strong local fields in at intersection points or in between

gaps of different particles [117, 118].

The plasmon resonances of complex structures is the result of “hybridization” fun-
damental plasmons of simple subs—tructures [118]. Figure 5.2 shows the absorption
cross-section, for a simple plane surface with silver spheres. We observe that as the
size of Ag NPs decrease the more it absorbs light. The absorption cross-section increase

results a blue shift and there’s no dependence in the wavelength (\).
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Figure 5.2: The absorption cross-section for a simple plane surface with silver spheres of
different diameters.

Note that for small particles with diameter of 5 nm (see figure 5.3 ) there is a shift
resonance observed at more or same the amplitude of the the particle. The shift
observed is to surface plasomn where the this particles scatter light and absorb light
nearly at the same ratio. Small particles absorb light while bigger particles scatter

light (see figure 5.4 and figure 5.3).
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Figure 5.3: Scattering/absorption cross-section for a spherical Ag NPs of a diameter 5 nm
in a simple plane surface.
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Figure 5.4: Scattering/absorption cross-section for a spherical Ag NPs of a 100 nm diameter
in a simple plane surface.
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The amount of light that is scattered and absorbed by the particle, and the angular
distribution of the scattered light, depends on the properties of the Ag NPs, such as
shape, size, material properties and the angle at which the particle is illuminated. A
strong scattering and absorption of the light for metallic NPs results is related to the
intense surface plasmon extinction of bands [119]. From the size and shape of these Ag
NPs we can obtain optical properties such as resonant frequencies, field distributions,

field enhancements [120].

The Lorentzian function in equation 3.46 also describes the response due to the LB
transition at energy w, [121]. The optical response of Ag spherical nanoparticle, with
dispersive and a complex dielectric € = Re(e) + I'm(e) immersed in an medium &, is
obtained by the quasi-static theory [122]. From the particles polarization, the quasi-
static dipole approximation, then the LSPR is defined by

Re{e,, + L(e(w) —en)} (5.2)

where L is the shape factor of the particle and for a spherical particle in air (L =

1/3,¢,), an LSPR is defined by the Frohlich condition [121, 123]

Re{e(w)} = —2¢, (5.3)

To achieve resonance conditions of equation 5.3, Im{e(w)} must be close to zero. This
is a condition that is satisfied by metals. Large Im{e(w)} means a weak plasmon

resonance.
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5.2 Morphological analysis of Ag NPs

TEM (transmission electron microscope) images of Ag NPs were captured. These
particles were synthesised at constant temperature and concentration (measured in
molarity M) of AgNOj; through out, but at varied reaction times. For this analysis
Ag NPs were deposited on a TEM copper grid coated by carbon. The particle size
were analysed using Imagej software. This is an open source software found at https :

//imagej.nih.gov/ij /download.html

Particles prepared at 100 °C and AgNOj concentration of 0.1 M for 3:10 hours, showed
the distribution of the spherical Ag NPs on the Cu grid (see Figure 5.5). These particles
are uniformly distributed and spherical at a magnification of 200x having an average
diameter of 15 nm (see figure 5.6). Note that the Ag NPs are very much close to each

other and hence the multiple resonance cannot be excluded.

20 nm

Figure 5.5: TEM images showing spherical Ag NPs.
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Figure 5.6: Histogram showing Ag spherical NPs of an average diameter of 15 nm.

Figure 5.7 shows Ag NPs synthesized at 100°C with AgNOj3 concentration of 0.1 M
but allowed to react for 3 hours and 20 minutes resulting in prism like shapes. Some
of these particles began to agglomerate, leading to a change in shape and size. they
still remain uniformly distributed (mono dispersed) and EDS analysis confirmed that
these NPs were Ag NPs (see figure 5.12b). The size of the particles decrease as the
particles reacts longer, giving an average particle diameter of 14 nm (see figure 5.8).
However owing to the bimodal distribution figure 5.8, it is clear that longer reaction
times favours the nucleation of smaller Ag NPs of 7 nm diameter. Note that particles
are not very much close to each other except when they are nucleating. The longer the

reaction time also leads to large Ag NPs (> 20 nm.)
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Figure 5.7: TEM images showing prism like Ag NPs.
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Figure 5.8: Histogram showing agglomerated prism like Ag NPs of an average diameter of
14 nm.

Figure 5.7 also depicts Ag NPs which were synthesised at 100°C with AgNOj3 concen-
tration of 0.1M but allowed to react for 3 hours and 40 minutes. Most of the particles
have agglomerated with no uniform particle distribution and size dispersion. Therefore
longer reaction times, weakens the role of stabilizer (PVP), which leads to inhomoge-
neous agglomeration and nucleation of the Ag NPs. At this point to determine the
size particles is easy because of the state of shape, but for particles where two or three

particles fused together the average particles size were 16 nm (see figure 5.10).

200 nm 50 nm 20 nm

Figure 5.9: TEM images showing nucleated prism Ag NPs.
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Figure 5.10: Histogram showing agglomerated Ag NPs average diameter of 16 nm.

Selected Area Electron Diffraction (SAED) patterns were recorded for Ag NPs in the
aggregate to determine their crystal structure. Figure 5.11 confirms the polycrystalline
(small spots making up a ring, each spot arising from Bragg reflection for an individual
crystallite) nature of a basic face-centred-cubic structure of Ag NPs. From the SAED

pattern of metal we observe bright spots.

As the shape of the Ag NPs changes so are the ring patterns. For spherical Ag NPs
the rings are more bright and clear (see figure 5.11a). We observe that as the shapes
change the rings becomes dimmer (see figure 5.11b), for example the rings of the fully
nucleated particles are blurred as compared to the others (the rings spherical NPs are
clear and brighter (see figure 5.11a)). This could mean that the more complicated

structure Ag NPs may reduce the quality of polycrystallinity.
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(a) spherical Ag NPs (b) prism like Ag NPs (c) agglomerated Ag NPs

Figure 5.11: SAED patterns of Ag NP synthesized at varied reaction time

To confirm if these particles were Ag NPs (see Figure 5.12), EDS profile of these
samples was performed, where the L lines of Ag were observed at approximately 3

keV, confirming the presence of silver.

The length of the reaction times provides sufficient energy to add atoms together and
even to nucleate new Ag NPs. The surface diffusion of these ad atoms is therefore
expected to enhance nucleation and growth of the particles. This results not only in
the shape changes but also as in size changes as well. Whereby, the environment in
terms the LSPR properties is sensitive to shape and size of NPs [124]. Also the dielectric
function of the host (glass) with the NPs affects the LSPR resonance frequency and
bandwidth [71].
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5.3 The optical absorption of Ag NPs by UV-Vis

Spectroscopy

The absorption of light by specific materials at a specific wavelength determined by the
absorption coefficient. Materials that are suitable for solar cell applications in general
possess a high absorption coefficients ( 107 m™!) over a wide range of wavelengths. Our
series of Ag NPs grown by chemical reduction process at different reaction times and at
constant temperature and concentrations were characterized using a UV-Vis NIR-500

CARY Spectrophotometer, at the school of chemistry, university of Witwatersrand.

Figure 5.13 illustrates the optical absorption spectra of Ag NPs synthesized by chemical
reduction at 100°C' and 0.1M concentration of AgNO3 but at different reaction times.
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Figure 5.13: Absorption spectrum of Ag NPs fabricated at varied reaction times
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In this case experimental results are exactly in good agreement with theory where the
resonance is at 400 nm for Ag NPs of 20 nm. The appearance of two resonance peaks
of figure 5.13 indeed puzzling as it is expected that for a spherical NPs should be a
single resonance. However it is plausible that the quadrupole effect or higher order

resonance come into play due to increased interaction between Ag NPs.

To further analyse the results, we present TEM data with optical resonance data of
spherical Ag NPs in figure 5.14. The absorption optical spectra of spherical Ag NPs
(see figure 5.14a) shows bimodal peaks depicting the excitation of a spherical Ag NPs.
Additional absorption peaks may correspond to the poly dispersed Ag NPs are shown
in figure 5.14b or higher order resonances. Spherical Ag NPs show a plasmon resonance

at 400 nm, and an in-plane dipole resonance at 534 nm, (See [125] for details).

Importantly, this behaviour of the induced polarizations depends strongly on interpar-
ticle distance, with dipoles in the inter-facial region between the spheres being strongly
influenced by interparticle coupling when the particles are close together [126]. From
the TEM image (figure 5.14b) clearly the spacing between the particles may indicate
the presence of the second peak.
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(a) Absorption spectra for spherical Ag NPs (b) TEM image for spherical Ag
NPs

Figure 5.14: Absorption spectra and TEM images showing interspacing of spherical Ag
NPs
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The size and shape changes in the Ag NPs after long reaction times, lead to a red
shift in the absorption cross-section/spectra indicating an increase of Ag NPs size with
aspect ratio. The higher magnitude of the absorption cross—section in comparison
to their scattering cross—section of 10 nm Ag NPs derived from numerical solution of
Maxwell’s equation by FDTD illustrate the observation, that small size particles absorb

more predominantly rather than scatter (see figure 5.15).
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Figure 5.15: Absorption spectra for Ag spherical NPs of 10 nm diameter with MEEP
simulation.

5.4 The I-V characteristics of organic photovoltaic

cell and analysis

The effect of the surface plasmon resonance on OPV device efficiency was investi-
gated by incorporating the Ag NPs on a hole transport layer (PEDOT:PSS) of the
device. They were spin coated on ITO, after blending in PEDOT:PSS. A reference de-
vice was made first without Ag NPs with the following structure: ITO/PEDOT:PSS/
P3HT:PCBM/Al. For the Ag NPs incorporation, the Ag NPs were blended in PE-
DOT:PSS with different droplets ratios of Ag NPs (2, 3 and 4 drops of spherical Ag
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NPs) into 10 drops of PEDOT:PSS. The architecture of the device used in this work
was of the following format; ITO/Ag NPs + PEDOT:PSS/ P3HT:PCBM/AI having
a 1:1 ratio of the P3HT:PCBM blend. Figure 5.16 shows the I-V characteristics for
the reference device and the devices with the different droplet ratios of Ag NPs into
10 drops of PEDOT:PSS (2:10, 3:10 and 4:10).

0
0 01 02 03 0.4 05 |6

Current (mA)

— 2010 drops
= 410 drops

3:10 drops
= Ref

-0.5

Voltage [V)

Figure 5.16: -V characteristics of fabricated devices with different concentration of Ag
NPs

It is seen that spherical and polydispersed Ag NPs incorporation into PEDOT:PSS
leads to an increase of the short circuit current Igo below the threshold concentration.
The open circuit voltage Voo of the Ag NPs incorporated device does change not
significantly. This indicates that the addition of Ag NPs does not change the interfacial

properties of the active layer. The summary of these results are presented in table 5.2.

Table 5.2 shows that the Igo increases with an increasing Ag NPs concentration by
72%. The increase of the Igo could be attributed to the enhanced absorption due to
LSPR effect. The Voo remains more or less the same which indicates that that the
addition of Ag NPs does not change the electronic structure of the active polymer blend

of the Bulk hetero-junction. The increase of the Igo with increasing Ag concentration
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denotes the absence Schottky barrier (Ag work function 4.6 eV). This is expected as
Ag NP are dispersed in PEDOT:PSS below the percolation threshold.

Parameters of the organic solar cell with and without Ag NPs
Device (drops ratio] Short circuit Open circuit Current at  |Voltage at Vp, .
of Ag NPs into PE-|current I, (mA)| voltage Vo (V) |maximum power (V)
DOT:PSS) Ip .. (mA)
Reference cell 0.307 0.5677 0.2100 0.4686
2:10 0.360 0.5800 0.2558 0.4344
3:10 0.424 0.5977 0.2800 0.4689
4:10 0.376 0.5902 0.3226 0.4547

Table 5.2: Summary of the perfomance banch mark values of Is., Vo, Ip,,,, and Vp, for
the OPVs with spherical Ag NPs blended in PEDOT:PSS

There are two known parasitic resistances that affect the performance of a solar cell,
namely: the series resistance and the shunt resistance. The series resistance reduces
the efficiency of solar cells by dissipating power through parasitic resistances. The
shunt and series resistance are estimated by taking the inverse slope near Voo and Is¢
respectively. Table 5.3 shows the characteristics resistance values of an OPV cell with
the decoupled series and shunt resistances. The series resistance is dependent on the
conductivity of the donor and acceptor layers, Therefore the mobility of each layer will
thus affect the series resistance. Further it is seen that the addition of Ag NPs does
not significantly changes the series resistance, meaning that Ag does not produce space

charges.

On the other hand the shunt resistance is sensitive to recombination of the charge
carrier at the donor-acceptor interface. Overall the shunt resistance is one order mag-
nitude larger than the series resistance. The larger values of the shunt resistance could
be attributed to pinholes or short or recombination losses at the PEDOT:PSS layer.
Thus the increase of the photogenerated current could be purely due to the plasmonic
effect with potential recombination at high Ag;:PEDOT:PSS droplet ratios (4:10) which

reduces the current.
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Organic solar cell with and without Ag NPs data analysis

Device (ratio  of] Current density | Characteristic | Series resistance | Shunt resistance
Ag NPs into PE-| Js¢ (mA/cm?) | resistance Rogy Rs (2 cm?) Rsy (2 cm?)
DOT:PSS) (k) cm?)

Reference cell 1.50 3.140 28.17 411.42

2:10 1.83 2.378 40.00 819.72

3:10 2.00 2.345 43.29 746.27
4:10 2.33 1.951 42.51 649.35

Table 5.3: Summary of the device characteristics parameters Jgso, Rog, Rs and Rg for

OPYV cell with spherical Ag NPs blended in PEDOT:PSS.

The constant open circuit voltage with various series values implies the absence of

recombination or short at the electrode (see figure 5.17) Thus the extra shunt resistance

is negligible which makes the potential recombination site to be in the active layer. The

determination of the losses can be obtained from the (1 + Rg/Rgpy) ratio at various Rg

values. Shunt resistance increase with increase of the Ag NPs droplet concentrations

while the open circuit voltage remains constant.
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Figure 5.17: Shunt resistance increase at constant open circuit voltage.

A great amount of power losses are mainly caused by the presence of a shunt resistance
in the device. Low shunt resistance contributes to power losses in the device by making
an alternating current path for the light generated current. This diversion reduces the
amount of current that flows in the device junction and reduces the voltage from the
solar cell [127]. Figure 5.18 shows the current density — voltage characteristics of all

the device, used for the extraction of the calculations on table 5.3.

Table 5.4 shows that maximum Power produced by the cell increases with an increase
of the concentration of spherical Ag NPs and so is the efficiency of the cell. From the
reference device to the device of ratio 4:10 shows that there is an increase in efficiency of
up to 1.05%. This shows that the Ag NPs can enhance the efficiency of cheap solar cell

through plasmonic effects. The fill factor was calculated using the following equation:
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Figure 5.18: J-V characteristics fabricated device with varied concentration of Ag NPs in
PEDOT:PSS.

Ip Ip
FF — max max 5.4
‘/;CISC ( )

and the light incident power P;, for efficiency calculation is 1kW/m? (AM1.5) and the

area of the cell under study is : 2 mm x 7 mm = 14 mm? = 1.4x107° m?

then P;, = 0.014 W and the efficiency calculated by the expression;

Pmax
Pin

n= (5.5)

Figure 5.19 shows that the power produced by the cell increases with an increase of the

concentration of spherical Ag NPs and maximum power of each device was different.
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Figure 5.19: P-V characteristics fabricated device with varied concentration of Ag NPs in
PEDOT:PSS .

Table 5.4, shows that the incorporation of Ag NPs lead to an efficiency enhancement of
50% in respect to the reference device. An increase in efficiency of 12.9 % is observed
when compared to the efficiency of the reference cell, for the cell with two drops of the
Ag NPs blended into 10 drops of PEDOT:PSS (2:10). Similarly for the cells with the
ratios 3:10 and 4:10 the increase went up by 33.4% and 50% compared to the cell with
no Ag NPs (reference cell). All in all the highest efficiency achieved for the OPV solar
cell was 1.05% while that of the reference cell was measured to 0.70%. The Ag NPs

has improved the performance of a solar cell for all the devices investigated.
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Organic solar cell with and without Ag NPs data analysis
Device (ratio of Ag NPs| Maximum power Fill factor Efficiency n
into PEDOT:PSS) Prar (MW)
Reference cell 0.984 0.5363 0.70 %
2:10 1.111 0.5437 0.79 %
3:10 1.313 0.5339 0.94 %
4:10 1.480 0.6671 1.05 %

Table 5.4: Summary of the performance (including Power produced by the cell and photo
convertion efficiency) of the OPVs with spherical Ag NPs blended in PEDOT:PSS.

The possible diffusion of oxygen (O;) into the active layer because of the pinholes in
aluminium electrode is likely to degrade the PSHT:PCBM blend by forming charge
transfer complexes with Oo [128]. This is one of the leading factor of having low
efficiency in the device. There are other factors which leads to a low efficiency such as
an increase in the series resistance on the cell. A lower shunt resistance engenders to

power loss in the cell.

5.5 Morphology of Si0O, — H fO, planar waveguides

Figure 5.24 shows the SEM images of S1Oy — H fO, planar waveguides activated by
Eu?' as synthesised by sol-gel technique and were deposited through dip coating. The
samples were charging in the SEM and therefore were coated with gold palladium to
see the structures. SEM shows that the surface is smooth, except for the pinholes
on the surface which may have resulted during the deposition of the sample on the
substrate. EDS analysis have verified the presence of Hf, Si and Eu. Au and Pd have
been attributed to the coating described above. The planar silica-hafnia waveguides

shows full densification and no phase separation at wavelength scale.
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Figure 5.20: SiOy; — H fO, waveguide at the edge (left) and at the surface (right) of the
sample
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Figure 5.21: EDS analysis of SiOy — H fOy waveguides
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5.6 M-line spectroscopy measurement for planar silica-

hafnia waveguides

A method to measure the thickness of the layer between the prism and the waveguide
in a reflecting prism coupler is proposed such as M-line spectroscopy. To perform
measurements of the refractive indices and thickness of planar waveguides, a knowledge

of the prism’s characteristics and to accurately measure the angles is required [129].

M-line spectroscopy measurement were performed to obtain refractive index and the
thickness of the waveguides as shown in figure 5.22 using for two modes, namely: the
Transverse Magnetic (TM) and the Transverse Electric (TE) modes excited at 632.8
nm. Using this technique the thickness and the refractive index were determined to

be:

1. Thickness : 1.4951 pum

2. Refractive index: 1.5848

b = 632.8 nm

8

g

—TE
—TM

Intensity (a.u.)
3

8

0 - i i i i
1,65 1,60 1,55 1,50 1,45 1,40

Effective Refractive Index

Figure 5.22: M-line measurement for both modes TE and TM

The planar silica-hafnia waveguides doped with Eu®* are full densified and share no

phase separation at wavelength scale. The measured refractive index and thickness
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sustains a single mode at 1.5pum, which has a long lifetime and which can be used in

photovoltaic device.

5.7 Photoluminescence properties of europium doped

silica-hafnia waveguides

The photoluminescence characterization of SiO, — H fO planar waveguides activated
with Fu®T (Has long lifetime and mostly radiative) were studied with an argon ion
laser at a excitation wavelength of 488 nm. The emission lines due to the rare earth

ions. Eu" in the planar waveguide are shown in (fig 5.23).
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Figure 5.23: Energy level diagram for Fu3T ions.

Figure 5.24 shows the measured photoluminescence spectrum of the 70Si:30Hf:Eu?*
waveguide. The measurements were done at room temperature. The emission spectrum

exhibits four typical emission peaks in the range of 560-700 nm, which result from
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Figure 5.24: Room temperature photolumensence spectrum of Eu?* doped SiOs — H fOs.

Dy —" Fy (J =0, 1, 2, 3 and 4) transitions. The strong emission peak at 613 nm is
ascribed to an electric dipole transition from Dy —7 F of Eu?t, while the emission
near 593 nm is assigned to a magnetic dipole transition starting from Dy —7 F} of
Eu?t. Moreover, there are two weak emission peaks located at 580 and 652 nm, which

are ascribed to °Dy —7 Fy and °Dy —7 Fj transitions of Eu?*, respectively.

From the parity selection rule, when Eu®* ions are located in position with an inversion
symmetric center, the °Dy —7 F} magnetic dipole transition is allowed, which gives

an orange red emission at about 590 nm. But if the ions are located at a position
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without an inversion symmetric center, because of the opposite parity 5d configuration
is mixed into 4f" configuration, this may lift the parity selection. Thus the f-f forbidden
transition are partially released, like the hypersensitive ?Dy —7 Fj electric dipole
transition will be allowed, which gives in the red emission at around 613 nm and
5Dy —7 Fy bands lie at longer wavelengths (705 nm) and are restricted by the energies
of the "F} crystal states below the 5D, electronic state so it has weak features. For
Si/H f waveguide activated by Eu?", the strongest red emission peak located at 613 nm
is observed. It may be presumed that the Eu® ions mainly occupy the non-inversion

symmetric center in host lattice.
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Conclusions

This research project focused on Ag NPs grown by chemical reduction process. The
time of reactions were varied during Ag NPs synthesis, TEM images showed that Ag
NPs of different shapes and sizes were formed at the reaction times. As such the
formation of spherical, prism (triangular) like and fully agglomerated prism like shapes
with diameters of 15, 14 and 16 nm respectively, were obtained. The resonance of the
Ag NPs absorption spectra were in the range of 400 nm and 500 nm. A good agreement
of the resonance absorption cross—section determined FDTD methods based on MEEP
software have been established. Our simulations have shown the dependencies of the

scattering and absorption cross-sections on the size of the particles.

The dependence of the scattering and absorption cross-section of Ag NPs with different
size has been established by MEEP software based on the modified Drude-Lorentz

model and it is in good agreement with the experimental data.

In order to compare the enhancement efficiencies, a reference cell was fabricated in this
format: ITO/PEDOT:PSS/P3HT:PCBM/Al. Then device was annealed at tempera-
ture of 50 °C' in Ar gas for 15 minutes. Then device was the incorporated with different
drops concentration Ag NPs blended in PEDOT:PSS such that the device was in this
design ITO/Ag NPs + PEDOT:PSS/P3HT:PCBM/Al which showed a showed good
performance (varying from the ratio 2:10, 3:10 and 4:10). The enhancement efficiency
was increased from 0.70% to 1.05% for diverse concentrations of spherical Ag NPs and
corresponding to a 50% increase in efficiency attributed to surface plasmon resonance

effect. The incorporation of Ag NPs in PEDOT:PSS of organic solar cells, has shown
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an efficiency enhancement

The optical analysis from UV-Vis spectrometer showed an enhancement in absorption
with different particle shape and sizes. The increase in the ratio of Ag NPs blended in
PEDOT:PSS is seen in the enhancement of I,. and P,,,,. The incorporation of Ag NPs
in PEDOT:PSS of organic solar cells does not change the V,. and Rg significantly.

Enhancing light harvesting has led to greater generation of exciton hence the increase
in I,. and P,,... The results depict an increase in efficiency enhancement after incor-
poration of Ag NPs. The P,,,, and J,. went up by 51% and 53.5%, respectively, from
the reference cell to the cell with Ag NPs.

The planar silica-hafnia waveguides doped with Eu®* are full densified and share no
phase separation at wavelength scale. The measured refractive index and thickness
sustains a single down converted mode at 1.5um, which has a long lifetime and can be
used in light trapping in the photovoltaic device. Both two approaches holds a great

promise in the enhancement and tuning optical absorption in solar cells.
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Future research

In the course of this project, several exciting ideas on the efficient conversion of solar
energy to electricity have been proposed. These ideas range from the modification of
polymer blend to match band gap at which the light emission is maximum to the use of
light management schemes. In this respect, the following should be explored for future

work:

The need to incorporate and vary concentrations of the Ag Nps directly in the

PCBM:P3HT blend and examine the contribution of scattering and absorption.

e The effect of multi-junction can be studied by incorporating Ag and Au NPs

together on the device so that the absorption may be tuned sequentially.

e Ag NPs heats up when exposed to light for a long time, a follow up study should

be done understand the phenomena and its effects on efficiency.

e Implementing waveguides into the organic solar cell through applying quantum

cutting and up conversion layers.

e Study the effect of up and down conversion on organic solar cell doped with rare-
earth elements. This is essential especially in cases which involves the mechanisms

of energy transfer in dual rare earth ions.
e Implement photonic crystal structures in OPV device.

e Combination of Ag NPs surface plasmonic resonance with up and down conver-

sion characteristics to enhance efficiency in OPVs.
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