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Abstract

Photovoltaic (PV) is an environmental friendly technology that promises efficient and
effective harvesting of solar energy. Studies shows that, hydrogenated amorphous sili-
con (a-Si:H) has been used as photoactive and doped layers in thin-film solar systems,
but its photo-conversion efficiency (PCE) is very low due to a thinner absorption layer
and light degradation issues. To overcome these constraints, a better understanding of
system structure, material properties, and device architecture is needed, as even a small
increase in photocurrent has a major impact on photoconversion efficiency. The study
explores the effect of using optically active layers onto amorphous silicon-based thin-
film solar cells such as plasmonic nanoparticles (NPs) and waveguides to modify the
optical response. Incorporating spherical shaped silver (Ag) or gold (Au) nanoparticles
(NPs) in PVs will take full advantage of surface plasmon resonance through the enhance-

ment absorption and scattering of light.

The metallic NPs were synthesized through wet chemistry, where hydrogen tetra-
chloroaurate (HAuCl4) was reduced in 1% trisodium citrate to produce Au NPs and with
Ag NPs, silver nitrate (AgNO3) was reduced in 1% sodium citrate. The TEM and SEM
images revealed 20 nm spherical Au/Ag NPs with plasmon resonance at 500 nm and 550

nm, respectively.

Silica and titania nanoparicles were synthesized through sol-gel process, in which
tetraethylorthosilicat (TEOS) and titanium tetraisopropoxide (77T1P) were reduced in an
ethanolic solution, respectively. SEM images revealed spherically shaped NPs for both
SiO; and TiO, with varying sizes. They both showed absorption resonance at 550 nm

and 680 nm, respectively, with absorption intensity increasing, accompanied by blue
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shift, as the size of the nanospheres increases (same trend is observed by Tsekov et al
[LD).

The Ag@Ti0O,, Ag@SiO, and Au@SiO; core—shell NPs were also synthesized by
sol-gel technique (modified Stober method), TEM images showed 58 nm spherical core-
shell NPs having a shell thickness of about 20 nm and core of 20 nm for Ag@SiO, and
Au@Si0O, core-shell NPs. They showed a plasmon resonance at 500 nm and 550 nm
respectively, with a higher absorption intensity, while spherical 50 nm Ag@TiO, core-
shell NPs showed multiple plasmon resonance between 500 nm and 650 nm.

Furthermore, waveguides were studied where Silica (Si0,), Titania (7i0;) and
Si0,:TiO, waveguides films were fabricated through sol-gel technique. The wavegiudes
thickness was varied from 30 nm to 300 nm. They also showed a transmittance between
30% and 60% at 460 nm and also exhibited absorption at 450 nm to 500 nm, as result of
the film thickness increase.

The surface plasmon resonance by Ag/Au NPs and core-shell NPs (Ag@TiO;,
Ag@Si0,, TiO,, Si0,) has been modelled using MATLAB software based on Mie the-
ory, to calculate the absorption and scattering cross-sections. The simulations showed
spherical Ag/Au NPs and Ag/Au@SiO, core-shell NPs have plasmon resonance be-
tween 400 nm and 550 nm respectively, with an increased absorption intensity. The
Ag/Au@TiO, core-shell NPs showed a plasmon resonance between 500 nm and 750 nm
respectively, also an improved absorption intensity. The optical absorption from simu-
lation for Ag@SiO, core-shell NPs is in good agreement with experimental data for the
same core-shell dimensions and structures.

The PV performances of a-Si solar cells incorporated with metallic NPs, core-shell
NPs and waveguide were investigated. The result revealed that the PCE of the PV de-
vices were all significantly enhanced due to the plasmonic effect of the noble metal
nanostructures. For example, Under AM1.5 illumination, a PCE of 9.86% was obtained
in a-Si solar cell incorporated with Ag@TiO; core-shell NPs, while a reference a-Si solar
cell had a PCE of 6.73%. The PCE of a-Si solar cell incorporated with SiO, waveguide
was increase to 7.53%, which is a good improvement compared to the reference a-Si so-

lar cell with the PCE of 6.74% this might have occurred due to the carrier recombination
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resulting from the fill factor which improved from 50% up to 55%.

Finally, numerical modelling of crystal-silicon (c-Si) solar cell was studied as to
improve the photon absorption efficiency. Device simulations were carried out by solv-
ing Poisson equations for multi-dimensional systems incorporating Plasmonic resonance
dependent core-shell NPs or nanostructures to calculate drift and diffusion currents. The
c-Si solar cell were incorporated with Ag@7i0,, Ag@SiO,, TiO,, SiO, core-shell NPs
and Ag NPs at the top/front end of the device, to promote photon/light trapping and or
forward scattering on the device. The simulation showed an increase on the flow of cur-
rent as the core-shell NPs were introduced onto the device and each of these core-shell
NPs had a unique absorption coefficient. The results predicted the highest increase in

PCE of 28.05% in a c-Si solar cell with Ag@TiO, core-shell NPs.
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Chapter 1

Introduction

1.1 Background

Current efforts to find long term, environmentally friendly solutions to power production
has necessitated harnessing of light energy from the sun. The conversion of sunlight into
electricity is known as photovoltaics (PVs). Research indicates that PVs is a promising
technology which allows for a large scale production of electrical power. Currently, PV
production exceeds 637-653 gigawatts (GW) world wide [2, 3] which suggest to be one
of the best way to solve energy problems (see Figure[I.1). The solar-cells market at the
moment is mostly focused on the costly crystalline silicon in form of wafers, which are
180-300 um thick, which amounts to an inefficient and thus costly waste of precious
bulk material [4]. This then attracts the growth or study of thin-film solar cells, which
are about 1-2 um thick, and are easily deposited on cheap module-sized substrates such
as plastic, stainless steel or glass [5]. Thin-film solar cells are composed of a variety of
semiconductors that are either amorphous and polycrystalline such as Si, GaAs, Cdle

or CulnSe,, as well as inorganic semiconductors [, 6].

However the thin-film solar-cells innovations still have severe shortcomings, such
as bandgap mismatched to the solar emission spectrum which lead to insufficient light
absorption [3]. To date, several light trapping features aimed at improving photon con-
version efficiency on thin-film solar cells have been developed. These include nanowires,
nanocones, photonic crystals, nanoparticles and waveguides [[7]. Improving light absorp-
tion in thin-film solar cell using metallic nanostructures is based on surface plasmons:

1.e. optical excitations of the conduction electrons at the interface between a metal and a
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Figure 1.1: Worldwide growth of photovoltaics [3] .

dielectric [8]. Through a definitive design and synthesis of these metallo-dielectric struc-
tures, light can be concentrated and ‘folded’ into a thin semiconductor layer, thereby
increasing photo absorption. Both, localized surface plasmons excited in metal nanopar-
ticles, and surface plasmon polaritons (SPPs) propagating at the metal/semiconductor

interface are of interest to this study [5, [8].

The plasmonic resonance effect of metallic nanoparticles ( NPs) have already been
implemented in solar cells to enhance the photo—conversion efficiency by at least 10%
[9]. However, the surface of metallic NPs can lead to quenching effects due to the inter-
action of metallic NPs with their environment [[10, [11]]. Also, metallic NPs deposited

on solar cells undergo thermalization over time, which then reduces the effectiveness of
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the device. Covering such metallic NPs with one or more dielectric coatings such as
core-shells structure could be effective in addressing these issues, [12]. Additionally,
encapsulating dielectric shells allow for changes in the plasmonic edge thereby enabling
resonant absorption of the photoactive layer. Introducing silica (SiO,) photonic sphere
containing gold (Au) or silver (Ag) NPs or any other metallic NPs [13,14] is one of the
strategies to incorporate tunable plasmonic resonance with reduced degradation of the

metal plasmonic nanostructures.

Advantages of using SiO; as core-shells NPs embedded with metallic NPs include,
but are not limited to [[15, 16, [17]:

1. Preventing metallic NPs from interacting with oxygen or acidic environment,

2. Influencing the plasmonic behaviour by changing the dielectric environment of
Au/Ag NPs,

3. Preventing Ag/Au NPs core from agglomeration and enhance their chemical sta-
bility and optical transparency,

4. Improving the water dispersibility of Au/Ag NPs,

5. Employing the ability to tune the resonance band of the noble metal nanostructures,

6. Lowering the in degradation of charge carrier mobility, usually caused by local
recombination of excitons and other perturbations of the electronic band structure.
To this end, core—shell nanoparticles consisting of metallic (Au, Ag or Cu) core
coated with an insulating dielectric shell-layer (e.g., of SiO,) can be applied in

photovoltaic devices.

Furthermore thin film based solar cells present a compromise between bulk prop-
erties like the absorption coefficient and the thickness of the absorber active layer. This
calls for the implementation of novel light trapping and scattering mechanisms to the
photovoltaic device [18]. Since resonant light coupling to waveguide modes is only
feasible in small spectral regions, an engineered light-trapping system is required to
effectively address the entire spectrum. Periodic light trapping textures have shown sig-

nificant improvements to the external quantum efficiency (EQE) of solar cells [7].

Note that, improvement in EQE has also been demonstrated by solar cells with
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random textures [19]. However, they remain below the values for solar cells with peri-
odic textures at their resonances due to the lack of optical resonance. Light coupling to
waveguide modes in a system with disordered gratings usually shows a spectral expan-

sion.

Various techniques such as, ion exchange in glass, chemical vapor deposition (PECVD,
LPCVD) and the sol-gel method, can be used for the production of waveguides [20].
Moreover, dip coating of sol-gel fabricated waveguides has proven to be a suitable
method of synthesis, due to its capability to form waveguides at low temperatures [21]].
Depending on the drawing speed, sintering temperature of waveguides varying thickness
can be fabricated. The key parameters (refractive index and thickness) are determined

by prism coupling techniques [22, 23] and morphology control.

Waveguides in photovoltaics, can be fabricated in many shapes and sizes, can be
used as convenient, flexible energy source require heavy cover glasses and alumina
frames. The optimized device exhibited a PCE of close to 6% and the predicted PCEs
are extremely high (up to 18%) [24, 23]].

Further improvements may come from doping the waveguides with inexpensive
luminescent species, leading to luminescent solar concentrators (LSCs) which require no
solar tracking. They have recently gained interest because of their potential for achieving

high optical concentrations with a flat-panel geometry [26]].

The advantage of LSCs rest on the complete internal reflection, achieved when inci-
dent light is absorbed by the luminescent species which is then re-emitted at a blue/red-
shifted wavelength. As a result, only a fraction of the emission is retained in the waveg-
uide [27]. Ideal luminescent species should demonstrate the following spectroscopic
properties: (1) broad spectral absorption with high absorption efficiency, (2) matching
the emitted photons to the spectral response of the edge-attached solar cells, (3) high
photoluminescence quantum yield (PLQY), and (4) minimal spectral overlap or large

Stokes shift [28]].

Unlike conventional concentrators, LSCs concentrate both direct and diffuse light,

potentially produce a high optical concentration of up to 33.6% [29, 30]. Some portion



of the incident light is caught inside the substrate and guided through internal reflection
towards a PV cells set at the edge of the waveguide, where it is converted into electricity
[31]]. Since Webber and Lambe introduced the concept in 1976, several highly efficient
LSCs have been developed [29, 32] including flexible LSCs, which can be obtained by
introducing rubber elastomers (such as silicones) and plastic fibers as waveguides [33,
28]. The flexible LSCs provides more aesthetic design options in the built environment
[28]]. Slooff et al. reported the current world-record photoconversion efficiency (PCE)
is of 7.1%, which was achieved by integrating four GaAs cells into an LSCs I1I-V cells.
More recently, Desmet et al. used single-crystaline silicon solar cells, which are cheaper
than III-V cells, to fabricate LSCs with a high PCE of 4.2% [32, 34]]. For this study

amorphous silicon (a-Si) solar cells considered due to the following reasons:

1. They are the most developed thin film solar cells, because they can be easily de-
posited on a standard glass substrate through various techniques,

2. Low production costs [33]],

3. Their higher optical absorption, makes it easier to incorporate plasmon focused
light management schemes on them. This will then allow enhancement in opti-
cal absorption efficiencies for commercial a-Si:H solar cells in the current market.
While keeping production costs as low as possible, which is a vital factor in ensur-
ing the low-cost commercial viability of thin-film solar-cell-based products,

4. Having large scale PV plants based on rigid and robust panels will dominate global
PVs markets,

5. Most importantly, thin film solar cells are easier to produce compared to standard

c-Si solar cells.

1.2 Problem statement

The efficiency of a-Si solar cells is limited, namely; (a) short carrier lifetimes (450 ps)
in the conduction band, due to recombination leading to charge carrier losses, and (b)

relatively sharp absorption bands and in, some cases their mismatch to the maximum
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solar emission flux limits the efficient photon harvesting from the sunO1 [36].

However they offer a better potential solution to the exigent energy challenges as
well as a means to reducing environmental pollution resulting from reliance on fossil
fuel. For the widespread usage of a-Si PVs, high module efficiency (greater than 15%)

and lifetimes suitable for applications are required 00[37, 38]].

There is a need to improve light harvesting materials, cost effective device struc-
tures, processing methods and modification of the optoelectronic properties of the active
layer in PV devices are crucial in enhancing efficiency. This includes introducing plas-
monics NPs, waveguides and photonic crystals or opals as light management schemes

in PV devices.

1.3 Motivation

PV energy conversion characteristics has ecological effect. As it stands, there are long-
term possibilities to replace the current conventional electricity production with PV pro-
duced electricity. The technological foundation for off-grid electricity determines how
far photovoltaics may advance. Currently there’s a low power distribution or power sup-
ply of PV systems in industrial systems due to expensive PV systems with good PCE,
and cheaper solar cells having low PCE. This then open a room to improve the PCE of
less expensive solar cells, which will then lower electricity costs while also being en-
vironmentally beneficial. This can achieved by using improved optical absorption and
scattering approaches to increase the PCE of a low-cost photovoltaic system such as
a-Si solar cells, which explores and quantifies ways to augment the design of inorganic
and organic solar cells in order to increase their efficiencies using: plasmonic nanopar-
ticles, photonic crystals, waveguides and luminescent waveguides. This will result in
affordable large-scale production PV plants with high efficiencies based on rigid and

durable panels dominating the global PV industry.



1.4 Aim

The aim of the project was to increase the photon conversion efficiency of a cheap pho-
tovoltaic device using several light management schemes through the use of photonic
crystals (such as silica and titania NPs), core-shell NPs (such as Ag@SiO,, Ag@TiO,)
and metallic NPs. These light managements schemes make use of the plasmonic effects
to enhance light trapping on commercial solar solar cells. Metallic NPs were fabricated
by wet chemistry and sol-gel methods. We therefore also aimed to improve efficiency
of sub-receiver modules by combining a single junction solar cells and applying silica
and titania waveguides to guide light in a solar spectral range of 300—1800 nm onto the
device. Furthermore, intermediate reflective layers (/IRL) were explored to modify the

photon distribution in the device.

1.5 Research objectives

The thesis focuses on experimental studies and numerical modelling of Ag/Au NPs, core-

shell NPs and waveguides for the improvement of commercial a-Si solar cells.

The experimental objectives of the project are outlined as follows:

* Synthesis of Au/Ag nanoparticles using wet chemistry route,

* Synthesis of silica-titania, waveguides using the sol-gel technique,

* Synthesis of photonic crystal (SiO; and Ti0,) and core-shell NPs (Ag/Au@SiO,
and Ag/Au@TiO,) using sol-gel technique,

* Incorporation of the Ag/Au NPs in the PV device to promote scattering and ab-
sorption of light through plasmonic effect,

* Incorporation, of photonic crystal (SiO; and TiO;) or core-shell NPs (Ag/Au@SiO;
and Ag/Au@TiO;) in the device acting as intermediate reflectors to balance the

currents,

Incorporation, of silica waveguides in the device to improve efficiency of sub-
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receiver modules through up and down shifting.
The theoretical/numerical objectives of this study are:

» Use Matlab code to simulate the absorption and scattering coefficients of Ag/Au
NP, photonic crystal (SiO, and TiO;) and core-shells (Ag/Au@SiO; and Ag /Au@TiO,)
NPs.

* EmployPV device simulation to determine the drift and diffusion currents which
are modified by plasmonic resonances due to the presence of core-shell nanoparti-

cles.

1.6 Thesis outline

The structure of the thesis is divided in six chapters as follows;

v Chapter-1: Discusses the general impact of photovoltaics. The principle concepts
and the light harnessing features to trap efficient photons are described and the
motivations and the objectives that lead to the present research are stated in some
detail.

v" Chapter-2: Elucidates the working principle and important parameters of solar
cells. The chapter further gives a survey of the current work done to improve the
efficiency of the PV devices and points out future advances.

v Chapter-3: Describes the theory used in the simulation of solar cells embedded
with plasmonic NPs and core-shell NPs. The various developments/applications
as well as detailed derivations of the study are included in this chapter.

v' Chapter-4: Presents the synthesis of Ag/Au NPs, SiO,/TiO, NPsand Ag/Au@SiO;,/TiO,
core-shell NPs. These NPs are then implemented on a commercial a-Si solar cell
and experimental studies are carried out to illustrate PCE enhancement.

v' Chapter-5: Focuses specifically on the synthesis and optical analysis of SiO, /TiO»
waveguides, and their implementations in commercial solar cells.

v Chapter-6: Final conclusions are drawn in this chapter. We also suggest possible

8



continuations of this research.



Chapter 2

Photovoltaics in a Nutshell

2.1 Introduction

In this Chapter, the discussions focuses on the function of a basic solar cell and ongoing
efforts to improve the efficiency of PV devices. The principle mechanisms of light trap-
ping and the geometry needed to trap sufficient photons are described. A comprehensive
exploration of all critical factors affecting the surface plasmon signal and absorption of
core-shell NPs or PhCs on PV module surfaces which were collected for this study are

also in this chapter.

2.2 Renewable energy generation

Ever since the beginning of industrial revolution, fossil fuels have become the dominant
energy resources that have been utilized in most nations of the world. This has signif-
icant ramifications for the environment, and also affects the well being of the global
population. The conversion and subsequent consumption of these petroleum derivatives
as energy sources have lead to the depletion of 75% of the ozone layer. Besides, the by
products of non renewable energy sources have contributed to adverse effects to human

health affecting over 5 million lives annually [39]].

As a consequence, there have been concerted global efforts towards reduction of
CO; emission levels through implementation of green and low carbon emitting energy

solutions [39]. Among the initiatives towards reducing reliance on fossil fuel based
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technologies include the adoption of an energy mix resource strategy to enable inclusion
of renewable energy into the energy matrix. Figure [2.1 illustrates the breakdown of the
global renewable energy mix. Despite hydro-power energy being the leading renewable

energy source, solar and wind energy have, recently, a rapid increase in the relative

contribution.
Renewable energy generation, World
7,000 TWh

Other
renewables

6,000 TWh

5,000 TWh

Wind

4,000 TWh

3,000 TWh

Hydropower

2,000 TWh

1,000 TWh

0 TWh
1965 1970 1980 1990 2000 2010 2019

Source: BP Statistical Review of Global Energy OurWorldInData.org/renewable-energy « CC BY
Note: 'Other renewables' refers to renewable sources including geothermal, biomass, waste, wave and tidal. Traditional biomass is not included.

Figure 2.1: The breakdown of the renewable mix, and the relative contribution of each

energy resource over a 50 year period [39].

Solar energy has recently gained a lot of attention in various research fields. In
this section we shall expound on the families of solar cells that have been developed
for harnessing the solar energy. Figure 2.2 illustrates the potential of solar energy as an
available resource for PV. At every hour there’s about 430 quadrillion Joules of energy
from the sun that hits the earth. Of which, the total amount of energy that all humans
use in a year is about 410 quadrillion Joules [39]. This creates a room for development

and improvement to harness solar energy.
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Figure 2.2: Solar cell spectrum (sourced from [40]).

Figure illustrates the performance benchmarks of single and multiple junction
solar cells that have been developed worldwide. It is evident that GaAs based solar
cells have the highest efficiency but their high production costs preclude their imple-
mentation as PV modules on a large scale. Other low cost PV options include organic
solar cells which are the current subject of intense research to enhance their photo-
conversion efficiency of solar cell and submodules results involving high-efficiency un-
der single/multiple-junction devices [41]]. Figure [2.3 further shows that the GaAs solar
cell has highest efficiency thus far and organic solar cells are still the least efficient,

clearly showing that there is room for improvement.

Silicon based solar cells are one of the best candidates for large scale photovoltaic
conversion of sunlight. However, the indirect bandgap of crystalline Si (c-Si) normally
requires the use of doped layers (100 pm) to obtain sufficient absorption of the near
infrared radiation. This increases costs and energy payback time. Hence, strategies for
enhanced light absorption need to be explored to enable efficient light harvesting by
thinner photoactive layers. One approach is to exploit the large optical cross-sections
associated with local surface plasmon resonance (LSPR), which can potentially lead to

increased electron-hole pair generation in a nearby Si substrates via the strong evanes-
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cent near fields close to the particles.

Efficiency Area Nas L Fill Factor Test Centre

Classification (%) (cm?) \%) (mA/cm?) (%) (date) Description

Silicon

Si (crystalline cell) 267+05 79.0 (da) 0738 42.65° 84.9 AIST (3/17) Kaneka, n-type rear IBC®

Si (multicrystalline cell) 219+04°  40003(t) 06726 4076 79.7 FhG-ISE (2/17)  FhG-ISE, n-type®

Si (thin transfer submodule) 212 + 0.4 239.7 (ap) 0.687° 38.50°4 803 NREL (4/14) Solexel (35 um thick)”

Si (thin film minimodule) 105+ 0.3 940 (ap) 0492  29.7° 721 FhG-ISE (8/07)°  CSG Solar (<2 pm on glass)®

-V cells

GaAs (thin film cell) 288+09 09927 (ap) 1122 29.68" 86.5 NREL (5/12) Alta Devices’

GaAs (multicrystalline) 18405 4011() 0994 232 79.7 NREL (11/95) RTI, Ge substrate'®

InP (crystalline cell) 242+ 05" 1008 (ap) 0939 31.15° 826 NREL (9/12) NREL™

Thin film chalcogenide

CIGS (cell) 217405 1044 (da) 0718 40.70° 743 AIST (1/17) Solar Frontier'?

CdTe (cell) 210+04 10623 (ap) 08759  30.25° 79.4 Newport (8/14)  First Solar, on glass™®

CZTS (cell) 100+ 0.2 1113 (da) 07083  21.77° 65.1 NREL (3/17) UNSW*

Amorphous/microcrystalline

Si (amorphous cell) 102 + 0.3%" 1001 (da) 0.896 16.36° 698 AIST (7/14) AIST**

Si (microcrystalline cell) 119 +0.3° 1044 (da) 0550 28.72° 750 AIST (2/17) AIST*®

Perovskite

Perovskite (cell) 19.7 + 0.6*" 09917 (da) 1104 2467 723 Newport (3/16)  KRICT/UNIST*?

Perovskite (minimodule) 160+ 04" 1629 (ap) 1.029°  19.51 761 Newport (4/17)  Microguanta, 6 serial cells'®

Dye sensitised

Dye (cell) 119 + 0.4 1005 (da) 0.744 2247% 712 AIST (9/12) Sharp'?

Dye (minimodule) 107 + 0.4 2655(da) 0754 2019 69.9 AIST (2/15) Sharp, 7 serial cells*®

Dye (submodule) 88+03 3988 (da) 0697 18427 68.7 AIST (9/12) Sharp, 26 serial cells®

Organic

Organic (cell) 112+03" 0992 (da) 0.780 19.30° 742 AIST (10/15) Toshiba?!

Organic (minimodule) 9.7+03" 2614 (da) 0.806 1647 732 AIST (2/15) Toshiba (8 series cells)*

(a) Single-junction solar cell
Efficiency Area Voc Jsc Fill Factor ~ Test Centre

Classification (%) (em?) ) (mA/em?) (%) (date) Description
11I-V Multijunctions
5 junction cell (bonded) 38812 1021 (ap) 4.767 9.564 85.2 NREL (7/13)  Spectrolab, 2-terminal®®
(2.17/1.68/1.40/1.06/0.73 eV)
InGaP/GaAs/InGaAs 379+12 1.047 (ap) 3.065 14.27* 86.7 AIST (2/13) Sharp, 2 term.2*
GalnP/GaAs{monolithic) 316+15 0.999 (ap) 2.538 14.18° 87.7 NREL (1/16)  Alta Devices, 2 term.?*
Multijunctions with c-Si
GalnP/GaAs/Si (mech. stack) ~ 35.9 + 0.5° 1002 (da) 252/0.681 13.6/11.0 87.5/785 NREL(2/17)  NREL/CSEM/EPFL, 4-term.**
GalnP/GaAs/Si (wafer bonded) 31.3 + 1.1° 3981 (ap) 3.046 L7 87.5 FhG-ISE (3/17) Fraunhofer ISE, 2-term.?”
GalnP/GaAs/Si (monolithic) 19.7 +0.7° 3943 (ap) 2323 10.0° 84.3 FhG-ISE (8/16) Fraunhofer ISE*®
GaAs/Si (mech. stack) 328 + 0.5° 1.003 (da) 1.09/0.683 28.9/111 85.0/79.2 NREL(12/16) NREL/CSEM/EPFL, 4-term.?*
Perovskite/Si (monolithic) 236+ 046 0.990 (ap) 1.651 18.09* 79.0 NREL (8/16)  Stanford/ASU?*
GalnP/GalnAs/Ge; 345420 27.83(ap) 266/0.65 131/93 85.6/790 NREL(4/16)  UNSW/Azur/Trina, 4-term.™

Si(spectral split minimodule)
a-Si/nc-Si Multijunctions
a-Si/nc-Si/nc-Si (thin-film) 140 +04%  1045(da) 1922 9.94¢ 734 AIST (5/16) AIST™
a-Si/nc-Si (thin-film cell) 12.7 + 04%*  1.000(da) 1.342 13.45" 70.2 AIST (10/14)  AIST'S*2

(b) Multiple-junction solar cell

Figure 2.3: Summary of the best-reported measurements for “one-sun" solar cells [41]].
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2.3 The Fundamentals of Solar Cells.

The production of electricity from the sun can be best understood by the mechanism of
photovoltaic effect. This effect involves the absorption of light by the active layer to
generate charge carriers within the material, from the sun can be considered as a stream
of particles known as photons [42]. These photons contain different amounts of en-
ergy that correspond to the different wavelengths of the solar spectrum. When photons
strike a PV cell, they may be reflected or absorbed, transmitted or scattered diffusely
[43]]. The energy of a photon is transferred to a bound electron in the valence band of
the photoactive layer (e.g semiconductor) of the PV device [44]. The photo-absorption
leads to the excitation of the valence electron into the conduction leaving behind a quasi
particle (a hole) of opposite charge. This electron-hole (an exciton) pair can be either
strongly or weakly interacting depending on the dielectric constant of the photoactive
material. In the case of Si, a weakly bound exciton is produced and it can be separated
into free charge carriers using the built in field in the device [45]. Consider the electron
gas models which works perfectly fine for electrons and holes in a semiconductor. Spe-
cial electrical properties of the PV cell, include a built in electric field, which provides

the voltage needed to drive the current through an external load [46, 44]].

The solar cell or PV device can be represented by an equivalent circuit comprising
of a current source, two diodes in parallel to a resistor and a series resistor. This equiv-
alent circuit is also known as the double diode model and it is useful in extracting the
performance parameters of the solar cell [47, 48]. The double-diode model, simulates
the space-charge recombination effect by incorporating a separate current component
with its own exponential voltage dependence [49] (see Figure[2.4.a)). The double diode
model is able to predict the photo and dark currents more precisely and can thus provide
a more reliable representation of solar cell behavior than the single diode model [50].
Figure [2.4.a) illustrate the equivalent diode circuit for solar cell and Figure 2.4.b) show

the I-V curve where characteristics of a solar cell can extracted.
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(a) Equivalent diode circuit for solar cell. (b) I-V characteristics of a solar cell.

Figure 2.4: Circuit structure and I-V characteristics of a solar cell in the dark and under

illumination [51].

The current / flowing in the circuit is determined from Kirchoff’s current laws as

I=1Ip—1Ip 2.1)

where Ip is the photo-current and Ip is the dark current. The photo-current is de-

scribed as

RS ISCRS
I, = Le(1+—5) — I,(en®a — 1) 2.2)
Rsy

where I, is the short circuit current, Ry is the series resistance and Rgy 1s the shunt re-
sistance. Where Ry accounts for the ohmic losses due to bulk resistance and the metallic
contacts, while Rgy is associated with the leakage currents across the p-n junction. And
n is the ideality factor, which is set unity, in case of an "ideal" diode. A full derivation

of the expressions above can be found in [52].
The total current flowing is given by
Ir = L,(e?/™ T — 1)~ Ip (2.3)
where [, is the saturation current, which is related to leakage current under no

illumination. V is the applied voltage across the diode terminals, g is the electron charge,

k is the Boltzmann’s constant and 7 is the absolute temperature (K).

From Figure [2.4.b), for short circuit current (/;.)is obtained when V=0. Thus ap-
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plying equation under these conditions yields:

I, = —Ip 2.4)

For I;. to have a high value, the front surface reflection, transmission losses, as
well as less surface and bulk recombination losses, must be significantly low or minimal
(50, 48]].

When /=0, the open circuit voltage (V,) is given as

kT
Ve = ”71;1(1,3/10 1) (2.5)

In order to have a high value of V. there should be a low flow of /,,, and surface recom-

bination velocities, with high doping densities and large diffusion length [53] 44, 48]].

The Fill factor (FF) represents the overall quality of a solar cell. It is the ratio
between the maximum power (Pax = JimpVinp) generated by a solar cell from the product

of V, with Js. (see Figure 2.4.b)),

FF = M (2.6)
JSCVOC

An ideal device should have a fill factor of 100%. This condition requires that the
shunt resistance Ry be infinite. However under normal conditions of most PV devices
are far from ideal and thus their shunt resistance is usually several orders of magnitude
larger that the series resistance (Ry). FF decreases with increasing size of the band gap,

and with increasing size of the absorption layer (refer to Figure [2.5) [54].

The efficiency (1) of a solar cell is calculated as the ratio of generated electrical

power (P, ) to the input light power (P;,).

_ Prax _ Jmpvmp _ JscVocF F
Pn PR P,

2.7)

The efficiency of a solar cell is an important metric which determines the amount
of the incident solar energy that is converted to useful electrical energy e.g. a 1 m?

solar panel with 15%, efficiency would convert a radiant energy of 1000 W /m? into
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Figure 2.5: FF decrease with an increase of the band gap in the semiconductor and with

an increase of the absorber layer thickness d [33].

150 W of electrical energy at AM 1.5 spectrum for a standard measurement [56]]. The
photoconversion efficiency of a solar cell device is limited by the following intrinsic

factors such as [54, 156, 157]:

* Transmission losses due to non-absorption of long wavelengths,

Thermalization of excess energy of photons,

Total reflection losses at the front and back end,

Incomplete absorption,

e Carrier recombination losses.

A more detailed discussion on these losses will be presented in the subsequent

sections.

2.3.1 Shockley-Queisser Limit for P-N junction

Most of the solar cells contains junctions between (different) materials of different dop-
ing, these junctions are important in the operation of the solar cells. There are different

types of junctions [58]]:
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* A p-n junction which is formed by two chemically different semiconductors,

* p-i-n junctions, where the region of the internal electric field is extended by in-
serting an intrinsic (i), layer between the p-type and the n-type layers. The i-layer
behaves like a capacitor and it stretches the electric field formed by the p-n junction
across itself,

* Finally, the junction between a metal and a semiconductor known as the MS junc-

tion. The Schottky barrier is formed at the metal-semiconductor interface.

The Shockley—Queisser limit, also known as the Shockley Queisser Efficiency
Limit or detailed balance limit or the radiative efficiency limit, is the maximum theo-
retical efficiency of a solar cell when using a single p-n junction to collect power from
the cell where the only loss mechanism is radiative recombination in the solar cell [S9].
This was first calculated by William Shockley and Hans-Joachim Queisser on the semi-
conductor in 1961, giving a maximum efficiency of 30% at 1.1 eV [60]. The maximum
solar conversion efficiency limit is around 33.2% for a p-n junction photovoltaic cell
under 1.5 AM solar spectrum and at a band gap of 1.34 ¢V [61]. Note that the solar cells

with multiple junction are able to exceed this limit [62].

The Shockley-Queisser model in its original form illustrates three fundamental
steps on the solar cell, noting the energy losses associated with each of these steps
[63]. To understand that, we have a look at Figure 2.6 which shows the setting of the

Shockley-Queisser model in its original form. It is presented as sub-figures of Figure

2.6

a. Shown is a schematic of the Shockley-Queisser model, the sun at temperature,
Ty, irradiating a solar cell at an ambient temperature T, (= Teer7) =300 K. The
solar cell interacts with the surroundings by photons with the sun and its the am-
bient. The solar cell emits black-body radiation into the environment and delivers
electrical power to the external circuit.

b. The three essential steps of photovoltaic power conversion, illustrated by an energy
band diagram of a p—n junction solar cell; in which the p (n) semiconductor on the

right (left). The conversion process consists of three steps [64]:
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Figure 2.6: Schematic of the Shockley-Queisser model [59]].

(a) Light absorption with ensuing local thermalization,
(b) Photogeneration and
(c) Charge collection with further thermalization within the semiconductor and
contacts.
The flow of each of charge carrier (electrons in blue and holes in red) into a dif-
ferent contact is governed by the different chemical potentials of the p and n type

semiconductor that make up the junction.

. Typical timescales of these energy losses (note that in Si solar cells, charge transfer

collection and recombination times could be much longer). Non-absorption losses
refers to the photons that are transmitted through the layer due to their energies
being lower than the bandgap (Eg) of the photoactive layer [65].

In terms of the simple equivalent (electrical engineering) circuit of a solar cell,
the Shockley-Queisser model only requires a current source and a diode (the red
photon represents radiative recombination with the current J,,,). However, in non
ideal conditions the solar cell equivalent circuit is appropriately described by the
addition of a second diode which accounts for the non-radiative recombination, of

current J,,,, (the wave representation in blue denotes heat dissipation), a parallel
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or shunt resistance R, and a series resistance Ry [66].

The Shockley-Queisser limit is thus determined on the assumption that the fill factor
of a solar cell assumes the value for an ideal diode. However this is an oversimplification
as real PV devices have much lower FF values. The low value of Fill factor in most solar

cells is attributed to:

1. The voltage drop due to the series resistance R; of a solar cell, which is introduced
by the resistance of the main current path through which the photo-generated car-
riers arrive to the external circuit [[67],

2. Contributions to the series resistance by the bulk resistance of the junction, the
contact resistance between the junction and electrodes, and the resistance of the
electrodes themselves [54],

3. The voltage drop due to leakage currents, which is characterised by the shunt re-
sistance Ry, of a solar cell. The leakage current is caused by the current through
local defects in the junction or due to the shunts at the edges of solar cells [68],

4. The recombination of charge carriers in a non-ideal solar cell [69].

2.3.2 The External Quantum Efficiency

The external quantum efficiency (EQE) (A, ) is the fraction of photons incident on the so-
lar cell that create electron-hole pairs in the absorber, and are thus successfully collected
[70]. It is wavelength dependent parameter measured from the ratio of the generated
photocurrent (,,;,) to the incident monochromatic radiation (wavelength, A, ) illuminated

on a solar cell [71]. The external quantum efficiency is given by this expression

rori - 180

(2.8)

where e is the elementary charge and ®,, is the photon flux incident on the solar
cell. Since 1, is dependent on the fixed bias voltage, the bias voltage on the solar cell.
The photon flux is usually determined by measuring the EQF of a calibrated photo-diode

under the same light source.
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2.3.3 Surface Recombination Effects

Generation and recombination processes that occur due to interband transitions are called
direct generation rate and recombination. They usually occur in direct bandgap mate-
rials, as there is no change in momentum required for an electron that is excited into
the conduction band. These processes are radiative, meaning that a photon is absorbed
when an electron-hole pair is created, and a photon is emitted if electron-hole pairs re-
combine directly. The generation rate is dependent on the density of states, the band
curvature, the carrier lifetime, etc. This section pertinent concepts for generation and

recombination processes.

Y
u
(b) .
. .. nucleus + core electrons ® .. freeelectron
® .. valence electron [].. electron bonds
O .. hole

Figure 2.7: Visualisation of bandgap-to-bandgap (a) generation and (b) recombination

processes using the bonding model and the energy band diagram [[72].

Figure 2.7 illustrates the absorption of a photon by a bound electron in the upper
most level of the valence band. The electron will transition to the top of the conduction
band and undergo Coulombic interaction with the hole in the valence band. Absorption
leads to the generation of an electron-hole pair. The condition for absorption are that the
energy of the photon exceeds the band gap energy of the semiconductor or photoactive

material [[72].
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The absorption profile of the material will therefore be dependent on the wavelength
of the incident photon and the parameter that describes this property is also known as
the absorption coefficient (o). The most frequent approach to calculate the absorption
profile of photons in semiconductor devices is by using Lambert-Beer’s law. In the
present context it means that the photon flux density ®(x,A) , decreases exponentially

with the distance x traversed through the absorber

D(x, 1) = Dy(A)e T¢I (2.9)

where @, is the incident photon flux density at a certain wavelength A density and
o(A) is the absorption coefficient. The photon flux density is defined as the number of
photons per unit area, unit time and unit wavelength. It is related to the spectral power

density P(A) associated with the solar radiation through

®,(1) = P(L) (2.10)

eh
The spectral generation rate g, (x,A ), which is the number of electron-hole pairs gener-
ated at a depth x in the film per second, per unit volume and unit wavelength, by photons

of wavelength A, is calculated according to

gsp(X,A) = M@, (A )el~*H)0) (2.11)

where it is assumed that there’s a zero reflection. 1), is the generation quantum
efficiency, mostly assumed as an equal unity. From this assumption, it means that every
photon generates one and only one electron-hole pair. The optical generation rate Gy (x)
1s calculated from the spectral generation rate by integrating over a desired wavelength

spectrum,

)
Gulx) = [ " gsplx.2)aA (2.12)

1

It has the unit [G;] = cm3s~!. The optical generation rate is related to the absorp-

tion profile A(x) in the film through
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GL(x) = neA(x) (2.13)

hence
X
Alx) = / ®,(A)exp[—a(A)x]dA (2.14)

Due to the photogeneration excess, electrons and holes are generated. The rates of
the generated concentration of generated photo- electrons and holes per second are the

same, therefore now have

dn dap

§|light = E|light =G.—-U (2.15)

where U is recombination rate.

The limiting efficiency of solar cells is one of the fundamental interest in PV re-
search. As stated above it is determined by intrinsic recombination processes occurring
within the semiconductor material, specifically radiative recombination and Auger re-
combination. Green [73]] and Tiedje [74] et al. both proved that Auger recombination
places a severe intrinsic bound under one-sun operation, giving a peak energy conver-
sion efficiency of about 29.8% for a 100 um cell with an isotropic response [74]. Figure

2.8 shows the possible recombination mechanisms in a semiconductor.

E E
Ec E.
t Eph> Eg @
Ey 1B

band-to-band  trap-assisted Auger generation dueto  ionization due to charged
recombination recombination recombination light absorption high-energy particles

(a) (b)

Figure 2.8: Carrier recombination mechanisms in semiconductors [75].

Band-to-band recombination occurs when an electron tumbles from its state in the

conduction band into the unfilled state in the valence band. This band-to-band transition
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is usually accompanied by radiative emission especially in direct bandgap semiconduc-

tors [75,[76]. We thus define the band to band recombination rate (U) as:

Up_p = b(np —n?) (2.16)

where b is the bimolecular recombination constant, i, p are the electron and hole density,

respectively and n; is the intrinsic carrier concentration

Trap-assisted recombination takes place when an electron falls into a "trap"”, inside
the bandgap. The trap energy levels are associated with the presence of impurities or
vacancies or dislocations within the host semiconductor material. When the trap is filled
it cannot accept another electron. The electron possessing the trap energy can in a sub-
sequent advance, fall into an empty/unoccupied state in the valence band [[75]]. This loop
can be visualized as a two-way transition of an electron from the conduction band to
the valence band, or as the destruction of the electron and the opening that meet in the
trap. We will allude to this process as Shockley-Read-Hall (Usgy) recombination rate

and describe it analytically [77]], in the form:

np— ”12
Ei_El )

p+n+2n;cosh(=z

where vj, intrinsic trap recombination velocity, E;) is the intrinsic/trap energy, N, are

Usry = Nyiyo (2.17)

the effective densities of states for the conduction and valence band, k;, is the Boltz-

mann’s constant and 7 is the temperature. ¢ is the trap capture cross section.

This expression can be simplified further for p>> n to:

U,=G,—R,=-"L (2.18)
Tn
and forn >> p to
U,=G,—R,=Lr—Pn (2.19)
Tp
where
1
N NivitG
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where 7,(,) are lifetime parameters (for holes and electrons respectively). R,(,)
is the radiative recombination rate for holes and electrons, respectively. G, is the

generation rate for holes and electrons, respectively.

Auger recombination is a band-to-band transition in which an electron and a hole
recombine, but the emitted photon’s energy is now re-absorbed by another electron or
hole. Since the presence of a third particle influences the recombination rate, Auger

recombination must be treated differently than band-to-band recombination [78]]. Thus

Unuger = Uan(np —n?) +Tpp(np —n?) (2.20)

where I, ) s the total lifetime for electrons and holes, respectively.

2.4 Metallic NPs on the solar cell

Light trapping is a research area that has attracted extensive interest particularly in the
enhancement of light absorption and thus photoconversion efficiency of solar cell de-
vices [[79]. Among the strategies that have been used to enhance light trapping include
the use of metal nanoparticles or nanostructures that exhibit the surface plasmonic reso-
nance in the near field regime [80]. A surface plasmon (SP) is the collective oscillation
of the free electrons in a metallic nanoparticle can result in a strong enhancement of the
electric field in its surrounding [81]. Surface plasmon resonance (SPR) is the resonant
oscillation of conduction electrons at the interface among metal and dielectric permittiv-

ity material invigorated by incident light [82] (see Figure [2.9).

Metallic NPs scatter sun light more efficiently at resonance wavelength. The NPs
scattering and absorption is mostly influenced by shape, size, material composition, host
medium, and volume fraction of the NPs in the host medium [84]. Silver (Ag) and gold
(Au) shows the most effective optical trapping from the material point of view, because
of relative stronger scattering efficiency amongst other noble metals in the visible range

[85]].
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Figure 2.9: Incident light on a metallic NPs causes the conduction band electrons to

oscillates and is known as the localized surface plasmon .

Metallic NPs are oftenly incorporated at the top surface of a solar cell when design-
ing a plasmonic enhanced solar cell as displayed in Figure The interaction of light
with the metallic NPs at the surface of the solar cell is mediated through forward scatter-
ing into the photoactive layer of the solar cell. In this geometry the path length of light is
elongated within the absorbing layer and this leads to increased optical absorption in the
device [86]]. The optical absorption of semiconductors is promoted by the induced lo-
calized surface plasmon of metallic NPs from the concentrated near field intensity [87].
The plasmonic asymmetric modes in NPs have a the ability to improve the broadband

optical absorption properties of the solar cells (for a full detailed explanation see [87]]).
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Figure 2.10: Basic solar cell structure with metallic NPs [44]].

2.5 Core-Shell NPs in solar cells

However, the most used metallic nanospheres are Au and Ag NPs because of their tunable
sizes and shapes, and they also have a narrow-band absorbance (having half-peak width
of less than 100 nm) at 530 and 350 nm, respectively. Despite the promising results of
LSPR in PV cells, the use of bare metal NPs is limited by their chemical stability, due
to surface corrosion, agglomeration, and thermalization. These effects may lead to heat

and recombination losses that affect the performance of the device [88, 89].

Additionally, the NPs can act as electron traps,thereby reducing the electron collec-
tion efficiency in the device. To mitigate these negative effects associated with instabili-
ties of the bare metal NPs, a core shell consisting of a dielectric medium is added. In this
work, SiO, and TiO; have been used as the shell layer to passivate the plasmonic core
[89.190]]. The insulating shell protects the underlying particle from oxidative etching and
also prevents unwanted electron accumulation [91, [92]. The effect of multiple shells
and particle aggregation has also been explored [93]]. The position of the LSPR band
depends on the NP’s size, shape, and dielectric environments (for multiple shells) [89]].

Hence a need to fabricate highly efficient solar cell device that uses plasmonic resonance
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to enhance the photoconversion efficiency, by taking the following considerations into

account [94]]:

* Incorporating broadband plasmonic NPs in solar cell devices to extend the spectral
response of the photo-anode for maximizing light harvesting,

* Optimizing the geometric configuration of plasmonic NPs in solar cells to fully
exploit both far-field scattering and near-field plasmonic effects for further light-
harvesting management,

* Implementing an appropriate coating layer as a shell on the NPs surface for pro-

tection against corrosion and suppress electron recombination.

It is demonstrated in this work that the core-shell NPs (with metallic NPs dielectric)
with enhanced forward scattering on Si based solar cell. The core-shell NPs support

electric and plasmonic resonances [95]].

2.6 Waveguides to guide light in a solar cell

Enhancing photoelectric conversion efficiency of photovoltaic devices with a low effi-
ciency can also be achieved by introducing waveguides on the device [96]. In the present
work, waveguide structures comprising of silica will be implemented in the PV device

as a strategy to enhancing the PCE of a commercial a-Si solar cell.

In this regard, a theoretical description of a planar solar cell incorporated with a
waveguide layer is presented. An incident light beam propagating onto the SiO, layer
(layer 1) undergoes multiple reflections in the Si layer (layer2) -SiO; interface to and
is transmitted through the 3rd sandwiching SiO; layer. If the incident light enters in
each layer i at an oblique angle (6;) and of refractive index (n;), then applying Airy’s
summation for the reflectance and transmittance will yield an absorbance in the active
layer of the form Figure 2.11a} take a planar solar cell coated or doped with a silicon
waveguide layer, which is sandwiched between two layers of silicon dioxide (see Figure

2.11a). The incident light from layer 1 (silicon oxide) undergoes multi-reflection in layer
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2 (silicon) and is finally transmitted into layer 3 (silicon oxide) [97]. Also from Figure

2.11b, we take the refractive indices and light propagation angles in each layer.

X

b //
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W F WesE e
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silicon oxide (approx. 0.4 um) n, >\
2]
| handle wafer silicon | {

(a) ultra-thin crystalline silicon solar cell (b) Light propagation near a layered structure

Figure 2.11: Basic structure for ¢-Si solar cell and refractive-index profile of the optical

waveguide [S1, 98]

The properties of a homogeneous dieletric film situated between two homogeneous
media are shown in Figure [2.11b. From the Frasnel formulae for a transverse electric
(TE) wave (see Born and Wolf for full detailed derivation [99]), the reflection (r;;) and

transmission (7;;) coefficients are given as

nicos0y —nrcos6
= 2.21
2 nicos6; +nycos6, ( )

2nicos6,
ty = 2.22
12 nicos0; +nycos6, ( )

the above equations can be further expressed as

I+ ry3e?i? (2.23)
L+ rpprp3e?? '

2i¢
fataze
= 2.24
1+ r1arp3e? (224

where 7;; and r;; are the Fresnel transmission and reflection coefficients at the inter-
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face of layer i and layer j, respectively,
¢ = koxd = nakocosrd (2.25)

ko = i—” is the wave number in vacuum, and ¢ is the phase retardation for light traveling

0

through layer 2 of thickness d.

Therefore, reflectivity (R) and transmissivity (T) are given by

2 2
i, + 153 +2r12r3c08¢

R = |\r 2 = 226
I 1+ r%zr%3 ~+ 2r12r3c05Q ( )
and
_ n3cos6; 12513, (2.27)
n1cosOy 1+ riyra, +2ri2r3cosd '
Thus
R+T=1 (2.28)

The absorption A is given by application of the law of conservation of energy [100]
A=1—-R-T (2.29)

From Airy’s summation [99, 101], the absorbance of the active silicon layer can be

written as [102].

ri2 + F2362i¢ |2 B n3cos6; t12t23€2i¢

A=1- - '
| 1 + ryze%i¢ nicos@; 1 +tjor3e?¢

(2.30)

When the denominator of the second and third terms vanishes, the absorbance of
equation has singularities. These singularities are complex wave number plane

poles whose positions are determined when

r12r2362i¢ = 1 (2.31)

Now for the waveguide modes trapped by the total internal reflection (71R) one

must require that 6, > 6, and |r;;| = |r23| (see Figure 2.11b)
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The dispersion relation of the waveguide modes can be written as follows [101].
2kox —2¢01 —2¢03 =2m7 (2.32)
with m representing the mode index number

For light propagating in the the region 6, < 6, and |ry1| = |r23| < 1, the singular-
ities from absorbance transfer to a kp, complex plane, where the poles correspond to

waveguide modes on the real axis and escape cone modes on the complex plane.

The phase angles for the escape cone modes are close to zero i.e. ¢ = ¢3 ~ 0,
because the extinction coefficient of silicon is small compared to the actual part of the

refractive index in the spectral range of interest.

2kpe=2mnw (m=0,1,2,3...)) (2.33)
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Chapter 3

Numerical modelling of PV

devices

3.1 Introduction

This chapter presents a discussion on the simulations of the absorption and scattering
cross-sections of plasmonic spherical nanoparticles, core-shell nanostructures on a solar
cell device. This treatment follow the detailed presentation on the physics of Si based

solar cells.

3.2 Theoretical principles of plasmonic resonance in sin-

gle and core-shell NPs

3.2.1 Theoretical point of view

In this section the mathematical formulations for absorption and scattering from a core-
shell nanospheres/nanoparticles are presented. Figure [3.1 shows a spherical core-shell
NP having a inner radius of the core a and outer radius of the shell 5. We computed Mie

efficiencies Q of a homogeneous spherical core-shell nanoparticles.

Mie theory was used to solve Maxwell’s equations for spherical particles [104,

105]. The Mie theory can be used/implemented in MATLAB software to measure
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Figure 3.1: Scattering for non-interactive core-shell nano-sphere [103].

the optical efficiency parameters including extinction, absorption, and scattering for
nanoparticles of various diameters and shell thicknesses [106]. The absorption Q.
scattering Qqqq, and extinction Q,,, efficiency for spherical NPs coexist under quasi-

static conditions.

The optical efficiency parameters such as the absorption and scattering of spherical
nanoparticles with varying dimensions can be calculated from Mie scattering by consid-
ering the primary scattering from the surface of the sphere and the secondary component
caused by refraction within a particle. We thus compute the efficiency for radiation in-
teraction by normalizing the scattering and absorption cross-sections with the particle

cross-section in the form

0= 3.1)

a7

where Q; efficiencies for the interaction of radiation with a scattering coated sphere
of radius a, o; is the normalized cross-sections, and i it can be either extinction (i=ext),

or absorption (i=abs), as well as scattering (i=sca).

The energy conservation law connects efficiencies as follows:

OQext = Qubs + Oscar (3.2)
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The scattering and extinction efficiency is given as [[107].

2"
Qext = 13 g (2n+ 1)Re{a, + b, } (3.3)
2 2
Oscar = @ Z (2n+1)(|ap|> + |ba]?) (3.4)
and
Mo = X+ 4x3 +2 (3.5)

Mie coefficients a, and b, are the amplitudes of the scattered field given as [[108]:

2 i (1) [ ()] — Jin () [0 jn ()

(3.6)
() Ll ()] — R () [ ()

an:

and
() i ()] = () [ ()]
(o) Ll ()] = R () [ ()

Here m = my/my, m; and m; are the refractive index of the coated sphere, inner

b, = (3.7)

and outer layers, respectively, relative to the ambient medium. All infinite series can
be truncated after n,,,, terms (see Bohren and Huffman (1983) text book [109]), where
X = 21” is the size parameter, r = a + b is the total coated particle radius as a sum of
inner radius and b outer thickness layer (as shown in Figure [3.1). j,(Z) and h,(Z) =

Jn(Z) +iyy(Z) are spherical Bessel functions of order n [110].

The quasi-static approximation simplifies the equations significantly and eliminates
the need to measure spherical Bessel functions when simulating the absorption, extinc-
tion and scattering cross-sections for core-shell NPs. In the quasi-static approximation,
the expressions for the electric field are obtained by allowing the wavelength to tend to
infinity in relation to the particle size [[111]. The extinction, scattering and absorption

cross-sections are given as

Ges = 22 m{a(®)) (3.3)
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8w 5
Oscar = ?w‘(w” (39)

and

8mw?t
3c4

2T W
Oabs = Oext = Oscar = —_—Imia ()} — (o) (3.10)

where c is the speed of light, @ is the angular frequency and « is the complex

polarizability of the particle given by

(Eshetr — €m) (Ecore + 2Eshent) — f (Ecore — Eshelr) (Em + 2Esneir)

o =A4mr?
shell (gshell + 28m) (ecore) + f(zgshell — 2€m)(8core - gshell)

(3.11)

where €.ore, Egnerr and €, are the dielectric functions of the core, shell and surround-
ing medium, respectively. reore, Fspenr are the radius of core and shell respectively, and f

= (Feore/ Vshell) 1/3 is the fraction of the total particle volume occupied by the core.

In this study, the simulations of the absorption/scattering cross-sections of Ag/Au
NPs, SiO,, Ag/Au@SiO,, TiO> and Ag/Au@TiO;, core—shell NPs were computed, by
varying the shell size and keeping the core size fixed and visa verse. The dependence of
the complex dielectric function of metallic NPs on size are presented by replacing the
bulk relaxation constant in the Lorentz-Drude dielectric function by a radius r dependent

quantity as follows [[112].

2
e(or) = gur(o) + wg(wzlrgo + w21“1(r)2) +i%(a)2 i(;)(r)z _ a)zlj:Fi,) (3.12)
where
2
Epur(®) = 1+, > _i)";ai”iwrm (3.13)
I(r) =T +AVTF (3.14)
and
r.— ﬁ_F (3.15)
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o is the angular frequency, @, is the plasmon frequency of metallic NPs, G, is the
strength of each resonance term, I}, is the damping factor or collision frequency, v is
the Fermi velocity, /. is the mean free path in bulk metal, A is a shape-dependent factor
and can be taken as 1 for spherical particles. @, is the resonant frequency, and Table[3.T

shows the parameter values used in the calculations.

Table 3.1: Parameters used to calculate absorption and scattering cross-section of Au/Ag

NPs, Au/Ag@SiO, and Au/Ag@TiO; core shells NPs

Constants used Value

o Au= 8.6, Ag=9.01, eV
O [0.000 0.816 4.481 8.185 9.083 20.29] eV
T, [0.048 3.886 0.452 0.065 0.916 2.419] eV
Eoo Au= 6.88, Ag=3.71, Si0,=3.6, Ti0,=18.9
Gom [0.845 0.065 0.124 0.011 0.840 5.646]
vp 1.39 x10% ms~!

loo 52 nm

h 6.528 x10~16 eV.s

e 1.602 x10~1°C

m 9.011 x103%g

£ 8.854x 10" 12m=3572472

3.2.2 Optical data modeling results.

For non-interacting spheres, Mie’s theory explains the absorption and scattering of es-
sentially spherical particles or core—shell. If one takes only the dipole approximation
into account, the classical plasmon frequency is proportional to (Ne?/ 8m80)1/ 2, where
N is the free electron density, e is the electronic charge, m is the electron mass, € is the

dielectric constant, and &, is the permitivity of free space [[113, [114]. Optical proper-
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ties of bulk media were used to calculate the absorption and scattering of the core-shell

nanoparticles using the quasi-static approximation.
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Figure 3.2: The absorption and scattering cross-section of 30 nm spherical Ag And Au

NPs

Figure 3.2 shows the absorption, scattering and extinction cross-sections of a 30 nm
spherical Ag and Au NPs. The spherical 30 nm Ag NP in Figure shows the plasmon
resonance at 410 nm where absorption is dominating than scattering and is accompanied
by sharp peaks. For the spherical 30 nm Au NP in Figure the plasmon resonance
is observed at 540 nm with a high absorption of light and very low scattering of light
accompanied by broader peaks. Au NPs absorbs light better than Ag NPs, whilst Ag NPs

scatters light more than Au NPs.

Figure 3.3 shows the absorption, scattering and extinction cross-sections of a 50nm
spherical SiO; and TiO, NP. Both SiO; and TiO, NPs scatters light rather than absorb
light. Hence they are chosen as shells in our studies. Furthermore, the noble metallic
NPs (Au/Ag) encapsulated by oxides ( SiO,/TiO,) NPs are studied, where the size of the
metal core (Ag/Au NPs) was fixed at 30 nm, while varying the size of the (Ti0,/SiO,)
shell thickness from 5,10,15,25,30,40 to 50 nm.

On silica encapsulation, there are blue shifts observed as the shell thickness is in-
creased from 5 nm up to 50 nm, Figure [3.4 shows the absorption and scattering cross-
section of Ag/Au@SiO, core-shells NPs having different shell thickness with the same

core size of 30 nm. A plasmon resonance is observed at around 410 nm up to 430 nm,
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with an increase in the absorption intensity and exhibiting sharp peaks. The sharp peaks
are accounting from the Ag NP (Figure shows a sharp peak of Ag NP). Figure
shows their scattering cross-sections, the Ag@SiO;, core-shell NPs absorbs light than

scatters light when compared and a blue shift is also noted as shell-thickness increases.

The increase in absorption intensity is due to strong scattering field and the asym-
metry of the peaks is due to the Fano resonance between the core and the dielectric shell.
Where Fano resonances are seen in light scattering (see Figure from the spherical
Ag@SiO; core-shell NPs, the damping factor of metals may be too great to see them
clearly from absorption. The interference between a spectrally overlapping large res-
onance or continuum and a narrow discrete resonance are shown in Figure it is

evident that there are Fano resonance [[115].

Then again the absorption and scattering cross-section of Au@SiO; core-shell NPs
(see Figure [3.4c|and Figure [3.4d] respectively) were studied. As the shell size increases,
a red shift is observed with broad peak, the broad peaks are attributed to Au NPs (as seen
in Figure [3.2b). Figure illustrates that the absorption intensity increases with an
increasing shell thickness and showing a plasmon resonance between 530 nm and 550
nm accompanied by red shift due to the increase in the electron density with increasing
NPs diameter, also with an increase in the absorption strength. The electron mean free
path determines the frequency of collision of the free electrons with the neighbouring
surfaces, thus one would expect the imaginary component of the dielectric function to
increase. Additionally, the surface scattering (see Figure does not change the
position of the resonance but it increases the coupling with the resonance modes, electric

field and this leads to broadening and increase in the intensity of the resonance [116].

Thus, the increase in the peak width is due to the confinement of the free electrons
within the metal core (surface scattering). However, this is true only in the case of
smaller particles, where the particle dimension is much smaller than the wavelength of

electrons (below 25 nm, for gold particles) [117].

Regarding titania core-shell NPs, Figure [3.5 shows the absorption and scattering

cross-section of Ag/Au@TiO; core-shells NPs having different shell thickness with the
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Figure 3.5: The absorption and scattering cross-section of Ag/Au@TiO, core-shells NPs

having different shell thickness with the same core size of 30 nm.

same core size of 30 nm. Figure |3.5a shows the absorption cross-section of Ag@Ti0O;
core-shell NPs where there’s a huge red shift on plasmon resonance as the shell increase
from 5 nm to 50 nm. The a huge plasmon resonance shifts is noted from the small
thickness of 5 nm having a resonance peak at 520 nm to highest shell thickness of 50
nm with a plasmonic resonance of 650 nm. The huge red shift are attributed due to an
effective medium where the dielectric properties of the shell dominates. Titania has a
higher dielectric constant, where the lowest is 18.5 and it can go up to 90. It is also noted
that as the titania shell thickness increases there is an increase in absorption strength.
Figure [3.5b| shows that the Ag@TiO; core-shell NPs has strong scattered fields, where
the scattering cross-section is half the absorption cross-section for each core-shell NPs.

Again the position of the scattering peak are in the same position with the absorption
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peak for each core-shell NPs.

The same trend seen in Ag@TiO, core-shell NPs is also observed in Au@TiO,
core-shell NPs (seen Figure|3.5c), a 5 nm shell thickness gives as plasmon resonance at
550 nm which more likely positioned the same with the plasmon resonance of Au NPs
and the big shell thickness (50 nm) gives a plasmon resonance at 730 nm, then again
a huge skip red shift is also noted as the shell thickness increases. From these results,
it is seen that the absorption cross-sections intensity increase with an increase of the
shell thickness. The huge red shift may be attributed to an effective medium where the
dielectric properties of the core being dominated by shell’s dielectric properties [116].
The same trend that is observed in the scattering cross-section of Au@7i0; core-shell
NPs (see Figure [3.5d), scattering intensity is half the absorption strength as the shell

thickness increases.

A further study on core-shell NPs was carried out, where the shell thickness was

kept constant at 30 nm and the core sizes were varied (from 10, 20, 30, 40 to 50 nm).

Figure[3.6 shows the absorption and scattering cross-section of Ag/Au@SiO, core-
shells NPs having different core sizes, with the same shell thickness of 30 nm. Figure
B.64|illustrates the absorption cross-section of Ag@SiO; core-shell NPs with varied core
size from 10, 20, 30, 40, 50 nm. A plasmon resonance is observed at around 410 nm
up to 450 nm, with an increase in the absorption intensity. The absorption intensity
increase with an increase of the core size. A notable difference in increase in absorption
strength and peak positions between increasing the shell thickness and core sizes. When
comparing the two, it is evident that increasing the core size while keeping the shell
thickness constant has a high impact on the absorption strength/intensity. In this case
the peaks are no longer sharp, but rather fine as the size of the core increases. A blue

shift is noted, as a result of the increase of the core sizes.

The increase in absorption intensity is it due to a strong scattering field (see Figure
3.6b) and the asymmetry of the peaks is this due to the Fano resonance between the core
and the dielectric shell. Where in this case, Fano resonances are seen in light absorption

of Ag@SiO, core-shell NPs (see Figure[3.6a). The scattering cross-section of Ag@SiO,
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Figure 3.6: The absorption and scattering cross-section of Ag/Au@SiO, core-shells hav-

ing different core sizes with the same shell thickness of 30 nm.

core-shell NPs is shown in Figure where the scattering strength is 3/4 of the

absorption strength as the shell thickness increases.

Then again the absorption and scattering cross-section of Au@SiO; core-shell NPs
(see Figure[3.6c|and Figure|3.6d, respectively) is also studied. As the core size increases,
minimal peak/resonance shifts are observed but broader peak are seen. The broadening
of peaks is attributed to the increase in size of the Au NPs. Figure |3.6¢|illustrates that
the absorption intensity increases with an increasing core size and shows a plasmon
resonance at 550 nm. The scattering cross-section of Au@SiO; core-shell NPs is shown
in Figure where the scattering strength is 3/4 the absorption strength as the shell

thickness increases.
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Figure 3.7: The absorption and scattering cross-section of Ag/Au@TiO, core-shell NPs

having different core sizes with the same shell thickness of 30 nm.

Figure[3.7 shows the absorption and scattering cross-section of Ag/Au@TiO, core-
shells NPs having different core sizes with the same shell thickness of 30 nm. Figure
shows the absorption cross-section of Ag@TiO, core-shell NPs where there’s a
slight red shift on plasmon resonance as the core sizes increases from 10 nm up to 50
nm. There is a red plasmon resonance shift from 650 nm to 660 nm and it is accompanied
by high absorption strength. The red shift is attributed to an effective medium where the
dielectric properties of the core dominates, regardless of the fact that titania has a higher

dielectric constant. As the core gets bigger the dielectric of the core becomes dominant.

Figure|3.7b|shows that the Ag@TiO; core-shell NPs have strong scattered intensity,
where the scattering cross-section is 3 /4 the absorption cross-section for each core-shell

NPs and the position of the scattering peak are in the same position with the absorption
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peak for each core-shell NPs.

Furthermore, the absorption and scattering cross-section of Au@7i0O, core-shell
NPs are shown in Figure|3.7c|and Figure respectively. As the core size increases, a
slight red shift is observed. Figure illustrates that the absorption intensity increases
with an increasing core size and shows a plasmon resonance at 700 nm and it is accom-
panied by high absorption intensity. Varying the core sizes resulted in high absorption
intensity than varying the shell thickness. These results suggest that the dielectric of
the particles increases as the size of the particles increases. The scattering cross-section
of Au@TiO; core-shell NPs is shown in Figure [3.6d, where the scattering intensity is

almost the same as the absorption strength of the shell thickness increases.

3.3 The J-V characteristics simulations of the solar cells

Absorption profile depends on the intrinsic and extrinsic properties of materials. The
intrinsic properties of materials include the absorption coefficient and it is dependent on
the electronic band structure parameters such as the density of states and the oscillator
strength specific to the material. On the other hand the extrinsic factors such as the
geometry/thickness of the material are process properties that determine the profile of
optical absorption. In this section a detail treatment of the current-voltage characteristics

of a solar cell device will be presented.

3.3.1 J-V Simulation Methods

Device simulations are a crucial part of the development of more efficient types of solar
cells because they allow us to test an idea or device before or reduce the potential cost
and numerous time consuming steps in device characterization and optimization. The

necessary simulation parameters are usually taken from experiment.
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Consider Maxwell’s equations [118],

= = aé
VXE =" 1
X o (3.16)
V.-B=0 (3.17)
= — - l_j
V><H=J+a—t (3.18)
V-D=p (3.19)

where E is the electric field, H the magnetic field, D the displacement vector, and
B the magnetic flux density vector. J denotes the conduction current density, p is the

electric charge density, and d/dr is the partial derivative with respect to time

Equation depicts the generation of an electric field due to a changing mag-
netic field (Faraday’s law of induction), equation predicts the absence of magnetic
monopoles (magnetic sources or sinks), equation depicts how an electric current
and a change in the electric field produce a magnetic field (Ampere-Maxwell law), and
equation [3.19] correlates the creation of an electric field due to the presence of electric

charges (Gauss’ law)

Poisson’s equation correlates the electrostatic potential @ to a given charge distri-
bution p. It can be derived from equation using the relation between the electric

displacement vector and the electric field vector,
D=2.E (3.20)

where € is the permittivity tensor. As V x E = 0 for the stationary case E can be

expressed as a gradient field of a scalar potential field

—

E=-V® (3.21)

Substituting [3.20]and [3.21]in[3.19| we get

V.8.Vd=—p (3.22)
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The permittivity is considered as a scalar, which is constant in homogeneous mate-

rials. The Poisson’s equation is obtained as

V.V = —% (3.23)
The space charge density p
p=q(p—n+C) (3.24)

where ¢ is the elementary charge, p and n are the hole and electron concentrations,
respectively, and C is the concentration of additional, typically fixed, charges. These
fixed charges can originate from charged impurities of donor ( Np) and acceptor ( Np)

type and from trapped holes (p,) and electrons (p,),

C = Np—Na+Pp—Pa (3.25)

From equation [3.23|and [3.24| the Poisson’s equation for semiconductor device sim-

ulation is given as

V.V® = =(Np—Ns+pp—Pn) (3.26)

(Ll xe}

Applying the divergence operator V-, to the continuity equations (equation |3.27),

and considering that the divergence of the curl of any vector field equals zero

]l

)

V.VxH=V.J+V.
ot

=0 (3.27)

The total current density J into hole and electron current densities, J = fp +J,, are

given as

j,; = qum%ﬁ + qD,m%n (3.28)
T, = qu,pVE + gD,V p (3.29)

where J,(,) is the charge current density of electrons (holes). L, is the elec-
tron/hole mobility, and D is electron diffusion coefficient. The first term in each equation

is for drift and the second term is for diffusion.
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The simulations are obtained with python, with the help of sesame, numpy and scipy

libraries (see [[119] for documentation on how the libraries work) for the PVs devices.

Sesame describes the steady state behavior of a system, that is governed by drift-

diffusion equations and the Poisson equations introduce the equations below [120, [119]

V-J,=—q(G—R) (3.30)
V-J,=(G—R) (3.31)

The Poisson equation is given as

—

V- (eV®)=—p/e (3.32)

Where G, is the electron/hole pair generation rate density and R is the recombi-

nation rate density.

The short-circuit current density Jy. is calculated for different values of the absorp-
tion coefficient. The python program is implemented using the variables in table [3.2

[119,120].

In calculating the current density J in solar cells, the most critical parameter are the
diffusion length, surface passivisation and absorption coefficient. For a solar cell with
perfectly passivated surface and uniform generation, the equation for the short-circuit
current can be approximated as [119]:

e—ad

14+ oL

where « is the absorption coefficient, d is the width of the depletion layer and L is

the electron diffusion length given by

L=+/Dt (3.34)
7T is the lifetime parameter (for holes and electrons) and D is the electron diffusion
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coefficient in cm? /s~! given by

D=kTu/q, (3.35)

where 1 is the mobility of the charge carriers, k is the Boltzmann constant in

m?kgs—2k™', g is the electron charge and T is the temperature.

Note that diffusion length and the electron diffusion coefficient are calculated on

the code (see documentation [119] )

Introducing photonic crystals or core-shell NPs such as SiO,, TiO;, Ag@SiO;
and Ag@TiO, on the c-Si solar cell, is expected to enhance the photon absorption of
the PV device. Adding these materials would give a different absorption coefficient
according the type of material (this method is explained well in [121]). Here are the
absorption coefficient for the reference solar cell and the ones embedded with Ag NPs,
SiO,NPs, TiOy NPs, Ag@SiO, core-shell NPs and Ag@TiO, core-shell NPs are as
follows 2.32x10% 3.685x10°, 2.681x10°, 6.909x10% 3.316x10° 5.759 x10° (cm™")

, respectively and were taken from [122, 121]

We studied c-Si:H PVs just as proof of concept that as we introduce core-shell NPs

that there would be an improvement on optical absorption and PCE.

3.3.2 J-V Simulation Results

Figure [3.8 shows the J-V characteristic of a p-n junction, the c-Si solar cell coated with
different layers containing particles (such as Ag NPs, SiO, NPs, TiOy NPs, Ag@SiO,
core-shell NPs and Ag@TiO; core-shell NPs each having a diameter of 50 nm and it is

assumed that they are uniformly distributed on the solar cell.

Figure [3.8 shows an increase in current density upon incorporation of Ag NPs,
Ag@Si0,/TiO; core-shell NPs and SiO,/TiO; nanospheres on the surface the solar
cell and are homogeneously distributed. The reference c-Si solar device has the lowest

short circuit current density (Jy.). The open circuit voltage (Voc) is nearly constant for
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Table 3.2: The parameters used in simulating the J-V characteristics for a single crys-

talline silicon solar cell

Symbol Description Standard values

[ photon flux cm 2571, 3 x107

na Acceptor concentration cm . 1 x101
np Donor concentration cm™>. 1x10!7
N, Densities of states of the valence bands cm 3. 4% 1020

N, Densities of states of the conduction band ¢m 3. 4% 1020

e electron mobility cm?/V's 5x10°

i hole mobility cm?/Vs 4.5x10°

o Light absorption coefficient cn~! 2.32x10* -
q Charge of electrons C. 1.60218 x10~1°
T Lifetime of holes in the valence band in s. 604x 1076

Te Lifetime of electrons in the conduction band in s. 604 x10~°

T Temperature in K. 300 K

k Boltzmann constant in m?kgs kL. 1.38064852x 10~
d Thickness of thin film (m) 250x106

\Y% Photovoltage in V. 0-0.95

€ Material’s dielectric constant 11.7

E, Energy band gap of the material (eV) 1.21

all devices, suggesting that the incorporation of the nanostructures does not significantly

affect the band alignment in the active layer.

The absorption and scattering cross-section simulations of the core-shell NPs re-
vealed that the absorption dominates scattering of light, on the plasmonic resonance.
This suggest that LSPR of Ag NPs may produce more photo-generated charge carriers
due to higher active layer absorption, resulting in a larger electromagnetic field enhance-

ment near the metallic NPs [123].
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Figure 3.8: J-V curve of c-Si solar cell incorporated with Ag NPs, SiO, NPs, TiO, NPs,
Ag@Si0O; core-shell NPs and Ag@TiO; core-shell NPs.

Table [3.3 shows that the current density (Jy.), fill factor (FF), open circuit voltage
(voc) and photo-conversion efficiency (PCE) of the simulated c-Si solar cells with and
without metallic NPs an core-shell NPs. Incorporating the c-Si solar with Ag NPs, SiO;
NPs, TiO, NPs, Ag@ SiO; core-shell NPs and Ag@TiO, core-shell NPs has improved the
PCE significantly due to the plasmon resonance originating from Ag NPs. The advantage
of using silica or titania as shells will reduce thermalization and agglomeration of Ag
NPs at the surface or in the vicinity of the device and ensures that the Ag NPs take full

advantage of LSPR and light absorption/scattering.

Accordingly, the PV performance of the solar cell with Ag NPs and a SiO, nanospheres

improved substantially as shown in the J-V curve in Figure3.8.

In the summary of table @ the reference c-Si solar cell has a Jy. of 3.61 A/cm?
which is the lowest of them all. The V¢ for all samples remains the same at 0.70V ex-
cept for the reference device is at 0.68V. There’s a notable increase in J., FF and PCE
upon incorporation of metallic NPs and core-shell NPs. The current density improved
from 3.61 A/cm? with the reference c-Si solar cell up to 4.77 A/cm? with a device incor-
porated with Ag@TiO; core-shell NPs. The result demonstrates that the incorporation
of different core-shell NPs brings an improvement in fill factor which improved from

0.78 up to 0.87, resulting from a device incorporated with Ag@TiO; core-shell NPs due
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to far field effects. The PCE improved very well, and this accounts from the enhanced
light absorption coming from the LSPR due to the Ag NPs in the device, which also
contributes to the improvement of electron transport. The results or rather the calcula-
tions shows that the ¢-Si solar cell incorporated with Ag@7i0O, core-shell NPs has the
most improved PCE of 28.05%.

We also observed that current density (Jy.) c-Si solar cell with Ag@TiO; core-shell
NPs having highest (J.) of 4.77 A /cm? and the lowest of 4.03 A /cm? was recorded from
the device with SiO, NPs. The results shows that the surrounding dielectric medium
and interactions with the conduction electrons of the metal core lead to polarization
that affect the resonance of the localized plasmonic modes which then leads to good
improvement in the PCE [124]. These findings show that due to increased active layer
absorption, LSPR of Ag NPs may have produced more photo-generated charge carriers,

resulting in a bigger electromagnetic field enhancement near the metallic NPs [123].

The reference c-Si solar cells exhibited a PCE of 21%, but after incorporating with
core-shell NPs there was an increase in PCE to 28.05% with Ag@TiO, core—shell on

the device.

The increase in PCE and Jy. is also attributed to the increased photon flux, the en-
hanced electromagnetic field of Ag NPs, and the enhanced visible-light absorption ow-
ing to the large-size Ag NPs. Consolidation of plasmonic core-shell NPs has improved
the light collecting ability of the photoanode and subsequently essentially improved the
exhibition [125,126].

Devices incorporated with core-shell NPs and Ag NPs had closely related V,,. val-
ues, which are higher from the reference. The incorporation of noble mental leads to the
down-shifted quasi-Fermi level, while V,,. is proportional to the difference between the

quasi-Fermi level [127].

With Ag@SiO, core—shell NPs, PCE improved to 26.43%, while the PCE of the
simulated c¢-Si solar cells with Ag NPs improved to 24.46%. But the PCE of device
with SiO; increased to 22% from 21% of the reference device, which gave the lowest

improvement in PCE and the one with 7iO; NPs improved to 26.24%. Clearly the

51



increase in PCE on the devices is attributed to the preferential light scattering into the

device by the LSPR effect of the Ag NPs.

Table 3.3: The summary of J-V characteristics for a single crystalline silicon solar cell

c-Sisolar cell Vo (v) Jsc (Alem*) FF % PCE

Ref 0.68 3.61 0.83 21.00
c-Si:Ag NPs 0.70 4.16 0.84 24.46
¢-Si:S510, 0.70 4.03 0.78 22.00
c-Si:TiO, 0.70 4.26 0.88 26.24
c-Si:Ag@SiO,  0.70 4.37 0.87 2643
c-Si:Ag@TiO,  0.70 4.77 0.84 28.05

3.4 Conclusion

In this chapter, the utilization of complete use of LSPR for the enhancement of solar
cell 1s described and achieved. Having non-interacting spheres, the quasi-static approx-
imation was used to elaborate the absorption and scattering of spherical nanoparticles
or core—shell nanoparticles. The absorption and scattering cross-section of Ag and Au
NPs was studied in under 2 distinct dielectric. The simulations have shown strong de-
pendence of plasmon resonance with varying NPs sizes. The Ag@SiO; core-shell NPs
absorption cross-sections showed an increase in the magnitude of the absorption as the
shell size/thickness was increased (the core size was kept the same through out) and a
blue shift in the plasmon resonance is observed. From this study, it was also observed
that the 50 nm Ag@SiO, core-shell NPs had higher absorption resonance at 450 nm. On
the other hand the simulation of Ag@TiO;, core—shell NPs revealed a huge red shift in
plasmon resonance as the shell thickness of titania increased. The red shift was observed
from 530 nm up to 680 nm, which indicates that titania dielectric medium is better than

silica in absorbing photons and it was also observed that 50 nm Ag@TiO; core-shell
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NPs and had a good absorption efficiency (see Figure [3.5). The same effect was ob-
served for Au@SiO, and Au@TiO, core-shell NPs. Furthermore, the size of the core
were varied (from 10, 20, 30, 40 and 50nm) and the shell thickness was kept at 30 nm,
the pick shift were minimal for both Ag/Au@SiO; and Ag/Au@TiO, core-shell NPs
or rather maintained the position of the shell thickness. The absorption and scattering

intensity for both core-shell NPs were nearly the same.

The J-V calculation were performed, for a crystalline silicon (c-S7) solar cell with
and without 50 nm core-shell NPs incorporated. The simulation showed an increase on
current density as the core-shell NPs are introduced on the device (Figure[3.8). From ta-
ble @ the reference c-Si solar cell had a J;. of 3.61 A/ cm? and was increased/improved
to 4.37 A/cm? with Ag@SiO, core-shell NPs, which further went up to 4.77 A/cm?
with Ag@TiO, core-shell NPs and this provide the largest PCE of 28.05%. The V¢
for all devices remains the same at 0.70 V. There is an improvement in PCE and in Jy
for a c-Si solar cell with Ag@TiO; core-shell NPs, the reference cell had PCE of 21%
and Jy. of 3.61 A/ cm?. With Ag@Si0; core-shell NPs there was PCE improvement of
25.86%. From the J-V simulation of Ag@TiO; core-shell NPs, can be conclude that
titania is a better shell than silica in reducing thermalization and also has greater impact
in enhancing the efficiency of solar cell by promoting scattering and absorption of light

at the same time.
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Chapter 4

PV devices incorporated with

metallic and core-shell NPs

In this Chapter, fabrication of metallic NPs together with silica NPs is together
with the fabrication of core-shell NPs embedded with metallic NPs as cores is presented.
An optical study was then carried out by measuring the absorption and transmittance
spectra. The metallic NPs and core-shell NPs were later incorporated in a commercial
a-Si solar cell to illustrate performance enhancement effects. All the results obtained

from the various experiments performed are presented in separate sub-sections.

4.1 Introduction

The sol-gel process is a wet chemical technique predominantly used in material re-
search applications. This method is regarded as the most suitable approach for metal
oxide nanoparticles synthesis and it involves a combination of two steps, a) hydrolysis
and b) polycondensation of suitable molecular precursors (usually metal- alkoxides or

-chlorides), which leads to the gradual formation of a solid-phase network.

In the preparation of silica (Si0,) nanoparticles, the Stober method was used, which
is a controlled chemical process [[128] that produces a uniform size nanoparticles [[129]
for applications in materials science. The pioneering work was done by Werner Stober
[130] and his team in 1968, and to this day it remains the most widely used wet chem-

istry synthetic approach to produce silica nanoparticles [[130]. During a sol-gel process,
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a molecular precursor (such as tetraethylorthosilicate) reacts with water in an alcohol and
the resulting molecules links u together to larger structures (see Figure[d.1). The reaction
produces silica nanoparticles with diameters ranging from 20 to 2000 nm, depending on
the experimental conditions such as reaction time, temperature and concentration of the
materials in use for the synthesis [[131]. The process has been extensively researched
since it was first discovered, including efforts to understand its kinetics and polymeriza-
tion mechanisms. A particle aggregation model was found to be suitable in explaining

the experimental data [131,132].
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Figure 4.1: Hydrolysis and condensation of TEOS in the Stober process [133].

In the preparation of silica nanoparticles, precursor tetraethylorthosilicate (Si(OEt)4
or TEOS) is hydrolyzed in alcohol (typically methanol or ethanol or iso-propanol) in the

presence of ammonia as a catalyst. The general reactions are well known [134]:
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R.—Si(OR)4_y + (4 — x)H20

Dy Ao, R, — Si(OH)4_x + (4 — x)ROH 4.1)
. 4 —
condensation R;C . Si(OH)(4_x)/2 n ( . x) H20

where R is an alkyl and R’ is any organic group. x is an integer between 0 and 3,
and polymerization is a composite reaction, and the order of the reactions has nothing
to do with their molecularity [131]. The number of hydrolyzed groups (4-x) determines

the reaction’s molecularity.
The polymerization reaction steps of alkoxysilanes and organo-alkoxysilanes are

shown below:

1. Hydrolysis and re-esterification:

=S-0—-R+H,0 —=S8i—0OH —=+HO—-R 4.2)

=Si—O0—R +H,0 —=Si—OR =+H,0 (4.3)
2. Condensation by producing water:
=Si—-OH+HO—-Si —=Si—0—-Si —=+H,0 4.4)
3. Condensation by producing alcohol:
=Si-OH+HO—-S8i —=S8i—0—-Si —=+HO—R 4.5)

Various groups in research have used a range of wet-chemistry methods to modify
or coat colloids with NPs of noble metals [[135]. The synthesis of silica spheres on Ag/Au
NPs was carried out by adding NPs into the silica solution [[136]. The hydrolysis and
condensation of tetraethylorthosilicate (TEOS) in an alkaline alcohol/water mixture are
important in controlling the homogeneity of the shell thickness. The silica spheres are a

very promising choice as hard spherical substrates for the following reasons [[137]:

1. Narrow size distribution can be achieved over a wider range,
2. Their surface silanol composition and the extent of hydrogen bonding can be mod-
ified by thermal treatment to change their reactivity,

3. Silanol groups can form coverlet links,
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4. The isotropic interactions in an aqueous or organic suspension help to form ordered
arrays on substrates,
5. The silica shells would protect the Au/Ag NPs surface to ensure stability against

corrosion or environment driven degradation.

In the case of seeded growth Au/Ag@SiO; core-shell NPs, the renowned model,
developed by Ye et al. [138] on gold or silver colloids and based on the aggregation
model, may explain the discontinuous and a rough SiO, coating observed in Figure
4.2, Note that the nucleation is continuous and also that the primary nuclei are unsta-
ble. Nucleation and aggregation will proceed simultaneously to promote the growth of
the SiO; shells [139]. Figure 4.2 shows a schematic growth mechanism of SiO, nano-
shells/sphere. In Figured.2.a), the nucleated SiO; particles are in solution, and they start
the process of slowly aggregating on the Ag NPs surfaces as shown in Figure4.2.b). Thus
the formation of core shell structures is characterized by a discontinuous SiO; coating
(Figure 4.2.c)) and these particles, continuously filled with fresh nuclei, progressively
decreases with increasing the reaction time (Figure 4.2.d)). As the nuclei agglomerates,
the SiO, coating additionally grows by monomers, as the hydrolyzed monomers are in
equilibrium with metallic particles [140, [141]. Finally, depending on how quickly the
monomers are hydrolyzed, the settling nuclei may still undergo intraparticle densifica-
tion before the TEOS hydrolysis is complete [142, 139]. Therefore, monomers addition
creates a smoother coating. The SiO; shell growth on Ag NPs is a function of reaction

time, temperature and material concentration [139].

Silica coating on gold/silver nanoparticles is achieved by the classic Stober method-
ology involving tetraethyl orthosilicate (TEOS) to create an extremely branched and
mesoporous chemical compound on the surface of gold/silver nanoparticles. The thick-
ness of the silicon oxide layer on the gold/silver surface is controlled or tailored with
reaction time and chemical agent concentrations with their PH [143]. The ensuing
chemical compound compound on the silica surface has -OH group which act as chem-
ical anchors for additional functionalization. Also, heterobifunctional silane linkers can

promptly react with silica oxide, providing a way to connect a spread of ligands (like
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Figure 4.2: The SiO; shell development mechanism on the Ag core is depicted schemat-
ically. (a) SiO; primary nuclei arise in the initial stage and (b) slowly aggregate among
themselves as well as onto Ag NP surfaces and (c) to form ravined structures. These
ravines are gradually filled with fresh SiO, nuclei (d) until the Ag NPs are completely
wrapped (e). TEOS monomers are also introduced to NPs at the same time and con-

tribute to the surface smoothing [139].

poly ethylene glycol) to the silica surface (see Figure 4.2). Ammonia acts as a catalyst
that activates the SiO, surface to produce reactive silanol groups after nucleation of SiO;
on the surface of the Au/Ag nanoparticle. The poly-condensation process itself depends
on the pH value, temperature, composition of the reaction medium, stirring conditions

[144].

There improved plasmonic devices that used Ag@SiO> NPs with a 5 nm shell thick-
ness and have the maximum short-circuit current density of 13.44 mA /cm?, which is up
by 12% over the reference device [[145]. The localized surface plasmon resonance and
the light scattering effect caused by Ag NPs and Ag@SiO, NPs were primarily respon-

sible for those improvements.

The features of core—shell silica-based nanoparticles make them ideal for generat-
ing next-generation therapies. Because of their mesoporous nature, have a larger sur-
face area, which allows for more surface modification [[146]. The role of core—shell
silica-based nanoparticle based injectable nanotherapeutics in drug delivery, biomedi-
cal imaging, light-triggered phototherapy, Plasmonic enhancers, gene delivery, magnetic

hyperthermia, immunotherapy, and their potential as next-generation theragnostic [147].
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4.2 Materials

Ethanol, isopropanol and ammonium hydroxide aqueous solution (28%) were purchased
from Sigma-Aldrich. Ethylene glycol (EG, 99+%) was obtained from Acros Organics.
Sodium citrate, trisodium citrate and polyvinylpyrrolidone (PVP) from Sigma Aldrich.
Silver nitrate, titanium(IV) isopropoxide (77TIP), hydrocloric acid (HCI) and tetraethyl
orthosilicate (TEOS) (98%) were also obtained from Sigma-Aldrich. Deionized (DI)
water was used throughout all the experiments. All chemicals were used as received

without further purification.

4.3 Sample Preparation

The Ag/Au NPswere prepared through wet chemistry, while SiO,/TiO, nanoparticles
were prepared using the sol-gel methods, that included the Stober method, sintering,
sedimentation, a standard cleaning of the nanoparticles, and self assembly. This process
began with a modified Stober method, used to generate monodispersed spheres depo-
sition rate. The annealing temperature and the concentration of the starting solutions
were optimised. Homogeneous films were deposited on clean microscopic glass slide

by dip-coating at an optimized speed.

4.3.1 Synthesis of Ag nanoparticles

Ag NPs were synthsized by reducing 0.001 M of AgNOs in dionized water and 1%
sodium citrate was used as a stabilizer and catalyst, the solution was stirred at 60 °C
until the solution became pale yellow and it was allowed to cool at room temperature
and it was centrifugated at 6000 rmp for 5 minutes and it was washed in distilled water,

the process was repeated 4 times.

Note the actual measurements are:
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1. 0.0425 g of AgNO3 was dissolved in 50 m/ deionized water, where 25 ml of solu-
tion diluted in 100 ml of deionized water to make 0.001M AgNOs.
2. 0.5 g sodium citrate was dissolved in 50 m/ deionized water to make 1% of sodium

citrate.

4.3.2 Synthesis of Au nanoparticles

1. 1 mM HAuCl, was reduced in 1% trisodium citrate (Na3CgHs507) aqueous solution
with sodium chloride (NaCl) as stabilizer under vigorous stirring at 80 °C.

2. After refluxing for 15 min, the product was cooled to room temperature.

4.3.3 Synthesis of SiO, nanospheres

Through a modified Stober method, SiO; nanospheres were synthesized using the fol-
lowing procedure: A 40 ml of ethanolic solution was placed in beaker, at room temper-
ature. Under vigorous stirring, ammonia (2 mL, 28-30 %) and TEOS were subsequently
added until a homogeneous solution was formed. After stirring for 3 h. The product
was centrifugated at 6000 rmp for 6 min and repeatedly washed in dionized water, untill
SiO; nanoparticles were obtained. The obtained spherical nanoparticles were sintered at
70 °C for 24 h. The thickness of SiO, NPs was controlled by adjusting the concentration

of TEOS. Silica NPs of sizes varying from 20 nm to 80 nm were obtained.

4.3.4 Synthesis of Ag@SiO; core-shell NPs

10 ml of the freshly prepared Ag NPs was added to ethanolic solution (40 mL). Under
vigorous stirring, ammonia (2 mL, 28-30%) and TEOS were subsequently added until
a homogeneous solution was formed. After stirring for 3 h at room temperature, the

solution was allowed to stay for a week, the product was washed with deionized water
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after centrifugation at 6000 rmp for 6 min, and Ag@SiO, core—shells were obtained.

The core-shells were placed in an oven at 70 °C over night to remove the residuals.

4.3.5 Synthesis of Au@SiO, core-shell NPs

Again the Stober method was considered, Au@SiO, nanoparticles were prepared by
adding the freshly prepared gold colloid solution (10 mL) into 40 ml ethanolic solution.
Under vigorous stirring, drops ammonia (2 mL, 28-30%) and TEOS were subsequently
added until a homogeneous solution was formed, After stirring for 3 h, the solution was
allowed to stay for a week. The product was washed with water by centrifugation at
6000 rmp for 6 min, and Au@SiO, core-shell NPs were obtained. The core-shell were

placed in an oven at 70 °C over night.

4.3.6 Synthesis of 7i0, NPs

5 ml titanium tetraisopropoxide (771P) was added to an ethanolic solution (25 ml). Un-
der vigorous stirring, after 30 min of stirring 2 ml of dionized water was to promote
hydration added until a homogeneous solution was formed. After stirring for 3 h at
room temperature, the solution was allowed was allowed to stay for a night, the product
was washed with deionized water after centrifugation at 6000 rmp for 6 min, and 77O,
nanospheres were obtained. The core-shells were placed in an oven at 70 °C over night

to remove the residuals

4.3.7 Synthesis of Ag@TiO, core-shell NPs

10 ml of the Ag NPs was added to ethanolic solution (25 ml). Under vigorous stirring,
5 ml of titanium tetraisopropoxide (77TIP) was subsequently added until a homogeneous

solution was formed. After stirring for 3 h at room temperature, the solution was allowed
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was allowed to stay for a night, the product was washed with deionized water after
centrifugation at 6000 rmp for 6 min, and Ag @770, core—shell NPs were obtained. The

core-shell NPs were placed in an oven at 70 °C over night to remove the residuals.

4.4 Morphology analysis:

The morphological characterization were carried out using a High resolution Scanning
Electron Microscope (SEM) operated in the scanning mode and using transmission elec-

tron microscope (TEM).

The TESCAN VEGA SEM uses variable pressure mode can be used to investigate
non-conductive samples, and the EDS detector can be used to characterize elements in a
sample. The TESCAN VEGA SEM uses a voltage range of 200 eV to 30 keV and 1pA

to 2A beam current.

FEI Tecnai T12 Transmission Electron Microscope (TEM) having a 20 to 120 kV
operating voltage range. Magnifications of thin samples (200 nm) up to 700,000 times,
an energy-dispersive X-ray spectroscopy (EDS) system, a Gatan MSC794 CCD camera
for digital image acquisition, and a video camera for video-rate recording at moderate

magnifications are all included in the capabilities.

Thus, the geometrical aspects of the NPs such as size, shape, and sample chemical
composition (through an energy dispersive X-ray spectroscopy (EDX) in the SEM) could
be determined. Both TEM and SEM, enables one to study the texture of the sample
including the size and shapes of the particles, as well their dispersity. To minimize space
charge effects due to the insulating NPS the samples were coated with gold-palladium
at room temperature and the NPs were sintered in air at different temperatures (from
60 °C up to 200 °C). The size of the Au NPs, Ag NPs, SiO, nanospheres and Ag@SiO,

core-shell NPs are were determined using an open source software called ImageJ [148].
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4.4.1 TEM Morphology analysis of Ag NPs

TEM (transmission electron microscope) images of Ag NPs were captured. For this
analysis Ag NPs were deposited on a TEM copper (Cu) grid coated with carbon by drop
casting. Figure shows the randomly distributed spherical like Ag NPs on the Cu grid
at a magnification of 200x they have an average diameter of 20+£2 nm are displayed in

the histogram in Figure

(a) Ag NPs (b) Magnified Ag NPs

10 20 30 40

size distribution (nm)

(c) Average size

Figure 4.3: TEM image (a) of Ag NPs distributed on the Cu grid surface at magnification
of 200x and image (b) shows zoomed in image of Ag NPs with 20 nm diameter shown

in image (c) from the histogram showing of the average size of Ag NPs.
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4.4.2 TEM Morphology analysis of Au NPs

The Au NPs were dispersed in distilled water. TEM images displayed spherically shaped
NPs and with an average size of 20 + 2 nm as shown in Figure

(a) Au NPs (b) Au NPs

Frequency

10 20 30

size distibution (nm)

(c) Average size

Figure 4.4: TEM image (a) of Au NPs distributed on the Cu grid surface at magnification

of 50x and image (b) shows zoomed in image of Au NPs with 20 nm diameter shown in

the histogram of image (c)
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4.4.3 SEM Morphology analysis of SiO, nanospheres

Mag = 100.00 K X Signal A = SE2 Date :23 Oct 2018
WD = 7.0 mm EHT =10.00 kV Time :9:03:14

(a) 35 nm SiO, nanospheres (b) 35 nm SiO;, nanospheres

20
18
16
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size distribution (nm)

(c) Average size

Figure 4.5: The SEM image (a) shows the resulting film comprising of SiO; nanospheres
(thermally treated at 70 °C), image (b) shows the uniformly distributed NPs on the sur-
face and image (c) shows histogram of the average size of SiO, nanospheres with a

diameter of 35 nm.

Figure[d.5] shows the SiO, nanospheres, which were thermally treated at 70 °C. We
obtained an average 35 +2 nm spherical nanoparticles in diameter and were uniformly
distributed on the surface of a microscopic glass slide. There were some cracks observed

in Figure probably because these NPs were exposed to air when sintering. The
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distribution of these particles on the substrate surface has great impact on the absorption

of light, together with their size and shape (see section 4.5).

When interstitial spaces of the core-shell NPs or nano-spheres are filled with a high-
index material at high temperatures [[149], shrinkage of the core-shell NPs at high tem-
peratures might course cracks, resulting in poor optical properties. Low defect-density
core-shell NPs can be achieved by first sintering them, the thermal expansion coefficient
of SiO, which is 0.55 x 107% /K make it easier to estimate the maximum temperature to

work with.

10 pm Mag= 1.15KX Signal A = InLens Date :23 Oct 2018 ﬂ"m Mag= 50.00 K X Signal A = InLens Date :23 Oct 2018
WD =11.7 mm EHT =10.00 kv Time :10:00:30 WD =12.2mm EHT =10.00 kv Time :10:09:07

(a) 65.8 nm SiO, nanospheres (b) 65.8 nm SiO, nanospheres

18

R2

40 60 80 100 120 140

Size distribution (nm)

(c) Average size

Figure 4.6: Image (a) shows the SiO; (thermally treated at 100 °C) spheres, image (b)
shows uniformly shaped spheres magnified. Image (c) shows the histogram of the aver-

age size of SiO, NPs with a diameter of 65.8 nm
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Figure shows the SiO; nanopspheres/NPs which were thermally treated at 100
°C which resulted in spherical NPs with a diameter of 65.8+2 nm (from the histogram
in Figure 4.6b). Looking at the entire surface it is noted that some of the silica spheres
are not uniformly distributed but rather clustered together and this could have attributed
due to the depositing speed of the SiO, nanospheres on glass substrates and substrates

surface kinematics.

= w .
bl é m 0
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10 pm Mag= 2.00 KX Signal A = InLens Date :23 Oct 2018 200 nm Mag= 57.16 KX Signal A = SE2 Date :23 Oct 2018 i
| s | ZEISS — ZEISS
WD = 7.3 mm EHT = 10.00 kV Time :9:06:48 WD =12.2mm EHT = 10.00 kv Time :10:11:46

(a) 72.28 nm SiO; nanospheres (b) 72.28 nm SiO, nanospheres
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Figure 4.7: SEM image (a) shows the SiO; nanospheres (which were thermally treated

at 150 °C), image (b) shows how the spheres are distributed on the surface and image

(c) shows the histogram of the average size of SiO, NPs with a diameter of 72.28 nm.

Figure[4.7 shows SEM images of 72.28-+1.34 nm diameter SiO, nanospheres formed

after annealing at 150 °C, which resulted in spherical NPs. We observe a similar non-
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uniform distribution of the NPs thermally treated at 100 °C (see Figure 4.6). The incre-
ment in particles confirms that the particle size is dependent on the annealing tempera-

ture.

1pm Mag= 20.00 KX Signal A= SE2 Date :23 Oct 2018 ‘10 m Mag= 115KX Signal A = SE2 Date :23 Oct 2018
—_— 4
WD = 47mm EHT = 5.00kV Time :9:28:41 WD =11.7mm EHT =10.00 kv Time :10:00:30

(a) 85.51 nm SiO;, nanospheres (b) 85.51 nm SiO; nanospheres
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(c) SiO, nanospheres (d) Average size

Figure 4.8: SEM image (a) shows the SiO; nanospheres (thermally treated at 200 °C)
uniformly distributed, image (b) and (c) shows the magnified nanosphere uniformly dis-
tributed and ahaped NPs. Image (d) show the histogram of the average size of SiO>» NPs

with a diameter of 85.51 nm.

Figure 4.8 shows the SiO; nanospheres that were thermally treated at 200 °C, that
have resulted in spherical NPs having diameter of 85.51 £ 2 nm, we noted that the

particles are very clustered together. From the zoomed in or magnified images in Figure

68



the NPs are uniformly sized and spherically shaped as seen from the edge of the

samples.

Figure[4.9 further shows the SiO, spheres which were thermally treated at 200 °C, a
many layered structures observed. The effect of the size of the nanoparticles was studied

by employing optical absorption spectroscopy in section 4.5

.
a
200 nm Mag = 50.00 K X Signal A = SE2 Date :23 Oct 2018 w 300 nm Mag= 67.50 K X Signal A = SE2 Date :23 Oct 2018 ﬁ J

WD = 47 mm EHT = 5.00kV Time :9:27:48 WD = 4.7 mm EHT = 5.00 kv Time :9:32:39

(a) (b)

Figure 4.9: The left image shows the top view of SiO, spheres and the one on the right

shows how the edge of the sample magnified at 200(m and 300um.

4.4.4 SEM Morphology analysis of Ag@SiO, core-shell NPs

Figure 4.10|shows the Ag@SiO; core-shell NPs that were thermally treated at 100 °C,
that have resulted in spherical NPs having diameter of 60 4+ 2 nm, we noted that the

particles are very clustered together and many layered structures were observed.
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Figure 4.10: TEM images (a) showing the Ag@SiO, (thermally treated at 100 °C)
spheres non-uniformly distributed and shaped. Image (b) shows the histogram of the

average size of the core-shell NPs with a diameter of 60 nm

4.4.5 TEM Morphology analysis of Au@SiO, core-shell NPs

Based on a series of experiments, the optimized conditions for synthesizing core-shell
Au@SiO; core-shell NPs were determined: where the TEOS hydrolysis was discovered

to be very effective/reactive at room temperature and a sintering temperature of 100 °C.

Figure 4.11] shows TEM images of uniformly spherically shaped Au@SiO; core-
shells NPs and also displays a histogram of the average size of the Au@SiO; core-shell
NPs. The overall size distribution of Au@SiO, core-shell NPs is about 58+2 nm as
shown if Figure The thickness of the silica shell can be controlled from 5 to 20
nm to optimize the plasmonic enhancement of core (Au) NPs. From TEM observation,
Au@Si0; core-shell NPs samples are composed mainly of single particles, with only a

few aggregates of two or more Au cores.

Tablebelow shows the optimal sintering temperature of Ag/Au NPs, Au/Ag@SiO,
core-shell NPs and SiO, nanospheres when they were prepared, as well their shapes and

sizes. The Standard deviation on Table shows the dominating sizes of NPs. From
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Figure 4.11: TEM images (a) showing the Au@SiO; core-shell NPs (thermally treated
at 100 °C). Image (b) is the histogram showing the average size of the core-shell NPs

having a diameter of 57.86 nm.

the table, it is noted that the shape of the NPs does not change but the size of the NPs
is more dependent on the sintering/synthesizing/annealing temperature. The shape of
NPs remains the same because the synthesizing or rather the fabrication methods re-
mains the same through and the low temperature that are being explored cannot affect
the shape or deform the shape of NPs. It should be noted that the NPs were activated to
reduce surface energies and remove wet residuals. And having core-shell NPs reduces

agglomeration of metallic NPs and as well thermalization.

In summary, a method to achieve a versatile, fast, simple, cheap synthesis of Au/Ag@SiO,
core-shell nanoparticles were prepared. We observed a silver/gold seeded SiO; growth
from an non-uniform to a continuous coating. The temperature dependence of SiO, NPs

growth is well reproduced by a general first-order kinetics method [143].
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Table 4.1: Temperature dependence on the diameter and shape of single and core-shell

nanoparticles

Sample Name | Sintering | Size (nm) Standard Shape

temper- deviation

ature

(°C)
Si0, 70 35+1 6.28 spherical
SiO; 100 65+2 4.92 spherical
SiO, 150 7242 3.15 spherical
SiO; 200 85+2 7.44 spherical
Ag@SiO, 100 60 + 2 7.53 spherical
Au@Si0; 100 58+2 8.32 spherical
Ag 80 20+ 1 9.26 seeds
Au 80 20+ 1 8.92 seeds

4.5 Optical Properties Analysis

This section presents the optical properties of the synthesized nanostructures, related
to their morphology. The absorption and transmission spectra have been recorded us-

ing established by UV-Vis operating in the range between 200 nm and 900 nm. Before
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performing any analysis such as absorption or transmission a baseline correction was
done allows the conservation of energy to be followed or held. A Zero/Baseline Cor-
rection is applied before analyzing any samples, where a 100%T baseline correction
(100%TBaseline) and a zero-line correction (0% TBaseline) to the sample scan is per-
formed with the raw transmission data %T. A clean microscopic glass slide used in a

single beam incident.

A study concerning how the type of depositing technique has an effect on the ab-
sorption of core-shell NPs was carried out, using dip coating and spin coating methods.
In both cases a single layer was deposited as a thin layer on a glass slab. The synthesis

condition for the Ag@SiO, core-shell NPs were the same for both techniques.
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Figure 4.12: Absorption spectra of Ag@SiO, core-shell NPs deposited with two differ-

ent methods (dip and spin coating).

Figure 4.12| shows a plasma resonance at around 520 nm for the Ag@SiO2 core-
shell NPs deposited as a thin layer on a microscopic glass slide using the two contrasting
methods. It should be noted that for each sample, a single layer was deposited and then
after at 100 °C for 24 hours. The absorption intensity was higher for the Ag@SiO; core-
shell NPs that were dip coated than the ones that were spin coated, but we see the same
plasmon resonance at 520 nm. This indicates that dip coating gives a more uniform layer

than spin coating [[150].
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After determining that dip coating is the best method of depositing the NPs. Further
studies of the absorbance of silica, titania NPs coating noble metallic NPs such as gold
and silver were carried out. Note that all the core-shell NPs under study were activated

in an oven for 4 hours at 300 °C before performing any analysis.

Figure shows the absorption spectra of SiO; spherical NPs that were syn-
thesized at different temperature as from 70, 100, 150 and 200 °C, which resulted in
different particle sizes from 35, 65, 72 and 85 nm respectively. Figure shows an
increase in the absorption intensity as the size of the SiO, nanospheres increases. The
monodispersed SiO; materials approach the quality of nanospheres and exhibit a reso-
nance at 550 nm with an increase of the size of SiO; nanosphere. However an increase
in the absorption intensity is accompanied by a peak width reduction. The peak be-
comes sharper with increasing diameter of the SiO, nanosphere. It is then noted that
the 85 nm SiO, NPs sintered at 200°C have a lower absorption intensity as compared
to the 65 nm spherical SiO, NPs synthesized at 100°C. This now indicates that the 65
nm spherical silica nanoparticles have the best optical absorption compared to all the
nanospheres/nanoparticles on this study. Note that if the synthesizing temperature was
drastically increased there would be deformation of the shape of the nanospheres result-
ing in very low optical absorption [151]. The low optical absorption observed is due to

the low softening temperatures of the SiO, NPs.

For the nanoparticles prepared in this study, we noted a sharpening of the peaks
as the size of the SiO, NPs increases resulting from the synthesizing temperature. The
sharpening, may be due to the non-homogeneous polarization of the particles in the
electromagnetic field and also related to retardation and multiple excitation effects. This
is referred to as the extrinsic size effect [152, [114] (see Figure [4.13). It was also noted
that for small particles such as 35 nm SiO, NPs they have broader resonance which
may have resulted to the particles in-homogeneity. From Figure a 65 nm SiO»
nanosphere had better absorption, thus the Ag@SiO, core-shell NPs were synthesized at
100 °C.

Figure 4.14] shows the effect of introducing Au NPs into SiO, nanospheres to pro-
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Figure 4.13: The absorption spectra of spherical like SiO, NPs synthesized at 70, 100,
150 and 200 °C respectively

duce Au@SiO; core-shell NPs. The absorption spectra from Figure shows the
absorbance of a 20 nm spherical Au NPs dispersed in deionized water, having a broad
plasmon resonance at the 550 nm, characterised by local surface plasmon resonance
(LSPR). Broadening of the peaks is usually an indication of the polydispersity of the
NPs as seen in figure It is also observed that Au@SiO, core-shell NPs have a plas-
mon resonance at 550 nm, is similar to that of Au NPs. Accompanied by an increase in
absorption intensity. The shell thickness was varied from 15 nm (for a 50 nm diameter
Au@Si0, core-shell NPs) to 25 nm (for a 70 nm diameter Au@SiO, core-shell NPs).

The shell thickness was calculated using the following equation

(diameter of nanoparticle) — (diameter of core)
2

shell thickness = (4.6)

LSPR peak position is greatly influenced by the silica shell thickness or rather the
dielectric environment/properties [152]. There was a blue shift plasmon resonance noted
in Figure the shift attributed to the encapsulation of Au NPs and increasing particle
dimension. From Figure due to the shell thickness size change as the concentra-
tion of TEOS increases. The variation in position and intensity of the plasmon resonance
upon encapsulation is attributed to the change of the dielectric medium of the metal (Au

NPs) plus the surrounding matrix or oxides (Si0;) upon encapsulation [153]. This adds
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to the intrinsic bulk like ones, such as electron-electron and electron-phonon scatter-
ing, an additional electron-scattering. The LSPR of particles smaller than the intrinsic
electron mean free path is dramatically broadened (typically 20-30 nm in noble metals).
This is in good agreement with particle ensemble observations, however there are many

variation in the reported estimates of the surface scattering contribution .
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Figure 4.14: The absorption of Au NPs and Au@SiO, core-shell NPs having different

Au NPs concentrations.
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Figure 4.15: Absorption spectra of SiO, nanospheres, Ag NPs and Ag@SiO, core-shell
NPs.

From Figure the plasmon resonance of a 20 nm spherical Ag NPs at around
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500 nm, which is very unlikely common for small silver nanoparticles, it may suggest
that there impurities on the samples or the substrate. Ag@SiO; core-shell NPs shows a
plasmon resonance at 525 nm, we observed a red shift as the shell thickness increases,
which was the trend also noted in a paper by Zhi-Yuan [143]. The shell thickness was
then increased from 16.5 nm (for a 53 nm diameter Ag@SiO, core-shell NPs) to 24 nm
(for a 68 nm diameter Ag@SiO; core-shell NPs). On the other hand we observe an
increase on absorption as the size of Ag@SiO; core-shell NPs increases, maintaining
a plasmon resonance at 520 nm for both 53 nm and 68 nm Ag@SiO, core-shell NPs.
Then from these results it can be concluded that Au@Si0O, and Ag@SiO, core-shell
NPs can be used to improve photon absorption through surface plasmon resonance and
can be used in commercial a-Si solar cells. The Local Surface Plasmon Resonance
(LSPR) of Ag/Au NPs appeared to be greatly dependent on the dielectric environment,
thus the introduction of silica nanospheres exerted a great influence in the absorption of
the samples. The plasmon resonance of Ag/Au NPs varies with the refractive index of

the SiO; dielectric layers.

Another study consisting of titania nanospheres, was carried out, as to see which

oxides act as a better shell.
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Figure 4.16: Absorption spectra of Ag NPs, TiO, NPs and Ag@TiO, core shells NPs.

The absorption spectra of Ag NPs, TiO, NPs and Ag@TiO, core-shell nanoparti-
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cles is displayed in Figure The absorption plasmon resonance of a 20 nm spherical
Ag NPs is observed at 500 nm, while that of TiO, NPs appeared at 650 nm. Ag NPs had

a strong absorption in the visible light region owing to the surface plasmon resonance.

After capping Ag NPs with TiO, shells, a plasmon resonance was was observed at
650 nm, where the absorption band blue shifted by 50 nm to 600 nm (as when compared
to resonance of TiO> NPs) when a single layer was deposited on a glass slab. After
a double layer were deposited, the peak shifted to 640 nm with an increase in the ab-
sorption intensity, as a result the surface plasma has improved (now light passes through
symmetric two metallic NPs at a space covered by the shell thickness of the core-shell
NPs) and might also be due to the high dielectric properties of TiO, shells (at 640nm,

the refractive index titania is n(z;0,)= 2.5796 [155]).

In addition, Ag@Ti0O, nanoparticles showed very strong absorption between 600
and 650 nm. As compared to Ag NPs, the lower absorbance could be attributed to the
lower Ag content. The -50 nm shift might also be due to asymmetrical silver nanoparti-

cles sizes.

The increase in absorption intensity is attributed to the increase in the shell thick-
ness. The nanoparticles size variations should lead to variations in the resonance peak.
The TiO, NPs size is dependent on the synthesizing temperature as well as in the con-

centration of titanium isopropoxide (TTIP).
The transmission spectra of silica core-shell NPs

Figure displays the transmittance of SiO>, NPs and Ag@SiO, core-shell NPs
spin coated with a single and double layers of Ag nanoparticles. The transmittance of
SiO, NPs and double layer Ag@SiO, (given as 2xAg@SiO, on Figure core-shells
NPs is 58% at 270nm which is 8% higher compared to that of single layer coating of
Ag@Si0; core-shell NPs which is about 50% at 370 nm as shown in Figure The
transmittance shift might have occurred due to non-uniform layers from spin coating and

the NPs size variation.

The measured transmittance (7)) can be used to calculate the absorption coefficient
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Figure 4.17: The transmittance of spherical Ag NPs, SiO, NPs and Ag@ SiO, core-shell

NPs deposited on a microscopic glass slide.

() using the following formula [156]
o 2.30310g(1/T)

4.7
” 4.7)
where ¢ is the thickness of the sample. Note that
(1 _ Rz)e—(at)
T = 4.8
1 —Re % (4.8)
where R is the reflectance. We may solve for R to obtain
—ot Te—% _ Te—30t 4 T2p2a1
R=¢ +‘/em ¢ Hle (4.9)
e~ 4 Te201
Therefor the refractive index is
R+1)+2vR
pe +R)+1 VR (4.10)

Applying the above equation to a Ag@SiO; core-shell nanoparticle with diameter a

70 nm, we obtain refractive index of 1.49 for a single layer and for double layer is 1.80.
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4.6 The J-V characteristics

4.6.1 Introduction

Commercial amorphous silicon (a-Si) solar cells were studied, which were modified be
depositing a photonic crystal and metallic NPs. Standard amorphous silicon (a-Si) solar
cells have been used in consumer products such as calculators and digital watches since
the early 1980s. The a-Si is fabricated at low temperature, so that it can allow about 10%
(atomic) hydrogen to be incorporated [[157]. Incorporation of hydrogen forms dangling
bonds in Si and improves the absorption coefficient as hydrogenated Si to a direct band-
gap semiconductor. The device (a-Si solar cells) consists of three layers that were either
deposited as p-i-n or n-i-p [158]. The p and n layers are usually doped with any material
forming a 20 nm layer in a a-Si thin film. The i-layer is an intrinsic layer expanding the
active layer which is responsible for generating photocurrent (electron-hole) in the cell,
where excitons are split to form free charge carriers. The i-layer is a significant layer in

a-Si solar cells [[159].

The p-i-n sequence implies that the p-layer is deposited first, then the i-layer is the
second layer deposited and the n-layer is the last one to be deposited on the substrate

[158,1159].

In this section the layers of Ag NPs, SiO> NPs, Ag@SiO; core-shell NPs, TiO> NPs
and Ag@Ti0O, core—shell NPs were deposited on the top surface of the commercial a-Si

solar cell to enhance light trapping.

4.6.2 The J-V characterization for Ag NPs SiO, and Ag@SiO, core-

shell NPs on a-Si solar cell

Figure shows the J-V curve of a commercialized a-Si solar incorporated with Ag
NPs, SiO, NPs and Ag@SiO, core-shell NPs. Under AMI1.5 illumination, the area
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Figure 4.18: (a) Single-junction amorphous silicon solar cell and (b) Individual cells
deposited onto a glass sheet are laterally connected in series by the approach shown
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illuminated is about 2.2 ¢m?. It is noted that there is a significant increase in current
density upon incorporation of Ag NPs, SiO> nanospheres and Ag@SiO; core-shell NPs
layers. The extracted parameters from Figure are current density (Jy.), fill factor
(FF), open circuit voltage (V,.), series resistance (Rj), shunt resistance (Ry;,) and photo-

conversion efficiency (PCE) of the solar cells are tabulated in Table

Table 4.2 shows that J,., FF and PCE of the commercialized a-Si solar cells in-
corporated with SiO» NPs, Ag NPs and Ag@SiO, core-shell NPs increased respectively,
this is due to the plasmon resonance of effect from Ag NPs. While the V¢ remained
partially constant. The free electrons give rise to a surface plasmon absorption band
on the surface of metal particles, which depends on both the particle size and dielectric
medium/surroundings, which in this case is that of SiO, nanospheres. We observed that
the short circuit current density increases with the incorporation of plasmonic layers and
this is a primal optical effect attributed to the localized surface plasmon resonance. SiO»
NPs/nanospheres could help avoid agglomeration of metallic NPs in the vicinity of the

device as the FF improves from 0.50 up to 0.55 upon incorporation of Ag@Si0;, and
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Figure 4.19: The J-V curve of a commercial a-Si solar cell incorporated with Ag NPs,

SiO, and Ag@SiO; core-shell NPs.

ensured the Ag NPs takes full advantage of LSPR and light scattering. Accordingly, the
device’s PCE performance improved significantly with the incorporation of SiO, NPs,
Ag NPs and Ag@SiO, core—shell NPs in the a-Si solar cell respectively, this is attributed
to the change in the dielectric layer. This is shown by the J-V curve in Figure 4.19]

The reference a-Si solar cell initially had a short circuit current density, J;. of 24.74
mA/ cm? (from Table @). Figure and table @ shows that the Jy., FF and PCE of
the solar cells increases as we introduce external plasmonic layers in the commercial a-Si
solar cell. Meanwhile, the cell with Ag@SiO; core-shell NPs have the most improved
Jse, which increased to 32.47 mA/cm?, giving a PCE improvement of approximately
8.34%. The enhancement in photo-conversion efficiency is indicative of increased opti-
cal absorption in the a-Si active layer through a plasmonic near field effect. Along with
the increase in Jy., the V,. and FF each improved as well. The reference a-Si solar cell
exhibited a PCE of 6.73%, then increased to 7.24 % after adding external layer of SiO;
NPs on the top surface of the commercial a-Si solar cells. The introduction of external
layer consisting of Ag NPs on the top surface of a commercial a-Si solar cells, gives a
PCE improvement of up to 8.23% due to surface plasmon resonance. Coating the metal-

lic NPs reduces transmission losses as well reflection losses on the device giving more
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photons to be absorbed. The increase in PCE is also attributed to the preferential light

scattering into the active layer of the substrate by the LSPR effect of the Ag NPs.

The series resistance and the shunt resistance are two parasitic resistances that have
negative impact on the performance of a solar cell. By dissipating power through par-
asitic resistances, the series resistance lowers the PCE of solar cells. The inverse slope

near Vpc and Jgc is used to calculate the shunt and series resistances.

The resistance values of an a-Si solar cell with decoupled series and shunt resis-
tances are shown in Table 4.2. Because the series resistance is determined by the con-
ductivity of the donor and acceptor layers and mobility has an impact on the series
resistance. Furthermore, the addition of Ag NPs, SiOy NPs and Ag@SiO, core-shell
NPs has no discernible effect on the series resistance, implying that Ag NPs, SiO NPs
and Ag@Si0; core-shell NPs did not generate space charges. Shunt resistance, on the

other hand, is affected by charge carrier recombination at the donor/acceptor contact.

Shunt resistance is one order of magnitude more than series resistance. The (1 +
Rs/Rsp) ratio can be used to calculate the losses for different Rg values. The shunt
resistance rises as the concentration of Ag NPs droplets rises, while the open circuit
voltage remains constant. As a result, the plasmonic effect may be solely responsible for

the improvement in photogenerated current.

Higher shunt resistance values could be due to recombination losses. The Vpc
level remains relatively constant, showing that the presence of Ag NPs, TiO, NPs and
Ag@Si0O; core-shell NPs has minor effect on the electrical structure of the bulk hetero-

active junctions.
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Table 4.2: Parameters calculated from J-V curve a commercial a-Si solar cells

Devices Voo (V) Ji (mA/cm?) FF PCE R, (Qcm?) Ry, (Qcm?)

Reference 0.54+0.02  24.74£2.3 0.51+£0.01 6.73£0.51 7.13+0.51 250+4.8

Ag NPs 0.54£0.02 29.47x£2.0 0.53£0.01 8.23£0.51 7.13£0.40 172.41£5.2

SiOy NPs 0.54£0.02  27.35£24 049 £0.02 7.24+0.52 7.67£0.51 424.78£5.4
Ag@SiOy NPs 0.55+0.02 324+£20 050+0.02 834+0.51 7.13£049 43697 +£5.2
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4.6.3 The J-V characteristics Ag NPs, TiO, NPs and Ag@TiO, core-

shell NPs on a-Si solar cell

Figure 4.20] shows the J-V curve of Ag NPs, TiO, NPs and Ag@TiO, core—shell NPs
incorporated on the top surface of the a-Si solar cell. It is observed from Figure that
as the Ag NPs, TiO, and Ag@TiO, core-shells NPs as are added on the device there’s a

notable improvement on the current density.

Table 4.3 shows the short circuit current density, fill factor, open circuit voltage and
photo-conversion efficiency (PCE) of the commercial a-Si solar cells incorporated with
Ag NPs, TiO; nanospheres and Ag@TiO, core-shell NPs as extracted from Figure
The TiO, NPs layer promotes scattering of light on the device, and using TiO, NPs as
shells, would reduce agglomeration at the surface or in the vicinity of Ag NPs and also
ensures that the Ag NPs take full advantage of LSPR through light forward scattering.
Accordingly, the PV performance of the a-Si solar cell incorporated with Ag NPs and

TiO, NPs dielectric layer improved substantially as shown by the J-V curve in Figure

4.20)

—Ti0,
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Ref

e Ag NPS
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Figure 4.20: The J-V curve of a commercial a-Si solar incorporated with Ag NPs,

Ag@TiO;, and TiO; core-shell NPs
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The Jy., FF and PCE of the a-Si solar cell improved significantly upon incorpo-
ration of the plasmonic NPs. Also in this case, the a-Si solar cell incorporated with
Ag@TiO, core-shell NPs has the highest J;. of 32.85 mA/ cm?. Giving the most im-
proved PCE of 9.86%, thus indicating enhanced incident light absorption in the a-Si
layer when incorporated with Ag@TiO, core-shell NPs. FF of each devices improved
very well. The reference a-Si solar cells exhibited a PCE of 6.73%, which increased the
PCE to 8.43% after adding layers of TiO, NPs to the top front of the a-Si solar cell.
After adding a layer of Ag NPs on the commercial a-Si solar cell there was PCE im-
provement of 8.23%. The increase in PCE was again attributed to the preferential light

scattering into the device through LSPR effect of the Ag NPs.

The addition of Ag NPs, TiOy NPs and Ag@SiO, core-shell NPs also has no dis-
cernible effect on the series resistance, implying that there are minor space charges gen-
eration as the R, values are relatively low. The shunt resistance, on the other hand, is
affected by charge carrier recombination at the donor/acceptor contact. Then again the
shunt resistance is one order of magnitude more than series resistance as seen in Table
.3, Recombination losses could account for the higher shunt resistance values. The Vpc
level remains rather constant, indicating that the electrical structure of the bulk hetero-
active junction’s is unaffected by the inclusion of Ag NPs, TiO, NPs and Ag@SiO,
core-shell NPs.
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4.6.4 Dark current I-V characteristics

Under dark conditions, the current—voltage characteristics of a p-n junction solar cell

with parasitic resistances at forward bias are given by
V — IR
Ry

I =L,[enr VIR _ 1) 4 (4.11)

Where R; is the series resistance responsible for ohmic losses because of the bulk
resistance on the semiconductor material and the metallic contacts. Current leakages
across the p-n junction are represented by the shunt resistance Ry;,. The ideality factor n
gives information about the quality of the junction, and saturation current /, is associated

with the properties of the semiconductor material given by the following expression

DiFy | DyFy

L = aAn?
o= A N T TN

(4.12)

where D), and D,, are the diffusion coefficients of electrons and holes, respectively,
which are dependent on charge carriers mobility through the semiconductor material.
N4 and Np are the acceptors and donors densities, g is the electron charge, A is the area
of the cell and n; is the intrinsic carrier concentration. The finite recombination velocity
of electrons F;, and of holes F),, which are for the front and back surfaces of the solar
cell depending on the physical and chemical states of the surfaces. It is highly affected
by the influence of heavy doping and on injection carriers [[160]. The diffusion lengths
L, and L, affect the saturation current of the p-n junction such that they should be long
enough to guarantee that the generated carriers reach the contact areas of the solar cell

before they recombine [161, 48]].

The performance of the cell improves if the minority carrier diffusion length in the
base region of the cell is greater than the thickness of the base [48]. R; is typically taken
to be the inverse slope of the dark current around J (0 mW / cm?, 1.5 V) and Ry, is the

inverse slope around J(0 mW /cm?, 0 V)
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4.6.4.1 Results and Discussions

For this study the I-V, the same samples used in previous section were also used in this
study but measurement were under no illumination of light. Figure4.21|shows the Semi-
Log dark current of a commercial a-Si solar incorporated with Ag NPs, SiO>» NPs and

Ag@Si0O, core-shell NPs.

0.8

B SiO:

@ Ref
Ag@SiO:

A Ag NPs

Current (A)

Voltage (V)

Figure 4.21: Semi-Log dark current of a commercial a-Si solar incorporated with Ag

NPs, SiOy NPs and Ag@SiO, core-shell NPs.

From Figure it is evident that the reference solar cell has the highest leakage
current followed by the solar cell incorporated by SiO, NPs, Ag NPs and Ag@SiO,
core-shell NPs respectively. The same trend is also observed with Ry, where the device
incorporated with Ag@SiO; core-shell NPs has the highest R, followed by SiO, NPs,
Ag@SiO; core-shell NPs and Ag NPs respectively.

It also evident that the solar cell incorporated with with Ag@T71iO, core-shell has
the least current leakage as shown in Figure and the highest Ry, followed by TiO;
NPs, Ag NPs respectively as shown in Table d.4. There is large variation in the leakage
current observed, which may dependent on the film thickness, electrode inter-layers, and

film deposition techniques [162, 163].

For the system incorporated with Ag NPs, SiO» NPs, TiO, NPs, Ag@SiO,, and
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Figure 4.22: Semi-Log dark current flowing in a commercial a-Si solar incorporated

with Ag NPs, TiO, NPs and Ag@TiO, core-shell NPs.

Ag@TiO, core-shell NPs, there are relatively low R; values observed (see Table [4.4).
The Ag NPs, SiO> NPs, TiO, NPs, Ag@SiO,, and Ag@Ti0O; core-shell NPs incorpo-
rated in a-Si solar cell have low shunt resistance respectively, indicating high leakage of
current. The key contributor to the dark current is a strong leakage current through the
junction. Note that the slope of the logarithmic dependence of the V. on light intensity
is especially sensitive to the effect of leakage currents, varying from 4 kT /q to 6 kT /q

depending on the shunt resistance for solar cells with different core-shell NPs.
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4.7 Conclusion

This chapter presented a systematic study of metallic nanoparticles such Au/Ag NPs. Sil-
ica and Titania core-shell NPs were successfully synthesized through sol-gel methods
which includes the Stober method. The silica/titania core-shellNPs on its own had a res-
onance at 530 and 650 nm respectively. Even when the size of the core-shell NPs was
increased, the plasmonic resonance remained the same, with an increased absorption
intensity. Silica/Titania core-shell NPs with Au/Ag NPs were studied and they showed
an improvement in absorption intensity. The plasmon resonance of the Ag@SiO, and
Au@Si0O, core—shells were blue shifted, respectively. The morphological studies re-

vealed the a spherical shape with varying sizes from 35 nm up to 85 nm NPs.

A systematic study of multi-functional layers of Ag NPs, SiO, NPs, TiO> NPs,
Ag@SiO; core-shell NPs and Ag@TiO, core-shell NPs in a commercial a-Si solar
cell was carried out and the PV properties of the cells were improved. The results
indicated that the light absorption of the a-Si solar cell, and the PCE of all devices
improved significantly because of the plasmonic effects. As a result, a-Si solar cell
with Ag@TiO, core-shell NPs had a higher efficiency (9.86%) compared to the ones
incorporated with other NPs. The other improved PCE are as follows: Ag@SiO, core-
shell NPs: 8.83%, TiO, NPs: 8.43%, SiO, NPs: 7.24%, Ag NPs: 8.23% and pristine
a-Si solar cell:6.73%. This represents potential access for improving the PCE of a-Si
solar cell or any kind of a solar cell. The enhancement of Jgc and PCE is attributed to
a combination of three factors: improved electron transport properties through Ag NPs,
improved light absorption caused by LSPR, and intensified light-scattering or absorption
of Ag NPs.

The relatively low Ry values (seen in Table §.4) obtained for Ag NPs, SiO», TiO»,
Ag@Si0, and Ag@TiO, core-shell NPs suggested that the current losses are there,
hence producing steeper slope in natural log graph of current. The solar cell samples
have relatively high shunt resistance, indicating high leakage current across the junc-

tion, which is the main contributor to the dark current. The slope of the logarithmic
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dependence of the V,. on light intensity is particularly sensitive to the effect of leakage
currents with slopes ranging from 4 kT /q to 6 kT /q for the solar cell with different

core-shell NPs depending on the shunt resistance.
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Chapter 5

PV Devices with Silica Titania

Waveguides

5.1 Introduction

The Resonant Waveguide Grating (RWG) is a waveguide grating structure which en-
hances the resonant field and elongates the propagation path for light within the solar
cell material. The grating layer, as a phase matching element, brings the incoming light
into multiple resonances in the device, eventually increasing the probability of light
absorption due to enhancement in propagation length. The RWG consists of a single
high refractive index dielectric layer on a periodically corrugated transparent substrate
to couple light and to enhance light absorption. Therefore RWG structures have attracted
much attention in the past two decades [[164, [165]. The periodic binary grating struc-
tures which allow incoming light to couple to various modes in the waveguide layer
and ultimately confine light in the active region of the cell [166]. The coloration that
i1s emerging is a type of structural coloration is through periodic binary grating struc-
tures. The wave (light) incident angle to the diffraction grating, the spacing or distance
between consecutive diffracting elements (e.g., parallel slits for a transmission grating),
and the wavelength of the incident light all influence the orientations or diffraction an-

gles of these beams [167, 168].

Since resonant light coupling in waveguide is only possible in small spectral regions

compared to the broad solar spectrum, an engineered light-trapping design to address the
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whole spectrum efficiently is necessary. Various periodic light trapping textures have
demonstrated strong enhancement of the external quantum efficiency (EQFE) of solar
cells in a spectrally sharp resonances [169, [170]. In contrast, solar cells with random
textures show a spectrally broad improvement of EQE [170,97].

This chapter demonstrates the improvement of the photovoltaic performance of a

1

thin film solar cell with a thickness far below the optical absorption length ¢~ when

operated in-conjunction with an optical waveguide [[171].

5.2 Resonant Waveguide Gratings (RWGs)

Constructive

Incident light interference
I

8., I Cover
ne |
ng Grating
Waveguide
Substrate

Figure 5.1: Schematic RWG coupling at resonance from the model provided by Rosen-

blatt et al [172]

Building suitable photonic nanostructures like a waveguide film, light from the

sun may be readily trapped within the solar cell, reducing the losses of reflection and
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scattering of light on the solar cell’s surface [173].

The incident wave couples through a grating into the resonant waveguide-grating
structure. Where resonance is likely to occur when one of the diffracted waves phase
matches a leaky waveguide mode accepted by the waveguide structure, as schematically

shown in Figure[5.1.

Thus RWG grating structure is basically a phase matching element which permits
the incident light to undergo more than one resonances to enhance the opportunity of
mild confinement of light in the material [174, [175]. The resonance wavelength is de-
pendent on the phase matching element of the grating layer [172]. The effective mode
propagation constant ¢ for the disappearing diffracted wave at the phase matching is

given by [176,172].

O; = ko(nesin6; — l%) (5.1

where k, = 27 /A is the wave vector of a free space, A is the wavelength of light
in vacuum, n, is the refractive index of air, 0; is the incident angle and d is the grating
period. At resonance, the transmitted and reflected waves appears to have two coherent
components called the Fresnel transmission/reflection [[177]. The resonance wavelength
is dependent on the grating parameters such as grating period, grating height, structural
line-width and the refractive indices of materials and surroundings [[175,178]. Resonant

Waveguide Gratings (RWG) are known to be sensitive to polarization state of incident

light [179].

To increase the photon density in the absorber, optical approaches have received a
lot of attention. In Si solar cells, surface texturing has been employed to produce light
trapping, but in dye-sensitized solar cells, light scattering on micro- or nano-particle
clusters has been used to improve the optical pathway across the active portion of the
cell [171,180]. Increased photon densities have been seen in polymer solar cells due to
interference [[181], and thin dielectric coatings have been proposed to improve the optical

field intensity distribution around the charge separation interface[182] In thin silicon on
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insulator (SOI) waveguides covered with a layer of metal islands with widths in the
tens of nanometers, strong absorption enhancement has been recorded [182, [183]. The
coupling between metal island resonances and waveguide modes supported by the (SOI)
structure was shown to be the cause of the absorption amplification [184]. Metal island-
covered thin film and wafer-based silicon solar cells [[185], as well as a hydrogenated
amorphous silicon waveguide slab sandwiched between a periodic array of Au nanowires
and an Au substrate, have been reported to have surface plasmon enhanced absorption
[186]. Novel cell designs have also been developed for thin film solar cells to enable

effective light trapping [[187].

For this research work, the aim is to study the increase in light absorption of a
commercial a-Si solar cell using RWG concepts. A simple solar cell is a planar structure
where most of the light is reflected and scattered from the surface of solar cell, which
is subsequently a loss within the efficiency of cell [66]. The RWG structure are able
to reduce scattering and reflecting losses through light confinement by RWG structures
[188]. This leads to efficiency enhancement by increasing the optical absorption of the

device [166].

5.3 Sample Preparation

Si0,, TiO, and SiO; : TiO, waveguides were synthesized through a modified Stober

method detailed bellow.

5.3.1 Synthesis of Si0, waveguides

The modified Stober method was again useful in the synthesis of waveguides, SiO;
waveguides were synthesized via sol-gel technique by introducing HCI as a catalyst. 30
ml of TEOS was mixed with 60 m/ of dionized water and 60 m! of ethanol while stirring

and 5 drops of HCI was added. The solution was allowed to stir for an hour at 70 °C.
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It was allowed to cool at room temperature whilst further stirring for 24 hours. Then it
was deposited on a clean glass and amorphous silicon (a-Si) commercial solar cell with
different layers by dip coating. After coating, the samples were sintered at 200 °C for 2

hours.

1. The solution was allowed to cool at room temperature then dip coated under the
following condition for every iteration:
(@) Vyp =25 mm/min
(®) Viowm =25 mm/ min
(c) Dip time = 6 sec
(d) Distance = 150 mm

5.3.2 Synthesis of 7i0, waveguides

In a separate container, Titanium tetraisopropoxide was mixed with water and ethanol
using the measurement as in section and it was allowed to react for 90 min. 770,
waveguide were synthesized by introducing a HCI as acid. This was achieved under the

same condition in section

5.3.3 Synthesis of Si0,:TiO, waveguides

Silica-titania waveguides were prepared by the sol—gel technique. Titanium tetraiso-
propoxide (TTIT) and tetraethylorthosilicate (TEOS) were used as precursors of titania
and silica, respectively as mentioned above. The ratio of total precursor (TTIT + TEOS)
to water, HCI and ethanol, ([TEOT + TEOS]: HO: HCI: Et—-OH = 1: 4: 0.2: 1), re-
spectively.Note that the hydrolysis rate of Tetraethyl orthotitanate is slower than that of
TEOS. Therefore, TEOS was hydrolyzed in the first step with the pre-mixed water solu-
tion, which contains hydrochloric acid and ethanol. After the two precursors were added
in the pre-mixed solution, it was mixed for 24 hours to obtain silica—titania sol at room

temperature and heated at 80 °C for 5 h then dip coated under the condition mentioned
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above section 4.4. The solution was dried in the oven at 100 °C for 24 h and sintered at

500 °C for 1 hour on a hot plate (open space).

5.4 Optical Properties Analysis

Thin films of Ti0O;, SiO, and SiO; : TiO, composite were prepared by the sol-gel
method, using tetraethylorthosilicate (TEOS) and titanium tetraisopropoxide (TTIP) as
precursors. Optical properties of the films were characterized by the ultraviolet-visible
spectrophotometry. The refractive index of the waveguide films was calculated from the

film thickness.

5.4.1 Transmittance of the WG

Figure [5.2 shows that the transmittance of silica waveguides that were dip coated at
speed of 25 mm/min and sintered and activated at 500 °C and 200 °C for 1 minute and 2
hours, respectively. All the silica waveguides have a transmittance wavelength at about
450 nm, which then gives a calculated refractive index of 1.4731. It should be noted that
the time and speed at which the waveguides were prepared and deposited have a great

impact on the quality of the waveguides.

As shown in Figure [5.2; the transmittance of SiO, dielectric layer or waveguides
that were thermal treated after all layers were deposited, showing a 55% transmittance at
458 nm for a single layer waveguide and 45% transmittance obseverd at 450 nm for the
waveguide with 4 layers. Then it was noted for a 2 layered waveguide the transmittance
was at about 38% at 460 nm. This finding suggests that the single layer of SiO; dielectric
i1s more transmitting than absorbing of incident light and this might be due to the in-

homogeneity in the film thickness.

Figure [5.3 displays the transmittance of silica:titania waveguides dip coated then

sintered in air at 500 °C after depositing layers and were marked as follows:
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Figure 5.2: Transmission spectra of silica waveguides with different number of layers
dip coated on a microscope glass slab, that were thermal treated after a layer or all layers

were deposited.

1. After dip coating a given number of layers (e.g 5 layers), the sample was then
sintered at 500 °C: labelled by the number of layers then the sample name: e.g 5
layers SiO; : TiO;,

2. After dip coating every single layer, the sample was sintered at 500 °C: labelled by
the number of layers, then marked by the letter S and then the sample name: e.g 5

S layers SiO; : TiO;.

Figure 5.3 shows the transmittance of titania (7i0,), silica (SiO) and silica:titania
(810, : TiO,) waveguides. Figure|5.3a/shows the transmittance of SiO,, TiO; and SiO> :
TiO, waveguides, where all the given layers were dip coated first then sintered at 500
°C, transmittance improves as the number of layers were added and it is also observed
that the titania waveguides transmit light better than the silica waveguides. It is also
noted that the SiO; : TiO, waveguides have transmittance of about 57%, making them
the best waveguide in our study. The 7iO,-coated silica waveguides have spectra that

are qualitatively similar in both cases.

From Figure the transmittance of SiO, waveguides which were sintered after

the deposition of every or single layer is much lesser when compared with the ones from
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Figure 5.3: The transmission spectra of SiO,, TiO, and SiO, : TiO, waveguides.

Figure this may be attributed to the exposure of air when sintering could have lead
to cracks on the film. Note that SiO,, TiO, and SiO; : TiO, waveguides display a similar

transmittance wavelength at 510 nm.

However, SiO,—rich films possess higher ultraviolet—visible transmittance than the
TiO,—rich films. The modification of microstructure and chemical bonding configura-
tion in the Si0,"TiO; films by the composition and its influence on the optical properties

are discussed.
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5.4.2 Absorption of the WG

Figure [5.4 shows the absorption spectra of TiO, SiO; and SiO; : TiO, waveguides,
where multi-absorption peaks are observed, with the main absorption peak at around
470 nm. The similarity of absorption profiles leads us to believe that ethylene adsorbed
on TiO,, SiO; and SiO, : TiO, waveguides has a spatial orientation [189]. Figure
shows the waveguides that were sintered after depositing each layer, a blue shift is noted
as the number of layers are added for all the waveguides under study. Figure[S5.4aconsist
of a dominant higher energy peak at 470 nm going up 530 nm as the film thickness in-
creases and it also consist of a weaker lower energy peak or shoulder, at 600 to 620 nm.
This could be attributed to the chemical composition and film structure of the waveg-

uides.

Figure[5.4bshows the absorption spectra of TiO,, SiO, and SiO; : TiO, waveguides
that were sintered after depositing layers (e.g. 5 or 10 layers). It is also noted that
the absorption intensity increases as layers are added. A blue is shift is noted as well,
resulting from the increased film thickness of the waveguides. It can be concluded that
the waveguides that were sintered after depositing all the given number of layers had a
better absorption intensity than the ones that were sintered after depositing every single

layer.

We showed a multilayer attenuated waveguide with a periodic stack of two dielec-
tric materials. In the periodic stack of two dielectric materials, numerous absorption
peaks coming from multiple WG are formed. By carefully selecting the structural char-
acteristics, the number of absorption peaks corresponds to the stacked two dielectric
materials. Due to the interaction of WG, perfect absorption can be accomplished by

increasing the stacked period number of two dielectric materials [190].
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Figure 5.4: The absorption spectra of SiO,, TiO; and SiO; : TiO, waveguides.

5.4.3 The refractive index

From the measured transmittance (7) the absorption coefficient (o), reflectance (R) and

refractive index (n) were calculated using the following formulas [156]:
o— 2.303l0g(1/T)
t

(5.2)

where 7 is the thickness of the sample. Note that
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(5.3)

solving for R to obtain

—ot —ot —3ot 2,20t
R:e +VTe Te +T=e (5.4)
e—or TefZat

and therefor the refractive index is

e B +;)_+12\/1_e (5.5)

5.4.3.1 Thin film thickness (¢) is measured through profilometer

A diamond stylus is moved vertically and laterally in contact with the sample for a
defined distance in a contact profilometer. It measures minor variations in stylus dis-
placement as a function of position with extreme precision. This method is a true di-
rect measurement of the sample’s surface height or thickness. The macroscopic glass
slab thickness was measured to 1.1400x 10% nm. A single layer wavaguide measured
1.14003x10% nm, a 5 layers wavaguides measured 1.14015x10° nm and a 10 layers
wavaguides measured 1.14030x 10% nm. Resulting in film thickness of 30 nm for a sin-

gle layer, 150 nm for 5 layer waveguides and 300 nm for a 10 layer waveguides.

The calculated refractive index are given in Table [5.1. From Table [5.1, the ab-
sorption coefficient and refractive index were calculated. It is noted that the absorption
coefficient and the refractive index for each waveguides differed due to the chemical
composition during synthesis. The 150 nm thick waveguides with 5 layers have high
refractive index as compared to the 300 nm thick waveguides with 10 layers for most of
the samples. From this study, it is evident that as the films gets thicker, the refractive in-
dex decreases/reduces. The refractive index dispersion plays an important role in optical

materials research.

Because the deposition temperature and pressure were kept constant in our work,
the effective diffusivity of all the waveguides is most likely constant. Furthermore, the

refractive index is found to be different for each wavguide, showing that the thickness of
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the films fluctuates [191]. In comparison, deposition rate have a considerable impact on
the optical characteristics of waveguide films, owing to a change in stoichiometry. Silca-
titania waveguide films showed that the deposition techniques, compressively improved
the absorption coefficient, which attributes to the densification of the films, with the

significant change in the refractive index [192, 193].

Many figures of merit of optical components such as reflectors, filters, and res-
onators are determined by the refractive index, a fundamental quantity in optics and
optoelectronics. A novel family of optical thin-film materials with a very low refractive
index is were studied and presented a high-quality thin films with refractive indices as

low as 1.65.
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Table 5.1: The calculated refractive index

Waveguides Thickness (nm) Transmission Absorption Coefficient Refractive index
5 layer S SiO; 150 0.36 6.81 x10° £ 0.03 2,5594 + 0.2
10 layer S SiO; 300 0.43 2.81 x10° £ 0.03 29105 £0.2
S layer S TiO, 150 0.38 6.45 x10° £ 0.03 2,6529 £ 0.2
10 layer S TiO, 300 0.49 4.75 x10% £ 0.03 1,6507 £ 0.2
5 layer S SiO; : TiO;, 150 0.48 4.89 x10° + 0.03 2,8202 £ 0.2

10 layer S SiO; : TiO» 300 0.55 3.99 x10% £ 0.03 1,8709 £ 0.2
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5.5 The J-V characterization for silica waveguides on a-

Si solar cell

For this study only single layer silica waveguides were chosen, from Figure [5.2, the
transmittance of a single Si0O» dielectric layer or waveguides was the best and is at 55%
at 458 nm compared to the other systems that were studied. It should be noted at the

time of the study only SiO; dielectric layer were availability.

0
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-10
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Current Density J (mA/cm”2)

-30
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Figure 5.5: The J-V characteristics of commercial a-Si solar with silica waveguide

Figure [5.5 shows the J-V characteristics of a-Si solar cell illuminated under AM
1.5 with and without the silica waveguide deposited on the commercial a-Si solar cell.
There is a notable increase in current density as waveguides are incorporated in a-Si solar
cell, which improved from 24.74 mA /cm? up flow 27.10 mA /cm?. 1t is also observed
that the Vpc is 0.54 V for both devices is the same. In Table 4.3 there are parameters

calculated from the J-V curves in Figure[5.5.

Table [5.2 illustrates that the a-Si solar cell in the presence of a waveguide has have
an influence on the PV performance giving an improved photocurrent efficiency (PCE)
of 7.63%, which is only a slight increase compared to the reference a-Si solar cell with

the PCE of 6.73 %. We suspect this is due to the carrier recombination resulting in high
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series resistance of 8.3 (Qcm?), after the SiO, waveguide was incorporated on the device
and the a-Si solar cell contacts have came into ohmic contact. The SiO, dielectric layer

influenced on short circuit current density going up to 27 mA /cm? (see table @).

5.6 Conclusion

The SiO,, TiO; and SiO; : TiO, waveguides were synthesized/prepared by using sol gel
method and were deposited on microscopic glass slide through dip coating techniques.
Transmission analysis was performed, where the transmission fluctuated as the number
of the waveguides layers were added, having the lowest transmittance of 30% for a
5 layer SiO, waveguide up to the highest 55% for a 10 layer SiO, : TiO, waveguide.
The waveguides showed transmission between 450 nm and 530 nm. The absorption
of Si0,, TiO, and SiO : TiO, waveguides significantly improved respectively as the
number of layers were added. Multi- absorption peaks were observed accompanied by
red shift, due to the film thickness increment. Furthermore the absorption coefficient

and refractive index were calculated.

Improvement in the optical absorption of silicon solar cells through waveguides
were achieved by designing a hybrid structure of a-Si solar cell. The device was an-
alyzed for the enhancement in optical absorption leading to an improvement of about
7,63% in solar spectrum range of 450-510 nm in comparison with the reference a-Si
solar cell. Thus enhancement in optical absorption increases the conversion efficiency

of light into electrical energy in solar cells.

It was illustrated that the SiO, waveguide’s dielectric layer had a marginal influ-
ence on PV performance giving a photo current efficiency (PCE) of 7.63%, which has
increased by 11.73% compared to the reference a-Si solar cell having a PCE of 6.73%.
However, the SiO, dielectric layer influenced on PV short circuit current density up to

27.1 mA /cm? from 24.74 mA /cm? (tablel4d.3).

The spectral response could be improved by systematically changing the design-
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ing parameters and thus improving the performance of PV devices. As the V,. did not
change, the device structure and energy levels of each layer in the device did not change
after incorporating waveguides layers. Additionally the leakage current remains fairly

the same. Thus we observed a purely optical effect.
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Table 5.2: Parameters calculated from J-V curve from the doped commercial a-Si solar cells.

a-Sisolarcell V,.(v) J, (mA/cm?) FF PCE R, (Qcm?) Ry, (Qcm?)

Reference  0.54+0.02 24.74+23  0.51+£0.01 6.73+£0.51 7.13£0.51 250+4.8
S10, WG 0.54=£0.02 27.1+£2.1 0.49+£0.02 7.63£0.52 8.30£0.50 145+£3.2
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Chapter 6

Summary and Outlook

In this thesis, the utilization of plasmonic nanoparticles to enhance the efficiency of
the photon absorption of solar cell or photovoltaic devices was described. We found that
a solar cell’s energy conversion efficiency is highly dependent on the light absorption
coefficient within the material [[194]. With the use of effective light-trapping techniques
to boost the efficiency of a solar cell [195], the absorption coefficient can be largely
increased. The incoming light from the sun can be easily confined inside the cell by
correctly designing photonic nanostructures which reduces the losses of reflection and

scattering of light on the surface of the cell [[173,178].

The LSPR effect had a great impact in enhancing the PCE of commercial a-Si solar
cell, through plasmonic nanoparticles such as Au and Ag. The quasi-static approxi-
mation was used to elaborate the absorption and scattering of spherical nanoparticles
and core—shell nanoparticles. The absorption and scattering cross-section of Ag/Au NPs
was studied in under 2 distinct dielectric environmental. The simulations have shown
strong dependence of plasmon resonance with varied sizes NPs. The Ag/Au@SiO; and
Ag/Au@TiO, core-shell NPs absorption cross-sections showed an increase in the mag-
nitude of the absorption as the shell size was increased (the core size was kept the same
through out), where a red shifts was observed at different plasmon resonance. It was also
found that absorption of light was dominating than scattering of light with the core-shell
NPs. On the other hand the simulation of Ag@TiO; core—shells NPs revealed a huge
red shift in plasmon resonance as the shell thickness of titania increased, which indi-
cated that the dielectric medium of titania core-shell NPs is largely affected by the shell

thickness. When the size of the cores were varied while the shell thickness was kept the
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same, the red shifts were minimal for both Ag/Au@SiO, and Ag/Au@TiO, core-shell
NPs and the absorption and scattering intensity for both core-shell NPs were nearly the

same.

A systematic study of synthesizing metallic nanoparticles such as Au/Ag NPs was
conducted through wet chemistry. Silica and Titania core-shell NPs were successfully
synthesized through sol-gel methods which includes the Stober method. Under UV-
viz spectrum silica/titania core-shel NPs showed a resonance at around 530 and 650
nm respectively. As the size of the core-shell NPs increased, the plasmonic resonance
remained at the same position, accompanied by an increased absorption intensity. Sil-
ica/Titania core-shell NPs with Au/Ag NPs were studied and they showed an improve-
ment in absorption intensity. Blues shifts were also observed for the Ag@SiO; and

Au@Si0O, core—shells NPs.

Numerical and experimental methods, were both primarily based on the direct em-
bedding of metal NPs, core-shells NPs, on the top front of the solar cell to increase pho-
ton collection in the solar cell. The photon absorption of the solar cell was increased by
introducing Ag/Au NPs, SiO> NPs, TiO, NPs, Ag@SiO; core-shell NPs and Ag@TiO;
core-shell NPs layers in the device. Each of these layers have its own unique absorp-
tion coefficient which then allowed us to do simulation solar cells and we were able to
improve the photocurrent efficiency of a c¢-Si solar cell. It was obvious that due to the
presence of the metallic NPs/core-shell NPs on the solar cell, more light is absorbed
on the device, which attributes to creation of additional electron-hole pairs within the
active layer of solar cells and therefore improved the current density [[196]. The results
predict the highest increase in PCE of 28.05% in a c-Si solar cell with Ag@TiO; core-
shell NPs. Also there was an enhancement in PCE for c-Si solar cells incorporated with:
(Ag@SiO; core-shell: 26.43%, TiO, nanospheres: 26.24%, SiO, nanospheres: 22.00%,
Ag NPs: 24.46%).

Multi-functional layers of Ag NPs, SiO, NPs, TiOy NPs, Ag@SiO; core-shell NPs
and Ag@TiO, core-shell NPs were deposited on a commercial a-Si solar cell and the

PV properties of the cells were improved. The results indicated that the light absorption
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range of the a-Si solar cell, and the PCE of all devices increased significantly because of
the plasmonic effects. As a result, a-Si solar cell with Ag@TiO; core-shell NPs had a
higher efficiency (9.86%) compared to Ag@SiO, core-shell NPs:with 8.84%, TiO, NPs:
8.43%, SiOy NPs: 7.24%, Ag NPs:with 8.23% and pristine a-Si solar cell:with 6.74%,
which represents potential access for improving the PCE of a-Si solar cell or any kind
of a solar cell. The enhancement of Jgc and PCE is attributed to a combination of three
factors: improved electron transport properties of Ag NPs, improved light absorption
caused by LSPR, and intensified light-scattering or absorption of Ag NPs. The solar cell
samples also had relatively low shunt resistance, indicating high leakage current across

the junction, which is the main contributor to the dark current [197].

Another improvement in the optical absorption of silicon solar cells through waveg-
uides which were synthesized through sol-gel method. Absorption and transmission
spectra were studied. The absorption spectra of TiO», SiO; and SiO; : TiO, waveguides
showed that the wavegiudes that were sintered after deposing all the given number of
layers, had a better absorption intensity than the ones that were sintered after depositing
each individual layer. The absorption intensity increased as layers were added, a blue
shift was noted as well. From the transmission spectra the same trend was observed and
the transmittance was used to calculated the refractive index which varied according to

the thickness of the waveguide.

As a result, increased light absorption through waveguides has a significant impact
on various types of solar cells. It was illustrated that the SiO, waveguides increased the
photocurrent efficiency (PCE) to 7.51% from 6.74%, which increased by 11.42% when

compared to the reference a-Si solar cell.

Scope for future research

Several innovative concepts for improving the effective conversion of solar energy to
electricity have been offered during the course of this study. These ideas range from

introducing metallic NPs, core-shell NPs and waveguides directly deposited on the solar
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cell to modify the solar cell’s PCE. The following may be explored for future work:

* The study of other metallic NPs such as Al, Fe and Cu corresponding to the scat-
tering and absorption mechanisms,

* Deposition of core-shell NPs in the active layer to see if it has an influence on
PCE,

* Implementing the waveguides doped with rare earth ions into the active layer of
the solar cell to facilitate quantum cutting up conversion processes,

* Study the core-shell NPs doped with rare-earth ions.
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Appendix A

Techniques and methods applied

A.1 Experimental techniques

A.1.1 Sol-gel method

Sol-gel is one of the most straightforward and widely used methods for producing thin
films from a wide range of inorganic, hybrid, and nanocomposite materials. Metal ox-
ides, especially those of silicon (Si) and titania (7i), are made using this process. The
method entails converting monomers into a colloidal solution (sol), which serves as a
precursor for forming an interconnected network (or gel) of discrete particles or net-
work polymers. It allows for a high level of control over crucial parameters as well as
a level of versatility not possible with other traditional techniques, as it allows for the
coating of a wide range of substrates and complex geometries, including substrates with

holes or complicated shapes.

Figure [A.1 provides a schematization of the reaction steps involved in the sol-gel
synthesis, as well as a summary of the final products that could be obtained according to
the variation in processing parameters. Sol-gel monoliths could be produced by (i) gela-
tion of a solution of colloidal powders, (ii) hydrolysis and poly-condensation of alkoxide
or nitrate precursors followed by hypercritical drying of the gel, or (iii) hydrolysis and
poly- condensation of alkoxide precursors followed by aging and drying under ambient
atmosphere. Sol-gel glasses are mainly produced by the third approach, which typically

comprises 7 reaction steps (see figure[A.T).
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Coated rbstrale

Dense thin film

Figure A.1: Schematic representation of the different stages and routes of the sol-gel

technology [198]

A.1.2 Depositing methods

Dip-coating, spin-coating, spray-coating, and flow-coating are only a few of the wet
thin film coating techniques available. However, spin coating and dip coating were also

considered in this project.

The spin coater was set to 2000 to 6000 revolutions per minute (rpm). The follow-

ing conditions were set for the dip coater:

Vup =25 mm/min
Viowm = 25 mm/ min
Dip time = 6 sec

Distance = 150 mm

A e

Room Temperature
and there are stages of dip coating that are schematically represented in Figure
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such as controlled dipping and immersing speed.
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and Drainage

Figure A.2: Sequential stages of the dip-coating technique for thin film deposition: (a)
the substrate is dipped and immersed in the sol precursor, (b) the substrate is withdrawn

at constant speed rate, and (c) solvent evaporation yields to the gelation of the layer.

[199]

Before we can start laying down layers, we must first set the atmospheric condi-
tions. Then set the immersing speed at which the substrate to be coated would be im-
mersed in the initial solution before being removed at a constant speed. Specifically, we
can monitor the evaporation conditions by adjusting the withdrawal speed, allowing us
to fine-tune film characteristics such as thickness, optical constants and inner structure.
Because of the combined effects of viscosity, the substrate has a homogeneous surface.
Evaporation occurs at the end of the operation, resulting in the gelation of the film. The

coated substrates are then given a thermal treatment. [199].
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A.2 Data analysis techniques

A.2.1 The UV-Vis spectrophotometer analysis

In order to do the optical measurement such as absorption, reflectance and transmission,
the UV-Vis-NIR spectrophotometer Cary 5000 which is a high performance photometric
in the 175-3300 nm range was used. Using a Pb-Smart detector, the Cary 5000 extends
its NIR range to 3300 nm. It’s an important tool for materials science research because
of this. The Cary WinUV software, a modular Windows-based software that makes it
simple to perform powerful analysis and monitor a variety of optional accessories, is
controlled by the Cary WinUV software. Large accessories and integrating spheres for
spectral and diffuse reflectance can be stored in the large sample compartment, which

can be enlarged.

A Zero/Baseline Correction is applied before analyzing any samples, where a 100%T
baseline correction (100%TBaseline) and a zero-line correction (0%TBaseline) to the

sample scan (S) is performed with the raw transmission data and is given by:

(S —0%T Baseline)
(100%T Baseline — 0%T Baseline)

Where the instrument will perform a 100%TBaseline first, followed by a 0%TBaseline

(A.1)

when performing a baseline collection.

A.2.2 I-V characteristics of photovoltaic device analysis

After incorporating the a-Si solar cells with Ag/Au NPs, SiO», TiO, nanospheres, Ag@SiO;,
Ag@S§i0; core-shell NPs and silica waveguides, the I-V characterization was performed
using the solar simulator for the performance of the solar cell. The standards measure-

ment for device testing are:

1. Air mass 1.5 spectrum (AM]1.5) for terrestrial cells and Air Mass 0 (AMO) for for
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space cells,
2. Intensity of 100 mW /cm? (1 kW /m?, one-sun of illumination)
3. Cell temperature of 25 °C (not 300 K),

4. Area illuminated is 2.2 cm?.
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