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OZET

Uzun vadeli ¢evresel ve ekonomik uygulanabilirligi saglamak i¢in artan enerji taleplerini
yenilenebilir ve temiz kaynaklarla karsilamak ¢ok 6nemlidir. Uygulanabilir bir yenilenebilir
enerji kaynagi olarak giines pillerinin gelecegi, bu bilesenlerde yapilan verimlilik ve maliyet
iyilestirmelerine baghdir. Boyaya duyarli giines pili (DSSC), giines 15181 enerjisinden
elektron iiretmek icin en etkili cihazlardan biridir. Avantajlar, diisiik maliyetli islemeyi
icerir. Cesitli faydalarina ragmen, DSSC'ler diger giines pillerinden daha diisiik bir gii¢
dontistim verimliligine (PCE) sahiptir. Yiiksek verimli DSSC'ler olusturmak i¢in, 151k hasadi
ve elektron taginmasinit artirma dahil olmak iizere farkli yontemler mevcuttur. Bu tezde,
sivida lazer ablasyon teknigi kullanilarak Au@SiO2 ve Ag@SiO2 ¢ekirdek-kabuk
nanoparcaciklart hazirlandi ve bu nanopargaciklar Plazmonik Boyaya Duyarli gilines
pillerinde (DSSC) kullanildi. DSSC'lerin akim-gerilim(I-V) karakteristik egrileri hem
karanlikta hem de 100 mW/cm?2 altinda gerceklestirilmis ve oda sicaklifinda birbirleriyle
karsilastirmali deneysel sonuglar elde edilmistir. Au@SiO2 ve Ag@SiO- ¢ekirdek-kabuk
NP'leri, sulu bir silika soliisyonunda darbeli lazer ablasyonu ile farkli lazer enerjileri (50
mJ,100mJ,150 mJ) kullanilarak hazirlandi. Sonuglar, kullanilan lazer enerjisinin hazirlanan
nanoparcaciklarin yapisal 6zellikleri iizerindeki etkisini yiiksek oranda gostermistir ve bu da
diger ozellikleri de etkilemektedir. Au@SiO2 ve Ag@SiOzi¢in XRD, artan lazer enerjisiyle
kristalligin arttigin1 ve kristalit boyutunun arttigini gosterir. Transmisyon elektron
mikroskobu, lazer enerjisiyle her iki NP tiirii i¢in artan bir ortalama ¢ap gdsterir. UV-goriiniir
absorbans, lazer enerjisini artiran hafif bir kirmizi kayma ile her iki NP icin de onemli
plazmonik rezonans gosterir. Metal NP'lerin giines pili katmanlarina dahil edilmesi, 6zellikle
plazmonik frekansta aktif katmanin absorpsiyonunu artirarak verimliliklerini artirir. Farkli
NP'lerin etkisi incelendi ve nanopartikiil icermeyen ciplak giines pili ile karsilastirildi.
Au@SiO, ve Ag@SiO2 NP'lerinden olusan DSSC giines pili, 6zelliklerinde onemli bir
gelisme gosterir. Sonuglar, Au@SiO2 ve Ag@SiO2'nin segici sagilma faktorleri olarak
kullanilabilecegini ve verimli DSSC'ler vaat ettigini ortaya koydu.
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ABSTRACT

It is crucial to fulfill rising energy demands with renewable and clean sources to ensure long-
term environmental and economic viability. The future of solar cells as a viable renewable
energy source hinges on the efficiency and cost improvements made these components. The
dye-sensitized solar cell (DSSC) is one of the most effective devices to producing electrons
from solar light energy. Their benefits include low-cost processing. Despite their various
benefits, DSSCs have a lower power conversion efficiency (PCE) than other solar cells.
Different methods exist to create highly efficient DSSCs, including enhancing light
harvesting and electron transport. In this thesis, Au@SiO, and Ag@SiO2 core-shell
nanoparticles were prepared using the laser ablation technique in liquid and these
nanoparticles were employed in Plasmonic Dye Sensitized solar cells (DSSC). Current-
voltage(I-V) characteristic curves of DSSCs were performed both in the dark and under 100
mW/cm? and obtained experimental results compared to each other at room temperature.
Au@SiO2 and Ag@SiO: core-shell NPs were prepared using different laser energies (50
mJ,100mJ,150 mJ) by pulsed laser ablation in an aqueous silica solution. The results highly
showed the effect of the used laser energy on the structural properties of the prepared
nanoparticles, which in turn affect the other properties. The XRD for Au@SiO2 and
Ag@SiO2 shows that the crystallinity enhanced, and the crystallite size increased with
increased laser energy. The transmission electron microscopy shows an increasing average
diameter for both NPs types with the laser energy. The UV-visible absorbance shows
significant plasmonic resonance for both NPs, with a slight red shift increasing the laser
energy. Incorporating metal NPs into solar cell layers enhances their efficiency by increasing
the active layer's absorption, especially at the plasmonic frequency. The effect of the
different NPs was examined and compared with the bare-solar cell without nanoparticles.
The DSSC solar cell composed of Au@SiO, and Ag@SiO2 NPs shows significant
enhancement in their characteristics. The results revealed that Au@SiO, and Ag@SiO-
could be employed as selective scattering factors, promising efficient DSSCs.
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LIST OF SYMBOLS AND ABBREVIATIONS

The symbols and abbreviations used in this study are presented below along with their

explanations.

Symbols Descriptions

A° Angstrom

AM Air mass

AuNP Gold nanoparticle

AuNR Gold nanorod

AuNW Gold nanowire

AgNP Silver nanoparticle

AgNW Silver nanowire

Au@SiO2 Gold-silica-core-shell nanoparticle
Ag@SiO2 Silver-silica-core-shell nanoparticle
CIGS Copper indium gallium selenide
CTAB Cetyltrimethylammonium bromide
c-Si Crystalline silicon

CZTS Copper zinc tin sulfide

CB Conduction band

CdTe Cadmium tellurium

CE Counter Electrode

DSSC Dye Sensitized Solar Cell

-ve Negative charge

+ve Positive charge

FTO Fluorine-doped tin oxide

FF Fill factor

HOMO Highest occupied molecular orbital
HTM Hole transporting material

Is7/1° triiodide/iodide

IPCE Incident photon conversion efficiency

ITO Indium-doped oxide
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-V

Isc

Jsc
LUMO
LSPR
NIR
OPV
P3HT
PEDOT
PDSSC
PV
PEC

nm
UV-vis
VB
WE
XRD

Descriptions

Current-voltage

Short circuit current

Short-circuit current density
Lowest unoccupied molecular orbital
Localized surface plasmon resonance
Near-infrared

Organic photovoltaic
Poly(3-hexylthiophene-2,5-diyl)
Poly(3,4-ethylene dioxythiophene)
Plasmonic dye sensitized solar cell
Photovoltaic
Photoelectrochemical conversion
Solar power incident

Maximum power
Photoluminescence

Quantum dot

Quantum dots solar cells

Silicon

Silicon dioxide( silica)
Transparent conductive oxide
Titanium dioxide

Transmission electron microscopy
Meter square

Meter cubic

nanometer

Ultraviolet-visible

Valence band

Working electrode

X-ray diffraction
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1. INTRODUCTION

Since the increasing population necessitates the utilization of energy in its many guises,
researchers working in the field of energy are concentrating on the process of extracting
energy from a variety of different sources. The use of nonrenewable energy sources like
fossil fuels is coming to an end, and these resources will not be able to be replaced in our
lifetimes [1].

As a result of the emission of carbon dioxide, which is one of the primary contributors to
both global warming and global climate change, depleted (non-renewable) energy sources
using fossil fuels (such as coal, oil, and gas) pose a threat to both the globe and humanity
[2]. Three-quarters of the world's electricity comes from nonrenewable sources that cannot

be reused or recycled [3].

In addition to the recent developments in the world that prompted many European countries
to turn to clean energy alternatives, the necessity of speeding up the transition to these

alternatives, including solar energy, moved fast to change this fact [4].

Solar cell technology can convert solar energy to electrical energy as humanity's dependence
on electricity increases. Solar energy is enormous, providing approximately 10,000 times

more energy than the world's daily energy needs [5].

Every day, the Earth gets so much energy from the sun that we are lucky to be able to use it
with solar cell technology. Although solar energy is free, the technologies required to
convert and store it are very expensive, making it difficult for more people to access it [6].
Solar harvesting has evolved since the 18th century. Edmond Becquerel discovered
photovoltaics in 1839 [7].

Applications that utilize solar energy harvesting begin with this effect. Photovoltaics are
photoactive devices optimized for the conversion of light energy into electricity. When light
is absorbed by a semiconductor, a voltage is produced. The photovoltaic effect is the name

for this phenomenon [8-10].
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Based on this effect, Solar cell generations can be roughly put into three groups based on
their material properties and how long they have existed [9]. (Figure 1.1) shows the

generation of solar cells.

Classifications of solar cell
technologies

l ,l |

| Compounds of
Crystalline Amorphous Chalcogenides Group

v

Key  m Wafer-based solarcells W Thin film solar cells

Figure 1.1. Diagram explain the Classification of solar cell generation [9]

The development of solar technology has been constant. It has flourished with diversification



in matrices and shapes, reaching a record efficiency at a laboratory scale of 47.1% (S1. Best
Research-Cell Efficiencies) [11].
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Different types of photovoltaics have been created since, which can be grouped into different
generations depending on their characteristics:

The First-generation: These solar cells are constructed from crystalline silicon wafers. This
technology uses the most expensive method of generating pure Silicon crystal since it is
made from silicon crystals (c-Si). These solar cells have the highest commercial efficiency
that utilized everywhere [12]. Approximately 80% of the market for solar cells consists of
monocrystalline cells. According to Zhao et al. (1998), the efficiency of honeycomb-
structured polycrystalline solar cells is 19.8%. Polycrystalline solar cells are less efficient
than crystalline solar cells [13].

1. Solar cells with single crystalline

2. Solar cells with polycrystalline

The Second-generation (the technology of thin film - solar cells): Since the technique of Si
crystal wafer primarily uses Si (pure crystalline), it is expensive. The thin film solar cells
that are most effective include Based on the molecules CdTe and Cu(In, Ga)(S, Se)2
(CIGSSe), referred to as second-generation thin polycrystalline films [14]. The difficulty
with these materials is lowering the price. However, in terms of solar energy conversion
costs per watt, they are produced in the Earth's crust by expensive and scarce toxic materials,
such as In, Ga, Te, and other concerns, such as CD [15]. New materials having
characteristics have emerged in recent years. Furthermore, developed a keen interest in
photovoltaic applications; plentiful and non-toxic metals have been suggested for the

primary second-generation CdTe and CIGSSe-based solar cells [16].

The Third generation: This new generation of photovoltaic cell technology refers to solar
cells with a power efficiency greater than the Shockley-Quisser limit of 31-41% [17]. This

generation of solar cells consists of [18]:

a) CZTS solar cells, including materials CZTSe and CZTSSe
b) Dye-sensitized solar cells

d) The Quantum Dot (QD) solar cells

e) Perovskite solar cells

) Organic solar cells



These solar cell generations have low power conversion efficiencies compared to silicon-
based and thin-film solar cells. Nonetheless, it has distinct advantages, such as low
processing costs and minimal environmental impact, which have led to extensive research

and development in this field [19].

1.1. The Dye Sensitized Solar Cells (DSSCs)

(DSSCs) are a good alternative to (pn junction photovoltaic) devices in point of view
technical and financial. In the 1970s, he did a lot of research on ZnO single crystals, but the
(Zn0O) layer on his DSSCs does not absorb much light, so they are not very good [20-21].
Moreover, it can be made better by making it more porous. The first good modern DSSCs,
called Gritzel cell, were made by O'Regan and Gritzel at the University of California,

Berkeley, in 1991. They had a power conversion efficiency of 7.2% [22].

The popularity of dye-sensitive solar cells has increased significantly. As was already said,
each of the solar cell technologies described has some drawbacks. Proper charge domain
ordering is a problem for OPVs; moisture sensitivity and stability are problems for PSCs.
For DSSCs to operate more effectively, photosensitive materials must have a wide
absorption spectrum. Overall, DSSC performed best in the natural outdoor environment [3].
DSSCs generate significant amounts of power throughout the day regardless of the angle of

light incidence, even when worked under low light levels [23].

Single-molecule properties determine the photophysical performance of DSSCs. Because of
this, it is easy to change at the molecular level by changing the structure of the molecules

and adding replacements.

Even when their moisture is present, DSSCs are stable and perform well in challenging

circumstances like low temperatures and intense light levels [24-26].

So, DSSC s still promising ways to make solar cells, and both practical and theoretical
research is still going on to make it even better. Most sensitizers are made with functional
groups like (-B(OH). ,-COOH, -POsHz, and) to make sure they absorb light well [26-28].



1.2. Components of the DSSC

The Dye Sensitizer Solar Cell consists of four main parts [3].

1. Working electrode (also known as a photoelectrode or, more broadly, a semiconductor)
2. Dye sensitize

3. Electrolyte

4. Counter electrode

Conducting
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Figure 1.3. Dye-sensitized nanocrystalline solar cells: structure and operation principle [3]

DSSC represents a major advanced technology. Because of its inexpensive use of renewable

energy sources, its numerous improvements have received a great deal of attention.



Plasmonic Dye-Sensitize Solar Cells (PDSSC) are a brighter option for solar energy
conversion, with the highest absorption values compared to other photovoltaic systems.

Plasmonic dye - sensitized solar cells (PDSSCs) get lots of attention and great interest
because to their cheap price and ease of production under mild conditions. PDSSC can be a
flexible solar cell for indoor applications under normal lighting conditions [3,28-32].

1.3. The fundamental Plasmonic and Physical Properties of Surface Plasmons

Plasmonic nanostructure applied to solar cells has recently emerged as a rapidly expanding
research area, significantly increasing between 2007 and 2021 (peaking in 2015).
Furthermore, it can be seen by looking at the number of published studies shown in ( Figure
1.4) These results came from searching the Scopus database with the terms “plasmonic and

solar cell,” respectively [33].
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Figure 1.4. (a) Recent publications in the field of "plasmonic plus solar cell” that is
mentioned here, as well as the distribution of these publications, (b) by field
and (c) by document type. Data came from Scopus, a database of abstracts and
citations that experts carefully put together [33]

Solid-state surface plasmon resonance is used to describe this phenomenon (SPR). Surface

plasmons are caused by the collective oscillations of surface conduction electrons.



They are induced when electromagnetic radiation interacts with metal nanoparticles that
have a negative real dielectric constant and a small positive imaginary dielectric constant.
Some examples of these nanoparticles include silver and gold. Excitation of surface
plasmons augments the electromagnetic field at specific locations on nanoparticles that are
illuminated. The brilliant colors of silver and gold colloids are produced by the light-induced
activation of surface plasmons in the nanoparticles of both metals [34,35]. For many of their
applications, the optical properties of nanoparticles made from 1B metals are fundamental.
While a nugget of gold is yellow and an ingot of silver is grey, the colors of Au nanoparticles
and Ag nanoparticles highly depend on the size and shape of nanoparticles and range from
red to purple [36].

The generated plasmon polariton, stronger than the incident light, appears as an evanescent
wave that rapidly degrades as it goes away from the contact in a vertical direction. The metal
nanoparticles' surface stores light energy through the SPR phenomenon, providing optical
control at a distance below the optical diffraction limit [37-39]. Because of their optical that
have unique characteristics, for example, their ability to confine and control light, SPRs have
attracted wide interest in different fields, like optoelectronics and biological and sensing
applications. There are two types of surface plasmon resonance (SPR): propagating surface
plasmon resonance (PSPR) and bound surface plasmon resonance. (LSPR) [40-42].

1.3.1. The propagating of surface plasmon resonance (PSPR)

A propagating surface plasmon resonance (PSPR) is seen at the interface between the plating
metal (100 nm to 1 m) and the dielectric [43]. PSPR happens when electromagnetic waves
and oscillations in the metal electron plasma mix. (Figure 1.5) demonstrates that the (PSPR)
moves in the direction -x and the direction- y along the metal dielectric interface and fades
very slowly along the direction of z [44].
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Figure 1.5. SPR waves (a) SPR waves moving along the boundary between the dielectric
material and metal, and (b) field size across the boundary and perpendicular to
the direction of propagation. The magneto-optic SPR effect demonstrates the
directed magnetic field parallel to the metal-dielectric interface along the y-axis
[44]

1.3.2. The localized surface plasmon resonance (LSPR)

Metal nanoparticles (5-20 nm) that are less than incident light wavelength show localized
surface plasmon resonance (LSPR). The LSPR manifests as (Figure 1.6) when the oscillation
frequency of free electrons in metal NPs closely resembles the frequency of the electric field
of incident light [33]. Unlike PSPR, LSPR is a non-propagating oscillation of free electrons
connected to an electromagnetic field. The local electromagnetic fields and free electron
oscillations close to metal nanoparticles are amplified dramatically by the LSPR. The strong
secondary electromagnetic field of metal nanoparticles can produce more electron-hole pairs
in surrounding organic or inorganic semiconductors [45]. LSPR depends on the metal

nanoparticle's local dielectric environment, shape, and size [46].
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Electron cloud

Metallic nanostructure

Electric field

Figure 1.6. A graphical view of localized surface plasmon resonance for a plasmonic
nanosphere [47]

1.3.3. Plasmonic effect in photovoltaic cell

Their short physical length severely hampers thin films' inefficient capacity to absorb light.
As a result, it gets a less free carrier. Plasmonic nanoparticles (NPs) can increase the light
absorption of solar cells with thin film in three primary configurations [48].

First, plasmonic metal nanoparticles with a diameter of more than 50 nm can be used as
light-scattering material. Therefore, the light that strikes the material is linked or trapped in

the thin absorbing semiconductor layer as a result of the scattering effects. (see Fig 1.7a).

In this case, the light absorption increases when the optical path length within the solar cell's

photoactive layer gets longer.

Second, metal nanoparticles between 5 and 20 nm can be used as antennas to make areas

with strong electric fields caused by LSPR excitations (Fig 1.7b).

In this configuration, the nanostructures are located close to the photoactive layer so that the
layer can absorb more light. Thirdly, periodic nanoarrays of plasmonic metallic
nanostructures are placed on the surface's back to connect incident light to an SPP mode in
the semiconductor. The light then travels along the plane of the semiconducting layer until
it is entirely absorbed by the active medium (see Fig 1.7¢) [49].
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Light absorption across a broad range of angles and polarizations can be enhanced by
arranging plasmonic metallic nanostructures in these three ways. In this instance, the
plasmonic-assisted solar cell could significantly affect the efficiency with which it absorbs

light and, by extension, converts light into electricity [50].

b c

Figure 1.7. Shows thin-film solar cells with plasmonic shapes that trap light. a) Metal
nanoparticles trap light on the solar cell's surface. Multiple and high-angle
scattering preferentially scatters and traps light in the thin semiconductor film,
making the cell's real optical path length is longer. b) capturing light in a
semiconductor utilizing metal nanoparticles excited locally by surface
plasmons. In the case of semiconductors, electron-hole pairs are made when
excited particles are close to each other. c) Exciting surface plasmon polaritons
at the metal-semiconductor contact trap light. Light-to-surface Moving plasmon
polaritons or photonic modes in the semiconductor layer's plane are linked by
the rear surface's corrugations in the metal [49].

{—V-V‘ \

1.3.4. Noble Metal Nanoparticles

Since the earliest Egyptian civilization, noble metals have been valued as a sign of superior
power and wealth. As a result, they have been found throughout history in the form of
valuable artworks, coins, and jewels, among other things [51]. Given how widespread they
are in the crust of the Earth, these metals are typically more costly than others [52-53].
Localized surface plasmon resonance (LSPR) is an important property of metal NPs,
particularly Au nanoparticles and Ag nanoparticles. When photons with specific frequencies
hit the surface of metal NPs, free electrons around the surface start to oscillate as a group—

leading to stronger electromagnetic fields and more precise light manipulation [54-57].

LSPR properties can be tuned for particular applications by adjusting the size, shape,

composition, and dielectric environment of NPs [58-61].
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The plasmonic resonant peaks of Au Nanospheres (NSs) undergo a gradual from 521 to 806
nm in the red, displaying a striking color appearance from red to purple, then to yellow, as
the NSs' size increases from 24 to 221 nm. As the Au NS grows, the amount of heat it radiates

rises, and the resulting spectrum becomes broader [62].

Exceptional sunlight harvesting and solar energy conversion capabilities are present in

plasmonic metal nanostructures because of their remarkable optical properties. It is common

knowledge that the sea-level solar spectrum illuminates an extensive spectrum of

wavelengths from 200 nm to 2.5 m. Ultraviolet light makes up about 3% of solar energy,
visible light 43%, and infrared light 54%, respectively [63].
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Figure 1.8. Describe Plasmonic nanostructures for solar energy conversion [63].
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The rapid progress in synthesis and characterization techniques has led to the development
a massive range of metallic NPs and nanostructures. Plasmonic resonances should extend
from the ultraviolet to the near-infrared, allowing them to absorb as much sunlight as
possible. However, individual metal nanoparticles usually only react to a narrow range of
wavelengths, severely restricting their ability to harness solar energy. Therefore, multiplex
(composition, size, shape, or array) NP structures are anticipated to enable integrated (i.e.,
optical, electrical, and magnetic) features, which may play key roles in maximizing photon

absorption and total solar energy [64-66].

Table 1.1. Summarizes some properties of gold and silver metals.

General properties

Name Gold Silver
Symbol Au Ag
Appearance Metallic yellow Lustrous white metal
Gold and Silver in the periodic table
Atomic number 79 47
Standart atomic eight 196,966569(5) 107,8682(2)
Element category Transition metal Transition metal
Group Group 11 Group 11
Block d-block d-block
Peiod Period 6 Period 5
Electron configuration [Xe]4ft* 5d10 6st [Kr] 4d95s?
Per Shell 2,8,18,32,18,1 2,8,18,18,1
Physical properties
Pahse Solid Solid
Melting point 1064.18 °C 961.78 °C
Boiling point 2970 °C 2162 °C
Density near R.T. when liquid, at M.P. 132(1) g Emz 303‘218 g gmz
Heat of fusion 12.55 kJ mol! 11.28 kJ mol*
Heat of vaporization 342 kJ mol* 254 kJ mol*
Molar heat capacity 25.418 J molt K! 25.350 J mol* K1
Miscellanea
Crystal structure Face-centered cubic (fcc) Face-centered cubic (fcc)
Speed of sound thin rod 2030 ms* (at r.t) 2680 ms? (atr.t.)
Thermal expansion 14.2 um mt K1 (at 25 °C) 18.9 um mt K (At 25°C)
Thermal conductivity 318 WmtK? 429 W mtK?
Electrical resistivity 22.14 nQ m (at 20 °C) 15.87 nQ m (at 20 °C)

Magnetic ordering diamagnetic diamagnetic




14

1.4. Aims of the work

1- Preparation of Au @SiO2 and Ag@SiO2 nanoparticles core-shell using laser ablation
technique in liquid with different laser flounce values.

2- Study the structural and optical properties, morphology, and nanoparticles for Au@SiO>
and Ag@SiO..

3- We use the most effective outcome from fabricating a DSSC based on noble metal @

silica core-shell nanoparticles.
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2. LITERATURE REVIEW

Recent studies show that surface plasmon resonance makes noble metal NPs

absorb more light. Park and his colleagues made DSSCs with 100nm Au NPs inside
TiO2 NPs. By incorporating plasmonic metal nanoparticles, device efficiency and
photocurrent are both improved. Due to their excellent SPR optical properties, Au NPs and
Ag NPs are used to starting plasmonic enhancement in solar cells. Several groups have tried
to improve DSSCs with the help of NPS [67].

Compared to a film made of simply TiO2 NPs, this show absorbs significantly more light,
and light travels longer distances due to scattering. In contrast, low charge separation and
carrier loss at the electrodes occur when Nanoparticles of metal are exposed to the dye
molecules or the electrolytes due to issues like corrosion, recombination, and the back
reaction of the charge carriers. One strategy for resolving such problems is coating the
nanoparticles of metal containing metallic oxide coatings, like SiO2 or TiO.. It does not just
prevent corrosion of metal nanoparticles with | */ I3 °, but also electrolyte enhances dye
absorption. Reducing To maximize the LSPR effect on dye molecules' ability to absorb light,
photoanodes should be as thick as possible, and the effectiveness of dye-sensitive solar cells
for converting energy with a photoactive layer but not be thick. Jifa Qi et al. made DSSCs
using an Ag@TiO: core shell [68].

Michael D. Brown explores the use of Au-SiO2 nanoparticles in DSSCs. Show that 1-/13
solar cells that use an electrolyte and those that use a solid state (dye-sensitized) benefit from
augmentation of an increase in absorption due to plasmons of light, photocurrent, and
performance. Spectroscopic research shows that after light absorption within the first few
tens of femtoseconds, enhanced photocarrier generation by plasmons is competitive with the
oscillation damping of plasmons [69].

Prashant V. Kamat et al. shell material impacts DSSCs performance; they created Au@SiO>
nanoparticles and Au@TiO2 nanoparticles. For the DSSCs containing Au@TiO:
nanoparticles, The Au core was charged with electrons. This increased voltage open-circuit
(Voc) due to charging influence. However, for the DSSCs that use Au@SiO2 nanoparticles,
SiO2 hinders core metal charging with electrons, resulting in larger Jsc due to surface
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plasmonic effect dampening within the initial tens of femtoseconds after light absorption
[70].

Nanocubes of Au@SiO- were integrated into the photoanodes of DSSCs by Holly Zarick et
al. to enhance light harvesting. As a result of their strong light scattering and absorption
region, simulations of finite domain difference time revealed that the disappearance of all
light for Au@SiO2 nano cubes between the 700 nm to 900 nm range is exceptionally high.
Photocurrent characteristics and spectra from the IPCE indicate that the device’s
performance can be controlled by controlling the concentration of Au@SiO2 nano cubes.
Consequently, the Jsc was significantly raised with a 1.8 weight-percent increase in
Au@SiO; nano cubes, contributing 34% improvement in DSSCs working and an increase
in PCE from 5.8% to 7.8%. The strong electromagnetic field in the edges and corners of the
nano cubes improves carrier generation and DSSCs performance by increasing the molecular
coupling of plasmonic, leading to the best performance of plasmon-enhanced DSSC [71].

To improve the performance of N719-based DSSC, Elbohy et al. added Au Nano stars to the
dye-sensitized mixture and observed absorption at the near-infrared read wavelength of 785
nm. PCE of DSSC with Au nanostars rose 20% to 8.2%. DSSCs that used N749 dye had a
maximum absorption light (410 nm, 610 nm) than N719, and PCE increased by 30%, from
3.9% to 5.0%. Strong and broad LSPRs between 500 and 1,000 nm improve PCE [72].

By altering the sizes for sides of the nanorods' (NRs), there are 2 LSPR bands with
significantly different spectral characteristics were produced.

created DSSCs with a composite Au NR@SiO; photoanode. The usage of Au NR@SIiO2
increased the efficiency of DSSCs by 23%. They saw that the max, at 514 nm, and 656 nm,
went from 5.86% to 7.21%. As a result of the dye's spectral response being amplified thanks
to the longitudinal plasmon absorption of Au Nanorods, DSSC efficiency was significantly

improved [73].

For their experiments, Guo et al. also employed DSSCs with varying Ag concentrations in
an AgNW@SiO; core shell. An increase in Jsc from 9.69 mA cm to 11.83 mA cm™ led to
a rise from 5.45% to 6.26% in DSSC PCE.
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Because of light coupling increased at 350 nm and 388 nm by the LSPR of
AgNanowire@SiO; in the photoanode, the dye molecules' light absorption and photon
capture capabilities were greatly improved by integrating Ag NW@SiO2. Moreover, This
led to improved Jsc and PCE [74].

Timothy L. Kelly et al. found that nontriangular prisms and nanoplates were investigated for
use in DSSCs. Anisotropic Ag NPs, such as Ag nano prisms and nanoplates, exhibit a
redshifted extinction in contrast to Ag NPs in the form of spheres with LSPR absorbance at
400 nm.

By varying the aspect ratio, it is possible to modify LSPR's location from the blue-violet to
the NIR range. Due to an improvement in light-harvesting efficiency for between 550 to 750
nm, or the red and near-infrared spectrums, the photoanode of DSSCs could be significantly
enhanced by using 0.05 weight percent triangular Ag@SiO nano prisms, increasing the PCE
by 32% [75].

Hyun-Young Kim et al. Rapid thermal processing created Ag nanoplates with maximal
extinction wavelengths of 470, 540, and 620 nm. Three Ag nanoplates were immobilized
onto a polymer-coated film (4-vinyl pyridine) to form the panchromatic quasi-monolayer
Ag NPs (P4VP). Ag nanoplates with high extinction coefficients at 470, 540, and 620 nm
may be prepared quickly by heating. Three Ag nanoplates were immobilized on a poly(4-
vinyl pyridine)-coated screen to create the panchromatic quasi-monolayer of Ag NPs (P4VP)
[76].

Al-Azawi, Mohammed A., et al. Utilizing them to produce gold-silver nanoparticles required
two stages of preparation (Au—Ag alloy NPs). Following the pulsed laser ablation of pure
metallic targets in ethanol, mixing, and re-irradiation to create the colloids, average particle
sizes of 14.80 and 8.47 nm were obtained for Au and Ag, respectively (volume ratio 4:1). In
this investigation, titanium dioxide (TiO.) was applied to the conducting side of fluorine tin
oxide (FTO) glass at a thickness of 11 um. A porous TiO2 layer was employed as the
photoanode to create dye-sensitized solar cells using N719 dye molecules, both with and

without plasmonic-metal nanoparticles (NPs) (DSSCs) [77].
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Qi Xu et al. demonstrate studies of using nanoparticles (NPs) of gold-silver alloy in the shape
of popcorns to enhancements the dye sensitized solar cells' broad-band optical absorption
(DSCs). Absorption improved over a wide wavelength range is shown in popcorn-shaped
alloy NPs, as shown by simulations and experimental data, because the localized surface
plasmons' (LSPs') excitement at various wavelengths, compared to regular plasmonic NPs
like nano-spheres. They found that When Popcorn is made with an alloy of gold and silver,
2.38 weight percent NPs are added to DSCs, and the PCE increases from 5.26% to 6.09%.
With the addition of layers of scattering on the counter electrode outside, popcorn NPs show
a 32% improvement in PCE, owing to the NPs' improved LSP mode excitation, from 5.94%
to 7.85% [78].

The researchers Juyoung Yun et al. discovered that increasing the PCE of dye sensitized
solar cells may be achieved by enhancing the photoanode's light-harvesting capabilities
(DSSCs). Using a chemical deposition and sol-gel process, Au@Ag/TiO2 HNPs were

created.

Au@AQ/TiO2 HNPs are acombination of Au@Ag NPs and TiO2 hollow nanoparticles (TiO>
HNPs). Enhanced light-harvesting was achieved thanks to the Au@Ag CSNPs'; TiO2 HNPs
have a specific surface area that is high(129 m? /g), can scatter light, and are easily oxidized
and reduced by electrolytes. In DSSCs, photoanode materials based on TiO2 HNPs
comprising AU@AQg/TiO2> HNPs (0.2 wt% Au@Ag CSNPs with TiO2 HNPs) achieved a
PCE of = 9.7%, 24% higher than the PCE of typical P25 photoanodes (n = 7.8%) [79].

Hua Dong et al. have found increasing the effectiveness of dye sensitized solar cells with the
help of Au@Ag NRs (DSSCs). This new plasmonic nanostructure increases light harvesting
in DSSCs while lowering charge recombination. Au@Ag NRs' surface plasmon resonance
(SPR) effect allows for greater light absorption at the photoanode. Their enhanced ability to
absorb red and NIR wavelengths ensures that all of the sun's energy is harnessed. AU@Ag
NRs improve charge suppression separation and recombination, further enhancing DSSC
light-driven chemical processes. The PCE of the optimized Au@Ag NR modified DSSC is
8.43%, much higher than the pure TiO2 DSSC (5.91%) [80].

In 2015, Yang Wang et al. discovered that by tailoring the Ag shell thickness, or the light-
scattering photoresponse (LSPR) effect, core-ultra thin shell nanoparticles (Au@Ag@SiOy)
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could be manufactured and injected into DSSC to enhance light harvesting and decrease
photo carrier recombination. The photoconversion efficiency of an Au@Ag@SiO: electrode
at 486.72 nm and ten mW/cm? is 23.42% [81].

Sungmo Ahn et al. compiled and assessed the most up-to-date findings on plasmonic
nanostructures for OPV and approaches for improving them in 2016. Metal nanoparticles,
patterned electrodes, and plasmonic metamaterials all exhibit enhanced optical absorption
due to resonant scattering and the strong plasmonic near field. The electrical effects of
plasmonic nanostructures, which impact device efficiency, are also investigated. Also, they
talk about what comes next in the field of study [82].

Rizky Nanda Puspitasari, in 2017 This research used gold nanoparticles with a core-shell
configuration that incorporated SiO2 isolated from Vulcan's Lapindo mud. This Study
employs nanoparticle core-shell structures composed in the form of SiO.@TiO@Au and
TiO.@SiO@AU.

It has been found that the direct contact between Au and TiO2 in the DSSC with
TiO2/SIOL/TIO.@TiO2@Au nanoparticles as photoanodes results in a power conversion
efficiency of almost 1.9 times greater than that of the DSSC with only TiO as photoanodes
[83].

Bao Wang et al. (2018) created Ag@SiO2 nanoparticles using Stober modified technique.
Prepare a mesoporous layer of TiO. without a hole-carrying layer for perovskite solar cells
with a carbon counter electrode (PSCs). Using UV-vis spectroscopy, the maximum
absorption peak of Ag NPs was determined to be in the vicinity of 400 nm; The XRD patterns
of the produced Ag NPs confirmed their nanocrystal and face-centered cubic structures. As
seen in transmission electron microscopy photos, the nucleation size distribution of Ag NPs
was centered at 26 nanometers, and their average thickness shell for silica was 14
nanometers. Overshooting the optimal Ag@SiO2 concentration in the mesoporous layer has
no effect on the short-circuit current density or incident photon-to-electron conversion

efficiency, as the insulating silica shells inside the TiO2 network prevent electron transit [84].

Abdollah Neshat and Rasoul Safdari 2019 chemically nanoparticles of gold-silicate

(Au@SiO») surface plasmon resonance was artificially produced. Au@SiO> NPs were
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studied to see how that affected the solar cells with dye sensitization's photocurrent density.
UV-vis spectroscopy measured the absorption of Au@SiO2 NPs, and the maximum peak
was near 521 nm; FE-SEM images revealed NPs with diameters between 20 and 60 nm.
DSSCs performed better when the photo-anode surface was adorned with Au@SiO:
nanoparticles of the proper size and shape. Light intensity was measured at 100 m\W/cm?2
under an AM 1.5 light source. The anode surface's solar energy-to-electricity conversion
efficiencies of 1cm? and 2cm? DSSCs with Au@SiO2 NPs increased by 20% and 10%,
respectively [85].

Ling Weng et al. (2020) utilized PVDF to prepare Ag@SiO> core-shell nanoparticles (the
chemical method). Near 400 nm. The highest absorption peak for NPs formed. Ag@SiO>
core-shell nanoparticles were biphasic (cubic+ hexagonal) with a size of an average of 100
nm and a thickness of the shell of approximately 20 nm; core-shell Ag@SiO> nanoparticles
demonstrated a significant increase in electrical breakdown strength. Similarly, the
calculated energy density increases from 0.016777 to 0.044234 J/cm?® [86].

I. Perdana and M. Muldarisnur chemically synthesized Ag-SiO. core-shell nanoparticles in
2021. As they are inexpensive to manufacture and effective at converting sunlight into
energy, organic solar cells hold great promise. Low efficiency is the primary disadvantage

of these solar cells.

At a particle distance of 60 nm, the dual periodicity model increases absorption by 98%.
Increased absorption inside the layer, which is directly brought on by LSRP events, improves

the performance of organic solar cells [87].

Ag@SiO2 NPs were created in 2022 by Elmira Alikhaidarova et al. using a chemical process.
These NPs were then used to study the photovoltaic performance characteristics of polymer
solar cells. Ag@SiO> NS was added to the PEDOT: PSS film at the optimum concentration
of 108 mol/L, improving the efficiency of the solar cell that has polymer by 60% and
incorporating Ag@SiO2 nanostructure into the PEDOT: PSS film-boosted polymer solar
cells by decreasing the electrical resistance of the PEDOT: PSS layer and increasing light
harvesting via dispersion. The surface plasmon peak at 213 nm confirmed the synthesis of
Ag@SiO nanoparticles. IPCE, time-resolved photoluminescence spectroscopy, and EIS

studies clarified the solar cell's mechanism and kinetics [88].
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3. THEORETICAL BACKGROUND

3.1. The Dye Sensitized Solar Cells (DSSCs)

DSSCs have attracted huge interest as cutting-edge solar technology due to their high
efficiency, low production costs, and environmental friendliness [89-93].

3.2. Solar cells Basic principle

Utilizing photovoltaic technology, solar cells transform sunlight into useful energy, like
electricity. As seen in (Figure 3.1), the photovoltaic (PV) effect takes place in the p-n
junction to transform light into usable energy. Three fundamental processes—absorption,
separation, and migration—can be used to illustrate the photovoltaic effect, the underlying
concept of solar cells.1. A photon is absorbed in the semiconductor's p-type phase, resulting
in the formation of a conducting pair (electrons and holes).2. The excess energy that is above
the band gap is wasted as the pair immediately undergoes thermalization with the phonons
in the lattice.3. The electron migrates to the left while the hole migrates to the right due to
the potential difference that exists across the interface, creating a voltage between the two
terminals [94-96].
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Figure 3.1. An illustration of the photovoltaic effect [95,96].
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3.2.1. Performance of photovoltaic solar cells

Typically, the photovoltaic efficiency of solar cells is evaluated in standard test conditions
(STC), which involve irradiation of 200mW/cm?, air with 1.5 of mass (AM), and a cell at 25
°C of temperature. (Figure 3.2 )depicts the J-V curve that can be obtained by measuring the
voltage produced by solar cells when they are biased in the forward direction. Three
parameters significantly impact solar cell efficiency: short circuit current (Jsc), open-circuit
voltage (Voc), and fill factor (FF) [97].

short circuit

>A A current density _ _
5 i _ maximum power point|
S J,.|[£__illuminated J-V curve /
° J :
= ”
o
s y
O | dark J-Vcurve % &

X =

> QC) 8

Voltage
9 °3 e
C W C“
00 et
i 53 “\90 e
illuminated J-V curve oa 00\9 gpen cn/r/cun voltage
/ -—>
Vinp Vo Voltage
(a) (b)

Figure 3.2. Silicon photovoltaic cell (a) in both its dark and illuminated J-V states; (b) An
illustration of a J-V curve that is illuminated, together with a voltage-dependent
output power density curve that highlights the short-circuit point (0, Jsc), open-
circuit point (0, Voc), and maximum power point (Pmax); (Vmp, Jmp) [97].

When there is no voltage across the component, a current of Jsc will flow through the external
circuit. Jsc is influenced by the solar cell's area, optical quality, and collection probability, as
well as the intensity and spectrum of incident light. When no current flows across an external
circuit, that value is known as the voltage open circuit. The value of Vo [98]. It is based on
the bandgap of semiconductor materials. The Vo of higher bandgap semiconductor materials
is greater, but the Jsc is smaller. To calculate the fill factor, FF, we divide the maximum

output solar cell power (Pmax) by its theoretical power output (Pteo) Using (equation 3.1) [99].

Pr=Jmp X Vi, FF =737 =Z02000 =20 (3.1)

Pin  JscxVoc !
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Like in (Figure 3.3), the FF can also be expressed as the area of a rectangle that lies within
aJ-V curve [99].

o Viupp /
Voc
)
2 Jupr Ve
@ FF=
3 JscVoc
=
o
8 oer MPP
'JSC
._--""'_.-—.
0
Voltage (V)

Figure 3.3. The solar cell's J-V characteristic [99].

Both (Rs) resistance series and (Rsh) shunt resistance affect the FF. Parameters Rs and Rsh
affect the efficiency and form of a J-V curve. The R;s are associated with the diffusion and
resistance of the electrolyte between the semiconductor and the electrode. There is no change
in Voc but a fall in Jsc and FF for every unit increase in Rs. At the highest levels of Rs, Js
drops dramatically, leading to resistor behavior, as seen in ( Figure 3.4). (a). Due to trapped
electron recombination, the shunt resistance (Rsn) drops, leading to the formation of a tiny
recombination site and consequent current leakage. As the Rsh drops, so do the Vo and ff.
The resistor's working characteristics are depicted in (Figure 3.4), demonstrating that at the
lowest Rsh values, Voc drops dramatically (b). Increasing Rs and decreasing Rsh reduce FF,
reducing Pmax [99-101].
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Figure 3.4. The effect of (a) resistance series (Rs) and (b) resistance shunt (Rsh) on the shape
curve for 1-V [101].

3.2.2. Solar cells and their efficiency

Power conversion efficiency is commonly used to measure solar cell performance (PCE).
The PCE can be determined with (Eg.32) . Power output (Pout) is equal to the product of the
power going into the cell (Pin) and its voltage (Voc) and current (FF) (Pin). The best solar cell
performance can be achieved by adjusting these three variables. V. rises as Jsc and FF fall
[102-104].

Pout

PCE = 2% = R x YecxJsc (3.2)

Pin Pin

Quantum efficiency (QE) measures how efficiently solar cells convert incoming light into
usable power. In quantum mechanics, there are two varieties. EQE and IQE refer to external
and internal quantum efficiencies, respectively. EQE is a metric for gauging how well a
device performs in short-circuit situations at converting incident photons into electric
current. (Eq 3.3) . The IQE measures the efficiency with which photons are converted into
electric current in a short circuit. ( Eq 3.4) [102,104].

electrons

EQE = phts)ettc)ns (33)
electrons
IQE = phf)if)ns (34)

sec
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Quantum efficiency (QE) is calculated by comparing the efficiency of the current to that of
a single photon that has been incident (IPCE). Their IPCE, or incident photon, measures
solar cells' efficiency to excited charge carrier ratio. In order to determine this, we divide the
photon flux at the excitation wavelength by the photocurrent density in the external circuit

when the light source is on, yielding Eq (3.5) [105].

1240 (eV.nm)x ](“—AZ)
cm 0
A(nm)x P(uW X cm?2) X 100% (3-5)

IPCE =

3.3. Design and construction of a DSSCs

A DSSC consists of the photoanode (WE), the counter electrode (CE), the sensitizer (dye),
and the redox mediator (electrolyte; solid hole transporting substance may be substituted for
electrolyte) [106,107].

3.3.1. Transparent and conductive substrate of DSSCs

Both layers of a DSSC are normally transparent and conducting. The semiconductor and
catalyst are placed onto these sheets, which also act as current collectors. These DSSCs are
solar energy generators, functioning as photovoltaic cells. You can see the basic layout of
DSSCs and their parts in the diagram depicted in (Figure 3.5) [108].
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Figure 3.5. Structure and components of DSSCs [108].
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3.3.2. Transparent and conductive substrate

Two transparent, conductive sheets are used to construct DSSCs; these sheets serve as
current collectors and a substrate over which the semiconductor and catalyst are deposited
[109]. A DSSC requires a highly transparent substrate that lets at least 80% of the light from
the sun through. DSSC functionality depends on this being set up correctly. In addition, the
substrate must provide highly electrically conductive optimal transmission of charge, and
losses were low in energy. Fluorine-doped tin oxide (FTO, SnO2:F) and indium-doped tin
oxide (SnOg2:l) are the most widely employed substrates (ITO, In203:Sn). As mentioned
above, these substrates have the chemicals sprayed onto glass (usually soda-lime glass). FTO
films have a visual transmittance of around 75%, while ITO films are well over 80%
transparent. As a comparison, the sheet resistance of ITO films is 18Q/cm?, while that of
FTO is just 8.5/cm? [110,111].

3.3.3. Working electrode

TiO2, ZnO, SnO: (n-type), Nb2Os, and NiO are just some of the semiconductor oxides that
can be used to prepare the substrates for the working electrode (WE) (p-type) [112]. These
oxides exhibit a substantial energy band gap. TiO; is the most popular oxide because it is
affordable, commonly available, and non-toxic. Even though these semiconductors absorb
only a small amount of light, they are coated or immersed in a sensitizer to improve their

performance. This pigment is adsorbed onto the TiO» surface, forming covalent bonds.
Due to the roughness of the WE layer and the structure's high porosity, many dye molecules
bind to the nanocrystalline surface of TiOz, thereby significantly enhancing light absorption
[113].

3.3.4. The sensitizer of dye

Dyes used in DSSCs act as solar absorbers, and the sensitizers' qualities significantly impact

the efficiency with which light is harvested and electricity is converted.

For dye-sensitized solar cells, ideally, a sensitizer would have a strong graft to the oxide

surface of the semiconductor, absorb all light below 920 nm, and deliver electrons with a
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quantum unity yield into the conduction band [114].l1t must have a high enough redox
potential to rapidly recharge by absorbing donated electrons from a hole conductor or an
electrolyte. It must also be strong enough to withstand at least 108 redox reactions while
lighted and about 20 years of exposure to natural light [115].The goal of the dye is to absorb
light and send electrons to the conduction band of a semiconductor. By forming chemical
bonds, it sticks to the textured semiconductor surface. Each of these is essential in a
photosensitizer [116]:

1. Show excellent visible-light absorption (400 nm to 800nm)
2. Having a high attenuation coefficient and significant adsorption on the
surface of the semiconductor
4. It is unaffected by its oxidation state and can lower its oxidation level with
an electrolyte
5. Possess the stability necessary to carry out 108 rotations, or twenty years of working
6. Have a greater HOMO than the redox potential of the electrolyte and a higher LUMO than

the semiconductor's CB.

Metal-free organic sensitizers, natural sensitizers, and metal complex sensitizers are the

three types of photosensitizers [117].

3.3.5. The electrolyte

The electrolyte replaces the dye after introducing electrons into the semiconductor's
conduction band. Additionally, it conducts positive charges toward the (CE) counter
electrodes. The characteristics of the electrolyte are substantially impacted the stability of
DSSCs over their lengthy functioning lifetimes. Therefore, the electrolyte must possess the
following property [111,112,116-118]:

1

Highly efficient electron diffusion is facilitated by the material's low viscosity and
excellent electrical conductivity.

2
3
4

The nanocrystalline semiconductor has excellent interfacial contact with the CE.

The dye on the oxidized surface shouldn't deteriorate or desorb at all.

Light in the visible spectrum must pass through unimpeded.
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The electrolytes used in DSSCs can be classified as either solid, liquid, or quasi-solid [119].

Liquid Electrolytes: Depending on the type of solvent employed, liquid electrolytes can be
divided into two categories: RTIL (Electrolytes that exist in ionic liquids at ambient

temperature) and organic based solvent electrolytes [120].

Organic Electrolytes: The performance of DSSCs is affected by organic electrolyte
components, including the solvent, additives, and redox couple. An organic electrolyte's key
component is the redox pair. Numerous redox couples, including Br/Br®, SCN/(SCN)_, and
SeCN/ (SeCN) [121], in addition to substituted bipyridyl cobalt (111/11), have been studied.
Due to its excellent solubility, rapid dye regeneration, minimal absorption of visible light,
adequate redox potential, and incredibly slow recombination Kinetics between injected

electrons into the semiconductor and triiodide, I37/1" is a good redox pair [122].

The lonic Electrolytes: Liquid electrolytes have a high volatility that can lead to a high
evaporation rate, although RTIL has successfully been utilized to lower this rate. These
organic salts have halide or pseudohalide anions and titles like "pyridinium™ or
"imidazolium.” They are helpful since they can dilute other substances and because they
contain iodine [123].

Solid-State Electrolyte: Leakage is a major problem for DSSCs that rely on liquid
electrolytes, significantly lowering their durability over time. In order to boost efficiency
and dependability, solid-state electrolytes have been created. Rather than a traditional liquid

electrolyte, they employ a p-type semiconductor [112].

3.3.6. Counter electrode(CE)

To replenish electrolytes, a counter electrode is utilized. The oxidized electrolyte makes its
way to the counter electrode, which is in contact with the external circuit and receives
electrons from it. For speed in the reduction reaction, a catalyst is necessary; the high
exchange current density of platinum (Pt) makes it a top choice due to 1)excellent catalytic
activity and 2) transparency. The CE's effectiveness depends on how well the Pt is deposited
on the TCO base [117,119].
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3.4. DSSC's Working Principles

As stated previously, DSSC solar cells operate differently than conventional semiconductor
solar cells in terms of their essential operating principles. Both absorptions of light and
transfer of charge carriers are intertwined processes in semiconductor solar cells [124]. The
light must be absorbed, electrons must be injected, carriers must be transported, and finally,
collected in order for a dye-sensitized solar cell to work. DSSCs devices generate electricity
from incident solar radiation without undergoing any irreversible chemical reaction [3].
Electron and hole charge movement through DSSCs' not-well-defined interfaces is complex.
(Figure 3.6) shows kinetic cell mechanisms [125].
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Figure 3.6. A diagram demonstrates how a DSSC operates. Each of the following
occurrences takes place: a) photoexcitation, b) injection, c¢) transport, d)
conduction, e) diffusion, and f) regeneration [125].

Interfacial electron transport activities are essential to its functionality. A photon (hv) is
absorbed by the sensitizer or dye (S) and transferred to the semiconductor, anchoring it in
its excited state (S*) when light hits the photoelectrode (Equation 3.6):
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S (adsorbed at TiO2)+hv—S*(adsorbed at Ti03) (3.6)

Dye's S* state discharges or injects an electron into TiO2's conduction band (CB), creating

the oxidative species S* (equation 3.7):

S*(adsorbed at Ti02)—S"(adsorbed at TiO2)+e (injected at at Ti02) (3.7)

The porous semiconductor network of TiO2 nanoparticles then transfers the electrons to the
TCO layer. Electrons in the TCO layer are routed to the counter electrode through an external
connection (CE). This transferred electron then diffuses into the electrolyte, which catalyzes
the reduction of Is” to the I" (Eq3.8). The renewal of the dye takes place once I is created, as

illustrated in (Eq 3.9). We have reached the final stage of the cycle.

I3—+2e (cathode)—3I (cathode) (3.8)
2S+(atTi02)+31-—25(atTiOs)+s (3.9)

Recombination is a procedure that happens throughout this process that is inefficient and
should be avoided. Electrons injected into TiO2's CB can either go to the oxidized dye

(equation 3.10) or 3™ ions very close to the surface.

As it relates to semiconductors (equation 3.11) [126].

S*(adsorbedatTiOz) +e (Ti02) —S(adsorbedadsorbedat?) (3.10)

[3—+2e (Ti02) —3I (anode) (3.11)

Although the exact method by which the dye cation is reduced is still up for question (Eq
3.9) appears to take place through a chain of events [125].

'+ S*—[I: 5" (3.12)
[[: ST1+1I'— I+S (3.13)

The extent in (Equation 3.12) is fast, and (Equation 3.13) is restrictive. The mechanism is

entirely speculative from here on out, but many potential routes have been presented. (Eq
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3.13) states that the interaction of her second iodide ion (I") with the [I : S*] complex is
necessary for the regeneration reaction. A thiocyanate (SCN) ligand in the dye is necessary
for this reaction to occur. The nature of the intermediate complex is a mystery if this ligand
is absent. Upon reacting with the second iodide, the diiodide I~ detaches from the dye
molecule. lodides and triodes can be synthesized from this diiodide radical (equation 3.14)
[126].

2l I +l5 (3.14)

The driving force is provided by the dissimilarity between the redox potentials of pair in the
electrolyte and the level of quasi-Fermi. Injection (Equation 3.6) and regeneration (Equation
3.9) processes (ahead reactions) must have a higher kinetic favorability than recombination
processes (backward reactions) for optimal efficiency (reverse reactions). In (Figure 3.7),
timelines and processes are presented. Photoelectron recombination is a slower process than

dye renewal, which makes DSSC practical.
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Figure 3.7. Timescales of various processes in DSSC [126]

The absorption of light by sensitizers is another crucial phase in the DSSC functioning
mechanism. As a result of the dye's absorption of sunlight, electrons are excited from the
level of (HOMO ), the highest occupied molecular orbital going to (LOMO), the level of
the lowest unoccupied molecular orbital. The relative position between these dye orbitals
and the semiconductor energy bands, which facilitates electron transport, is an essential
factor [124].

The device's overall performance can be assessed using the fill factor (FF) and cell efficiency
(m). As illustrated in (eq 3.15 ) and (eq 3.16 ) [109].
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__ Vmaxx] max
Voc XJsc

FF (3.15)

__Voc X]sc XFF

Pin

x 100% (3.16)

The maximum current and voltage readings on the curve of J-V occur when the power
output is at its highest. Jsc, Voc, and incident light power indicate the short-circuit current
density (mA/ cm?) in electrical systems (Pin) [127].

The electron Fermi level in the TiO> layer and electrolyte redox potential is responsible for

the photovoltage (Voc).

Equally important to photocurrent is incident light harvest efficiency (LHE), electron
injection efficiency, and collecting efficiency (Jsc). Normal conditions of lighting (AM 1.5,
100 mW/cm?) are used for DSSC tests. Parameters like Voc, Jsc, and FF can be optimized
in typical conditions to boost device performance [128].

3.4.1. Plasmonic dye-sensitized solar cell (PDSSC)

Because of its cheap manufacturing cost and excellent conversion efficiency, the PDSSC
has gained appeal. As indicated in the first chapter, several attempts have been made to

optimize the parameters and performance of the gadget.

3.4.2. Plasmonic metal nanoparticles

When the incident light activates them, the metallic nanoparticles (NPs) are affected, and
this is what we observe in a large number of applications that have benefited from the use of

these nanomaterials, such as solar cells and gas sensors [129].

The brilliant color of noble metal NPs results from LSPR or collective oscillation of
conduction band electrons. The LSPR in nanoparticles of noble metals significantly boosts
light absorption, such as strong light scattering, allowing subwavelength antennas to absorb

more light and generate plasmon-polaritons from incident light.
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In addition, the electromagnetic field close to metal nanoparticles can be substantially
amplified [130].

Studies of gold nanoparticles (NPs) were first brought to scientific attention thanks to
Michael Faraday's work with colloidal gold solutions. Due to their outstanding SPR optical
capabilities, Au and Ag NPs are the most often utilized noble metal nanoparticles for

initiating plasmonic events [131].

Au NPs are widely used in nanosphere applications because of their stability in air and LSPR
wavelength of more than 500 nm. On the other hand, Ag nanoparticles have a strong

efficiency scattering and an LSPR wavelength range of 400-500 nm [132].

Modifying the LSPR of plasmonic NPs of metal is possible by altering size and shape.
Unlike spherical NPs, anisotropic NPs like nanoplates, nanorods, nanostars, and nanocubes,
increased surface area, more excellent absorption and extinction rates, and the increase of

electromagnetic fields at the edges and corners [133].

Additionally, as shown in (Figure 3.8), the NPs that anisotropic has a wide absorption band
that includes light region (NIR) near-infrared, in contrast to the spherical Au or Ag NPs,
which typically exhibit a distinct absorption zone at around 400 or 500 nm [134].
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Figure 3.8. Shows estimated the extinction (black), absorption (red), and scattering (blue)
spectra for a) spherical, b) cuboid, c¢) tetrahedral, d) octahedral, and e) triangular
plate-shaped Ag nanoparticles. Black, red, and f) red extinction spectra of
rectangular bars with 2, 3, and 4 aspect ratios (blue) [134]
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Figure 3.9. Different methods exist for fabricating substrates. a) The chemical reduction
mechanism mediated by water-soaked seeds. (b) The basic idea behind electron
beam technology. ¢) method of lithography using nanospheres. (d) A schematic
showed how 3D gold-coated nanocones are created using nanoimprint
lithography in the nanofabrication process [134]

3.4.3. Methods of metal nanoparticle synthesis

Many techniques are utilized to manufacture metallic nanoparticles, and they can be broadly
categorized as either "bottom-up™ or "top-down."

The results are displayed in (Figure 3.10) [135]. The raw material used to prepare the
nanoparticles is the primary difference between the two strategies. In contrast to bottom-up
approaches, which begin with individual atoms or molecules, top-down approaches begin
with a larger quantity of material and then employ a combination of physical, chemical, and
mechanical processes to further refine the particle size down to the nanometer range (Figure
3.11) [136].
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Figure 3.10. Top-down (shown in the photographs with a green backdrop) and bottom-up
(not shown) perspectives are depicted schematically (images with pale yellow
background) methods for creating nanoparticles [135]
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Figure 3.11. Brief summary of bottom-up and top-down techniques [136].
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Top-Down technique: the material in this technique is shrunk down to nanoparticle size.
Several physical and chemical methods are used to reduce the size of the starting material to
create nanoparticles; this process breaks down the material into tiny particles called
nanoparticles [137,138].

The use of laser ablation was fundamental to our research. Nanoparticles can be synthesized
using laser ablation by directing a powerful beam of laser onto the material. In the laser
ablation process, nanoparticles are created when material of the source or precursor is
vaporized because of intense laser irradiation. Laser ablation for creating nanoparticles from
a noble metal can be considered environmentally friendly because no stabilizing agents or
other chemicals are required; metal nanoparticles are just one of the many nanomaterials that

can be made using this technique [139].

The materials most commonly used to create nanoparticles are carbon, ceramics, and oxide
composites [140-142].

Using the pulsed laser ablation technique in liquids to produce solutions of monodisperse
colloidal nanoparticles devoid of ligands and surfactants is a novel and intriguing technique.
As depicted in (Figure 3.12), nanoparticle attributes such as average size and fluency can be

changed to affect dispersion, wavelength, and addition of laser salt [143].
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Figure 3.12. TEM pictures, average and standard deviations of Pd sizes (Palladium) Laser
ablation in water at (a) 532 nm, 8.92 J/ cm?, (b) 532 nm, and 19.90 J cm™, (c)
1064 nm, 8.92 J cm, (d) 1064 nm, 19.90 J cm2, and (e) 355 nm, 0.10 J cm™2
produced nanoparticles of different sizes and shapes [143].
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Bottom-up technique: This alternative method is more cost-effective. The term "bottom-up
approach” refers to the method of building molecule by molecule, materials atom by atom,
or cluster by cluster. As illustrated in (figure 3.13), several of these technologies are still in
the research phase or are only beginning to be applied to the commercial production of nano

powders.

Light nanoparticles can be made using various well-documented bottom-up methods,
including the revere-micelle route, template-assisted sol-gel, electrodeposition, colloidal

precipitation, hydrothermal synthesis, and the organometallic chemical route [144].
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Figure 3.13. Shows that nanostructures can be created using either bottom-up or top-down
manufacturing processes [144]
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3.5. The Mechanisms of Laser Liquid Ablation

3.5.1. The mechanisms of Laser ablation using bulk Metal targets in liquid

When laser pulse radiation impacts the surface of a bulk metal, plasma, gas phase, or metal,
minute quantities of liquids are generated as the principal outputs, which subsequently
interact with the surrounding solution to form nanoparticles. Among the three possible
products, lasers with high energy density and short pulse widths, gas phase, and plasma can
be formed [145].

Tiny amounts of liquid are the principal byproduct of pulse laser radiation striking the
surface of a bulk metal, plasma, gas phase, or metal, and these liquids eventually combine
with the surrounding solution to form nanoparticles. When Lasers having a pulse width of
several nanoseconds and a power density of 10% to 10%° W/cm? are one type that can produce
a gas phase or plasma. Nanodroplets, however, were discovered to be the major product

when low-power density lasers (such as millisecond lasers) were utilized [146].

3.5.2. Mechanism of Thermal Evaporation

The theory of laser ablation is based on the melting, evaporation, and subsequent
solidification of metallic substances. Essential for comprehending the results of laser
ablation on bonding [147]. In (Fig.3.14), we see how the laser beam travels from the
emission source to the surface of the metallic substance, where the material absorbs the laser

pulses' energy during the laser ablation process [148].

The metal is then heated until it melts and vaporizes. The vaporized material condenses into
a plasma plume near the laser pulse's leading edge, where it stays for the length of the pulse.
The rapidity with which the plasma plume is generated results in a very high internal pressure

(rebound pressure) [149].

It can collect metal from the laser beam's periphery without disrupting the beam's center.
When the molten metal is thrown, it falls back to the surface and re-solidifies, leaving a
coating of debris [149].
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The laser formed a crater so the molten metal could not be splashed out by the rebound force.
A small amount of vaporized metal is bound to rise to the surface from within the molten

metal, and tiny cracks might form as the metal cools and solidifies [150].

The structure and morphology of the metallic adherend surface after laser ablation also affect
adhesive-bonded connections' strength and corrosion resistance. Laser ablation alters the

constitution and morphology of metallic adherend surfaces [149].
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Figure 3.14. Laser ablation's interaction effects [150].

3.5.3. Mechanism of explosive ejection

The initial metal droplet is formed when pulse laser radiation strikes the surface of bulk
metal, melting the area around the laser spot. The high-pressure vapor shatters the original
millimeter-sized metal droplet, resulting in the explosive ejection of countless smaller metal
nanodroplets (Figure 3.15 a). Afterward, the metal nanodroplets affect the surrounding fluid
via their surfaces (Figure 3.15 b). Each type of nanoparticle is produced by a unique
combination of laser settings, target material, and solvent, with the latter two influencing the
shape and size of the product. Different nanostructures can be created in the Pb/S system, as
shown in (Figure 3.15c) [151].
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Figure.3.15. Diagrammatic depictions of nanodroplet ejection and nanostructure production
[151].

3.5.4. Physical and chemical changing processing over time in LAL. For t less than
zero: Pulse infiltration in the solution

The laser beam has to go through a layer of solution on top of the target. The pulse laser
should only send its power to the target and not to the liquid around it. Betweent =0 s and
Touise: absorption of the laser pulse, solution breakdown must be avoided.

As a result, the high photon density of both nonlinear processes and linear absorption is

observed when the pulse laser's energy strikes the bulk metal's surface.

Depending on the material's skin depth, the laser electromagnetic wave's amplitude at the

target surface decreases to 1/e of its initial value.

Nonlinear optical effects have been seen as a laser intensity function, corresponding to laser

fluence divided by Tpuise time. The ablated material is disconnected from t=10"2s - 101,

After laser absorption and direct photoionization, the regionally induced electron-ion
collisions and space-charge separation fields initiate the separation of matter from the

surface of the target within 1012 seconds.
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The separation is also maintained by heating the lattice, which takes many picoseconds.
Plasma plume growth and extinction between t = 10" s and 107 s. After a laser pulse, the
mechanics of laser ablation in gas or solution are remarkably similar in the first few
picoseconds. However, a significant difference is observed around t = 101°-10° s because

the solution buffer severely limits the plasma plume to the crater area.

The plasma plume typically dissipates within 10-8 to 10-7 seconds. On a timescale of 10—
10% s, the energy released to the surroundings solution by the plasma plume causes a

cavitation bubble, which extends to 10 seconds.

For t > 10™ seconds, nanomaterials develop slowly and aggregate. When the cavitation
bubble bursts, it sends out a shockwave, and nanomaterials and surrounding solutions enter
a physical and chemically stable state. Nanostructures undergo modest alterations due to the
condensation of ablated atoms and molecule clusters in liquid [151,152].
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Figure 3.16. LaL timeline sketch with ns pulse ablation [152].
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3.6. Laser Ablation in Liquid-Formed Nanomaterials Applications

3.6.1. Noble Metal NPs functionalized for bio applications

Bioconjugate nanoparticles are garnering attention as a promising new class of bioanalytical
and biomedical instruments. Colloidal aggregates between biomolecules and gold
nanoparticles can be created using laser ablation. That occurs at higher biomolecule-to-
nanoparticle ratios (40-70 nm) [153].

3.6.2. Semiconductor NPs for applications in luminescence

Toluene molecules were used as a carbon precursor, and laser ablation was utilized to
produce hollow carbon shells and carbon spheres resembling fullerene. Scientists in optics
are curious about the strong and excitation wavelength-dependent light emission of carbon
shells resembling graphene [154].

3.6.3. Applications for Surface Enhanced Raman Scattering (SERS) Detection Using
NP Thin — Films

The Surface enhanced Raman spectroscopy (SERS) experiments conducted by Besner and
Meunier showed that gold-silver nanoalloys, which obtain a much better anti-oxidant
compared to pure Ag and a much larger and narrower SPR compared to pure Au, are likely
to have the highest degree of agreement in terms of steady chemical state and plasmonic
response [155].

3.6.4. Nano fertilizers for Increasing Seed Germination and Growth

When using nano-fertilizers, plant growth efficiency, soil quality, and the yield of high-
quality fruits and grains all increase considerably. The widespread use of synthetic chemical
fertilizers, which may be harmful to individuals and the environment and may be expensive
for farmers, makes macro-micronutrient management a complex problem on a global scale
[156].



45

3.7. Nanoparticle characterization

Characterization of nanomaterials is essential for learning about their properties and

potential uses.

3.7.1. X-Ray Diffraction (XRD) characterization techniques

The unit cell size, bond angles, chemical content, and crystallographic structure of natural
and synthetic materials can all be determined using X-ray diffraction (XRD), a method of
non-destructive analysis [157].Constructive x-ray interference with the desired crystalline
sample forms the basis of XRD. A CRT's x-rays are focused, collimated, and filtered before
being shone on the specimen. Bragg's rule, which connects wavelength to diffraction angle
and lattice spacing, describes the ensuing interaction that results in constructive interference
(Figure 3.17) and shows a diagram of XRD working equipment [158].
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Figure 3.17. A Diffract Meter Schematic Diagram with Four Circles [158]

Powder (XRD) diffraction is the fastest method of analysis that can reveal data such as the
unit cell size and atomic spacing, making it helpful in determining the phase of crystalline
materials. By applying Bragg's Law that nA= 2d Sin©, monochromatic photons incident on
the sample will experience constructive interference. By scanning a crystalline sample
through a precise configuration of two angles, we may calculate the lattice spacing by using
this equation, which creates a link between the electromagnetic radiation wavelength,

diffraction angle, and lattice spacing [159].
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Figure 3.18. Instruments for X-Ray Diffraction [158].

3.7.2. Calculation of crystal grains' size

The terms "particle size" and "grain size" are used when the dimensions of individual crystals
are less than about 100 nm; this is because a particle crystalline powder sample, in general,
contains several fine units termed "crystallites,” which can be considered as a single crystal,

as shown in (Figure 3.19).

When discussing a factor that contributes to diffraction peak broadening in XRD analysis,
"the size of a crystal” refers to the "size of crystallites” [160]. The XRD peak profile obtained
from a powder specimen with less than 5 nm will indeed vary from that of an identical
specimen with crystallite dimensions in the normal range of 500-10000 nm. However, peak
broadening in the measured XRD has been seen if the crystallite size of the specimen
decreases to below 100 nm.

Because of restrictions on the possible atomic locations inside the periodic zone, only a small

subset of elements can generate the same XRD peak profile [161].
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|

Particle size

| Size of crystallite

Figure 3.19. A crystalline powder example's grain size and crystallite distribution are
depicted in this schematic illustration [161].

According to Bragg's formula:

nA=2dsin© (3.17)

Here, © represents the angle of the incidence ray and the scattering surface, d represents the
distance between crystal layers, n represents integer, and A represents wavelength of XRD
[162].

a

d ===
Vh2+k2+1?

(3.18)

Calculating the distance between crystal planes using Bragg's equation gives d. where a is
the lattice constant, and hkl is the mirror surface [162].

When the material is plastically deformed, the lattice planes bend, and the distance between
any single set varies from grain to grain, resulting in peak broadening. A Scherrer constant
KS can be introduced into the Scherrer equation to account for the influence of form if the

grains' form is described by a single form parameter D [163].

D=—"" ... (3.19)
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Where D represents the grain size of the crystal, A is the X-wavelength (0.1541 nm), and is
the diffraction angle. The range of the Scherrer constant K is 0.62 to 2.08. K is usually had
a value equal to 0.89, which is related to the reflection and crystal forms. It is crucial to
recall that when K is assumed to be 0.89, its value is expressed as a radian.f is the value of
the FWHM, which must also be expressed in radians [164]. The formula was used to
determine the dislocation density or the number of dislocation lines per unit volume of

crystalline materials (8) [165]:

5§ == (3.20)

Where D is the crystal size. To calculate microstrain in the film, we used the equation

kA
- Lcos6

(3.21)

D represents crystal size, shape factor k, X-ray incident wavelength A, B represents the
(FWHM), full peak width at half maximum and measured in radians, and © represents Bragg
angle [166].

The contribution of the microstrain to the line broadening of the diffraction peak is defined
by Stokes and Wilson equation [166].

B = etanO (3.22)

where ¢ is the microstrain.
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3.8. Optical Characterization Techniques

3.8.1. The UV-Visible spectroscopy

This technique compares the amount of visible light absorbed or transmitted by a sample to
that of a standard or blank sample. This characteristic is affected by the sample's makeup,
which may reveal details about the sample and its concentration [167]. In addition to varying
from other surrounding regions in wavelength, energy, and excitation type, this radiation's
spectrum ranges from 190 to 800 nm. Attenuation is brought about through reflection,
scattering, absorption, and interference. Nevertheless, it is possible to precisely quantify the
attenuation by recording the light source's absorption. Up to a certain point, when light is
shone on a sample, the amount it absorbs depends on the analyte's concentration and the

distance of the light source from the sample [168].

Using a UV/VIS spectrophotometer, one can determine the concentration of a sample
solution that is contained within a cuvette by comparing the light's intensity through the

simple both before and after it has been passed through the cuvette.

A UV/VIS spectrophotometer consists primarily of a monochromator, simple holder, light
source, and an appropriate detector, as shown in (Figure 3.20). Nanostructures' optical
properties are major to study from a technical and practical standpoint because they provide
information on the efficiency of electronic transitions, the installation of energy packages,
and the features that affect how light interacts with the material [169].
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Figure 3.20. Schematic of UV-Vis spectrophotometer's main components [169].
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Figure 3.21. Transmit [169].
T=— (3.23)

The term "transmittance,” represented by the letter T, is the ratio of the two intensities "I"

and "lo," and its unit is percent [170].

UV/VIS spectroscopy primarily, but not exclusively, measures transmittance. Absorption A

is a supplementary UV/VIS result. It is the inverse logarithm of transmittance [170].
A = —1log(T) (3.24)

The optical energy separation was found to be dependent on the absorption coefficient. Such

a formula was used to determine the absorption coefficient [171].

_2.303

a=— ln(%) (3.25)

The unit defines the coefficient of absorption (cm™). Eg calculated using the transition

between the valence and conduction bands [172].

1/2

ahv = B(hv — E;) (3.26)

When B is a constant, the photon energy is denoted by hv, and n is % for the indirect and 2
for the direct band gap.
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3.8.2. Photoluminescence (PL) spectroscopy characterization techniques

Photoluminescence spectroscopy, more usually abbreviated as PL, happens when any

substance-induced emits photons to emit photons of light energy.

It is a method for evaluating materials that do not entail physical contact or destruction.
Photoluminescence has the potential to yield two distinct outcomes when applied to

fluorescence spectroscopy: fluorescence and phosphorescence.

In order to record photoluminescence spectra, the emitted light intensity is measured as a

function of either the excitation or emission wavelength.

To acquire an excitation spectrum, one must observe emission at a predefined wavelength

while simultaneously adjusting the excitation wavelength [173].
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Figure 3.22. Displayed Organic (a) and inorganic (b) materials: PL reactions (direct
bandgap). Some of the abbreviations used are internal conversion (IC),
phosphorescence (P), absorption (A), fluorescence (F), intersystem crossover
(ISC), emission (e), and bandgap (Eg). The "kinetic energy" of electrons or
holes is represented by the letters "E" and "k," moment vector, respectively
[173]
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We use Planck’s equation to determine the energy bandgap from the photoluminescence

1240
Ey =2 (3.27)

Where Eg denotes the energy gap (¢V), and the wavelength is characterized by A (nm) [174].

3.8.3. Transmission electron microscopy (TEM)

A sample is passed through an electron beam, which causes the particles in the sample to
react with the electrons. The electrons that have passed through the sample are magnified

and focused with an objective lens to produce an image.

In (Figure 3.23) depicts the core components of a TEM. Diffraction happens when an
electron beam hits a sample. The diffraction strength will shift depending on the plane's

relative position to the electron beam.

The electron beam is substantially diffracted at some off-axis angles and transmitted at
others. Thanks to its ergonomic design, the specimen can be slanted to achieve optimal

diffraction circumstances.

To generate a contrasting image, "light field" refers to the electrons that remain unscattered
after being scattered away. Produce a dark field image; deflected electrons might be used
[175].
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Figure 3.23. Essential Parts of the TEM [175]

3.9. Solar Simulator

When measuring the features of DSSCs, a stable light source similar to sunshine is required.
A solar cell simulator is a light source that produces sunlight-like lighting and can be used
to study the properties of DSSCs in laboratory settings. The current density-voltage (J-V)
characteristics of DSSCs are examined utilizing an electrometer under AM 1.5 lighting (100
mW cm) from a solar simulator (1 kW xenon with AM 1.5 filter) and (KEITHLEY 2400)
[176].






4. EXPERIMENTAL PROCEDURE

The flowchart for experimental works, including laser ablation, is shown in Figure (4.1).

Spin coat
Ti0: blocking layer deposition

|
Screen printing Tid; NFs
Pb Doctor blade technique

S
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Figure 4.1. Flowchart of the experiment Works
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4.1. Preparation of Metal@core-shell (Au@SiO2and Ag@SiO2) Nanoparticles

4.1.1. The technique for pulse laser ablation in liquid

The experimental set-up for laser ablation of a metal target submerged in a solution of silicon
dioxide is shown in Figure (4.2); the metal target was fastened to the bottom of a glass
container. Nd: YAG (world health care ) Laser fundamental wavelengths 1064 nm (pulse
width: 7ns) were conducted to ablate a metal target. The focusing lens controlled the spot of

the laser beam diameter.

Nd: YAG Laser
«— Focusing lens
Laser beam &
¢ (Glass Cell
Plasma
NPs Solution
Metal Plate

Figure 4.2. Shows PLAL system setup for the experimental

The laser interaction with the metal target produces a cracking sound and optical emissions
during laser irradiation. Figure (4.3) is an optical emission image of a laser-irradiated spot

on a gold target in our lab.



Figure 4.3. Optical emission from the laser interaction with the Au target

4.2. Materials

4.2.1. Materials for Laser Ablation Technique.

Target material

For noble metal nanoparticles synthesis, a proper amount (5 g) of gold and silver was cut
from ounces (purity 999.9 %) to prepare target plates, a drawing machine was used to get
1mm thickness, and after that, the foil was cut to dimensions suitable for glass container
size. A noble foil was washed in (acetone, ethanol, and deionized water for 10 minutes) for

each solution with a 50 W ultrasonic cleaner. The cleaning process was repeated for each
run. Figure (4.4 ) show images of a gold ounce and plate after drawing.
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Figure 4.4. Gold target ounce from PAMP and plate target after drawing by draw machine
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Deionized water

To avoid the impurities in tap water that affect the purity of suspensions, we used deionized
water (DI); the DI water was purchased from the Iraqi Company for Water Treatment —
Baghdad. They prepared high-purity water through a multistage process with an ion

exchange method to remove cations and anions.

SiO» solution

A 0.0021 gm weight of sodium silicate (Na3Sio2 AVONCHEM with purity 99.5%) was
taken (we used a sensitive weight scale in the applied physics department laboratory of
technology university in Baghdad.

A0.0058 gm weight of sodium chloride (NaCl, AVONCHEM with purity 99.5%) was taken
(we used a sensitive weight scale in the applied physics department laboratory of technology

university in Baghdad).

4.3. Dye-sensitized solar cell materials (DSSC)

4.3.1. TiO2 paste

In order to create the DSSCs, Dyesol Ltd. of Australia provided DSL 18NR-T Transparent
Titania pastes.

4.3.2. Dye type N719
The chemical formula for N719 Industry Standard Dye, M.W. = 118855, is
CssHgsNsOgRuUS2, and it was obtained from Dyesol Ltd. in Australia. The dye solution was

produced in a 0.25 mM solution with absolute ethanol and kept in a sealed plastic box in a

dark area.

4.2.3. Platine paste

The platinum precursor-containing PT-1 Screen printable paste was bought from Dyesol
Ltd. in Australia.
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4.2.4. (FTO) coated glass with fluorine-doped tin oxide

TECS8 Glass (100 x 100 x 3.2 mm), Soda-Lime Glass FTO (fluorine-doped tin oxide) is the
conducting layer, and sheet resistance is 8/sq. Soda-lime glass is suitable for visible light

and DSSC applications because of its chemical and physical characteristics.

4.2.5. Thermoplastic sealant

We bought Low-Temperature Thermoplastic Sealant MS004610 30 pm Surlyn from Dyesol
Ltd in Australia (Sealing Temperature: 110-130°C, Melting Point: 93°C, Freeze Point:
61°C).

4.4. Experimental Procedure to Prepare Core-Shell Nanostructure

4.4.1. LAL Experimental Procedure

Gold core-shell SiO2, Silver core-shell SiO> prepared by using Nd: YAG laser (world health
care ) with fundamental wavelength 1064 nm (pulse duration ten ns, flounce 50
Jlem?,100J/cm?,150J/cm?, 500 pulses each time) to ablate Au, Ag targets which have been
placed on the bottom of Pyrex glass vessel containing 20ml of prepared solution of (NaSiO>)

and colored sodium (NaCl).

Firstly: A 0.0021 gm weight of sodium silicate(NasSio> from Sigma Aldrich ) was taken
(using a sensitive weight scale in the applied physics department laboratory of technology

university in Baghdad).

Moreover, it dissolved in 100 ml of distilled water; the mixture was mixed in an electric
mixer using a magnet bar for five minutes. Then, Micropipe took 0.02 ml of the solution,
and we diluted the solution with 50 ml of distilled water to obtain a solution with a molar

concentration of 0. 04 uM.

Secondly: A 0.0058 gm weight of sodium chloride(NaCl, AVONCHEM with purity 99.5%)
was taken (we used a sensitive weight scale in the applied physics department laboratory of

technology university in Baghdad) and dissolved in 100 ml of distilled water.
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An electric mixer was used to combine the materials using a magnet bar for five minutes,
then 0.02 ml of the solution was taken using a micropipe and diluted with 50 ml of distilled

water to obtain a molar concentration of 0.04 uM.

Thirdly: mix the two solutions for five minutes, using the Micropipe on the electric mixing
device, and get a new solution. Shown in figure (4.2). The fluency of the laser beam is 50,100
and 150 J/cm? for Au and Ag targets; respectively, the fluence has been controlled by varying
the laser energy, and the distance between the focusing lens and target surface was 10 cm;
the space can be adjusted by moving the laser probe toward and backward the target by using
a device holder.

A cracking sound, optical emissions, and a dense cloud colloid (which slowly became more

apparent with a reduction in scattering) were noticed, indicating the success of the ablation

process, figure (4.5).

Figure 4.5. Illustrate the Au plate when pulsed by laser with flounce 50 J/cm?
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The change in the solution color indicates the formation of nanoparticles, the color change
to red with the gold NPs and yellow with the silver NPs, solution. The nanoparticle solutions
were stored in sealed Plastic tubes to make optical measurements later. As shown in figure
(4.6).

Gold nanoparticles solution
Silver nanoparticles solution

Figure 4.6. Nanoparticle solution

Next, the prepared nanoparticles were put in a centrifuge device ( ARMAGHANTEP
IRANIAN ) to isolate the nanoparticles from the solution at a rate of 5000 rpm for five
minutes. Moreover, clean them with distilled water to get rid of sodium chloride to obtain
Au@SiOand Ag@SiO2 core-shell nanoparticles. Shown in Figure (4.7).

Figure 4.7. Centrifuge process
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4.4.2. Film deposition

Figures (4.8) illustrate the schematic diagram of the method for preparation for Au@SiO-
and Ag@SiO: films, respectively. The solution containing the nanoparticles was placed in a
liquid handling system (micropipette device), an electric heater was also prepared, and the
temperature was set at 100 degrees to evaporate the solution and keep the nanoparticles

deposited on the slide.
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Figure 4.8. Diagram of the method for preparation for Au@SiO2 and Ag@SiO: films,
respectively

4.4.3. The screen-printing technique

Since the DSSC required thick film (=10 pm) for photoanode, we used screen printing (45T).
T refers to how many Threads per centimeter, not the size of the holes with a contact type of
technique. Film positive was designed and put on the screen covered by light-sensitive

emulsion and exposed in a high-lumen exposure unit.
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Light-exposed areas harden while the protected areas by positive film remain soft and are
removed by washing. A woven mesh was microscopically examined, and the result revealed

that it is a Plain type, as shown in Figure (4.9).

Figure 4.9. Optical microscope image of 45T

Figure 4.10 shows an image of the screens' final product (45T for TiO; paste) with designed

geometric forms.

H4S T Stleen

Figure 4.10. Screens (20 x 30 cm) with wood frames and 45T

The white geometric area is a non-exposed emulsion that allows TiO paste to pass through
and onto the FTO glass substrate.
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TiO, paste is poured onto the screen and pulled across the geometric forms with a squeegee.
Open areas in the design allow TiO: paste to pass through the screen onto substrates. Figure

(4.11) shows images of TiO> films deposited by screen printing.

Figure 4.11. TiO> film deposited by 45T screen printing

4.5. Dye-Sensitized Solar Cell (DSSC) Preparation

Figure (4.12) shows the flow chart of Dye sensitized solar cell preparation. FTO glass plates
(10 x 10 cm) were brought from Dyesol and used in the experiments. The glass plates were
cut into 2.5 x 2 cm pieces with a glass cutter. The FTO glass was cleaned in an ultrasonic
bath for ten minutes in acetone, and after these ten minutes in deionized water before using
the FTO was dried with cigarette paper (Al-Sham co.). The method for depositing TiO>
compact (blocking layer) was used filming on FTO substrates. The spin coating method was
applied. By gently incorporating solution A into solution B while vigorously stirring, a TiO>
precursor solution for the spin-coating process was created. In this experiment, solution A
contains deionized water, 0.15 mL 20 wt.% nitric acid and 20 mL ethanol, while solution B
contains titanium (IV) butoxide in a 25 mL ethanol solution. For the deposit of TiO thin
films on FTO substrates, the spin-coating conditions were 3000 RPM for 30 seconds.
Aerosol spray-pyrolysis (Spray pyrolysis (SP) is a process in which a solution is sprayed
onto a hot surface. The components react to generate a chemical compound, and a thin layer
is deposited. The deposition of TiO> compact films was put in the oven at temperatures of
320 °C, 450 °C, and 500 °C on pristine FTO substrates., shown in Figure 4.13.
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Counter electrode

Figure 4.12. Flow chart of Dye sensitized solar cell preparation.
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Figure 4.13. Coating the blocking TiO2 Layer

Photoanode TiO2 Nanocrystalline film (10 um) was screen printed (45T) onto a glass FTO

substrate, and thickness was measured using a (GUO GEN) Digital Micrometer that has 1um
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resolution. TiO> film was kept for 10 minutes at room temperature to reduce mechanical
tension within the layer of TiO2. For Ag@SiO2 and Au@SiO2 nanoparticles, the films were
deposited using a liquid handling system (micropipette device), an electric heater was also
prepared, and the temperature was set at 100 degrees to evaporate the solution and keep the

nanoparticles stable (as mentioned earlier).

The dried Au@SiO2 and Ag@SiO- films were sintered at 500 degrees Celsius to burn the
organic components of the TiO> paste and increase the mechanical contact between the
Ag@SiO, and Au@SiO, nanoparticles. After the TiOzand core-shell nanoparticles films had
cooled to room temperature, they were immersed in a dye solution (N719, 0.25 mM) in a
sealed box and stored in a dark place for 24 hours. FTO-glass plates were cut into 2.5 x 2
cm pieces for the counter electrode. Two holes were drilled into each piece using a 1mm
drill in opposition corners of 1 x 1 cm square, and the drilling was done from the glass side
to the FTO-glass side direction, as shown in figure (3.14). After the hole was drilled, the
FTO glass was cleaned in an ultrasonic bath for 20 min (10 min deionized water, 10 min

ethanol).

After washing, the platinum film was deposited on 1 x 1 cm squares of FTO glass using the

doctor blade technique, as illustrated in Figure (4.15), and maintained at room temperature

for 10 minutes to cool.

Figure 4.14. FTO-glass plates were cut into 2.5 x 2 cm pieces with two holes drilled into
each piece
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Figure 4.15. Doctor blade technique

Next, the platinum film was put in an oven at 500 °C, and after, we let it down to room
temperature. Photoanode and counter electrode were next sealed using Thermoplastic
Sealant (MS004610 30 um Surlyn). Figure (4.16 a) shows how the gasket was put. Pressing
the Thermoplastic Sealant gasket between the front and counter electrode for 15 minutes at
2.4 kN and 100 °C using a hot plate and 1 kilogram of iron metal with a 2 x 2 cm base
yielded excellent results. Finally, a Pipette (10-100 I) is used to fill the counter electrode
with electrolyte (EL-UHSE, Dyesol). After everything was finished, transparent adhesive
tape was used to seal the hole in the counter electrode. Figure (4.16 b) displays the DSSc
after it had been finished and was prepared for characterization.

Counter electrode

= 12mm o=

Surlyn gasket

Figure 4.16. (a) Design of thermoplastic seal, and (b) a photograph of a dye sensitized solar
Cell
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4.6. Device and Sample Characterization

The final result from preparation (Laser ablation) and deposition processes was analyzed
using multiple analysis tools to acquire a good view of nanostructures' structure,
morphology, and optical properties. Additionally, the photovoltaic devices (PDSSCs)
prepared from these products have been characterized to obtain the Solar cells parameters.

The tools have been used to sample characterization listed below with brief descriptions.

4.6.1. Spectrophotometer

The UV-Visible Spectrophotometer UV-1900i UV-VIS Spectrophotometer from Shimadzu,
with a wavelength range of (190 nm - 1100 nm) and the wavelength scan occurs at a rate of
3000 to 2 nm/min, 29000 nm/min when survey scanning, was used to measure the optical
extinction spectra of the Au@SiO2 and Ag@SiO> core-shell, nanoparticle solutions. All
measurements were at room temperature. The data was sent from the Spectrophotometer to

the desktop computer via an RS-232 cable.

4.6.2. Photoluminescence (PL)

The PL spectra were measured with Cary Eclipse Fluorescence Spectrophotometer ( in the
Daypetronic co., Iran ) with a Xenon flash lamp (80 Hz). Au@SiO, and Ag@SiO:
nanoparticles solutions have been characterized to distinguish the emission spectra when
excited by a certain wavelength.

4.6.3 Optical Microscope

The optical microscope has been employed to examine the surface of the screen-printing

method.

4.6.4. The analysis of X-ray diffraction (XRD)

X-ray diffraction (Shimadzu X-Ray Diffractometer XRD 6000 utilizing the Cu Ka line
0.15419 nm) was used to characterize the Au@SiO2 and Ag@SiO- films formed on a glass
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substrate by a deposition method. The examination of samples was done in the laboratories
of the University of Technology and the Photonic laboratory of Gazi University.

4.6.5. Transmission electron microscopy (TEM)

Transmission electron microscope (The Zeiss Leo 912 OMEGA is a 120 kV transmission
electron microscope, along with its in-column OMEGA-energy filtering system and Koehler
Illumination system for high picture contrast., in Daypetronic co., Iran) used to explore the
shape and size of nanoparticles produced by laser ablation technique. These samples include
Au@SiO; and Ag@SiO- core-shell.

4.7. The Dye-Sensitized Solar Cells (DSSCs) Characterization

In order to characterize DSSCs, many crucial parameters are used. These characteristics are
all derived from the I-V curve: short-circuit current (Isc), open-circuit voltage (Voc), fill
factor (FF), and efficiency (n). A typical laboratory method to characterize the current-
voltage characteristics parameter analyzer for solar cells with a measurement port called a
source measurement unit (SMU). To measure the current-voltage characteristics of a solar
cell, an SMU is typically passed through various voltage limit levels, and the corresponding
current is measured. Keithley's 2400 Series Source Meter instrument was used to test the

three DSSCs in the photonic laboratory of Gazi university.
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5. RESULTS AND DISCUSSIONS

In this chapter we review and discuss the results.

5.1. XRD analysis results

5.1.1. XRD analysis results for Ag@SiO2 Nanoparticles prepared by Laser Ablation
Technique

The crystallinity of the products and their chemical makeup can be determined by using
powder XRD analysis, as shown in figure (5.1). According to the Crystallography open
database (COD) 9006286, the powder XRD pattern of SiO, demonstrates a high and broad
presence of the reflection peak at 28.5272 degrees, which indicates that SiO, has an
amorphous structure. The reflection peak at 38.1891°, 44.3895° for 50 mJ, 38.1747°,44.3638
for 100mJ,38.1591°, and 44.3570°for 150mJ caused by crystal planes (111), (200). All the
reflected Peaks (111) and (200) point out the FCC phase of silver nanoparticles
(Crystallography open database (COD) 9012431). The peak broadening in the XRD pattern,

without any doubt, indicates that small nanocrystals (Ag NPs) exist in the samples.
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Figure 5.1. XRD pattern of nanoparticles Ag@SiO> core shell prepared using laser ablation
technique (—— 50 mJ;—— 100 mJ, and—— 150 mJ)
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The lattice constants a=b=c=4.0785A, 4.0800A, and 4.0816 A for laser energies of 50, 100,
and 150 mJ were calculated from the XRD data using Braggs equation (3.18). It appears that
the SiO2 shell's successful coating of the Ag NPs' surface is what is responsible for the
decrease in the intensity of the reflection planes of Ag. It appears that the SiO2 shell's
effective coating of the Ag NPs' surface is what causes the decrease in the intensity of the
reflection planes of Ag. Additionally, judging by the appearance of strong diffraction peaks,
the crystallinity of Ag NPs is not impacted by the SiO» covering. The interplanar spacing
(dnii) obtained from XRD results is compared with the COD data card (Crystallography open
database (COD) 9012431) and matching (h k | ) planes; table (5.1) summarizes the XRD

results.

Table 5.1. Summarizes the results of the XRD measurement for Ag@SiOa.

e?Z?Zry 26 (Deg.) FWHM (Deg.) Ohig D (nm) | dha Std.(A) Phase hkl

(mJ) Exp.(A)

50 38.1891 0.4470 2.3547 18.8 2.3543 Cub. Ag | (111)
44.3895 0.4813 2.0391 17.8 2.0389 Cub. Ag | (200)
38.1747 0.3438 2.3556 245 2.3543 Cub. Ag | (111)

100 44.3638 0.3439 2.0403 24.9 2.0389 Cub. Ag | (200)
28.5272 0.4470 3.1264 18.3 2.3543 Orth.Si0; | (111)

150 38.1591 0.2407 2.3565 34.9 2.3543 Cub.Ag | (111)
44.3570 0.3094 2.0406 27.7 2.0389 Cub. Ag | (200)

The crystallite size of silver nanoparticles was estimated with the help of the Scherrer
formula equation (3.19). The contribution of the microstrain to the line broadening of the
diffraction peak is defined by Stokes and Wilson equation (3.22) [166]. Table (5.2) shows

the results of some XRD calculations for the (111) plane.

Table 5.2. Summarizes the results of some XRD calculations for the (111) plane of

Ag@SiO..

Laser energy (mJ) a(A) C.S (nm) microstrain
50 4.0785 18.8 0.0018
100 4.0800 24.5 0.0014
150 4.0816 34.9 0.0010
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The crystallite size as a function of laser energy for Ag@SiO2 NPs shown in Figure (5.2)

shows that when the laser energy increases, the crystallite size increases [177] .
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Figure 5.2. Crystallite size verse laser energy for Ag@SiO2 NPs

5.1.2. XRD analysis results for Au@sio2 Nanoparticles prepared by Laser Ablation
Technique

Crystallinity and chemical content of the products are determined by powder XRD analysis,

as shown in Figure (5.3).

The powder XRD pattern of SiO2 is broad and strong, Reflection peak at 28.5307° indicating
the amorphous structure of SiO. according to Crystallography open database (COD)
9006286.

The reflection peak at 38.2347° for 50 mJ, 38.2664° for 100mJ, and 38.2030°for 150mJ
caused by crystal planes (111). All the reflected Peaks (111) point out the FCC phase of gold
nanoparticles (Crystallography open database (COD) 9012953).

The peak broadening in the XRD pattern, without any doubt, indicates that small

nanocrystals (Au NPs) exist in the samples.
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Figure 5.3. XRD pattern of Au@SiO> core-shell nanoparticles prepared by laser ablation
technique ( —— 50 mJ, —— 100 mJ, and — 150 mJ)

The interplanar spacing (dnk) obtained from XRD results is compared with the COD data
card (Crystallography open database (COD) 9012953for Au and 9006286 for SiO2) and

matching (h k I') planes; table (5.3) showing XRD results.

Table 5.3. Results for XRD measurement for Au@SiO».

"ase(rn%”)ergy 26 (Deg.) F(‘ge';'\)" Exih.?A) (an) dna Std.(A) Phase hid
50 382347 | 06660 | 23520 | 126 2.3543 Cub. Au_ | (111)
o0 382664 | 03800 | 23502 | 221 2.3543 Cub. Au_ | (111)
445137 | 04430 | 20337 | 194 2.0389 Cub. Au_ | (200)
285307 | 05074 | 31261 | 16.2 2.3543 orth.Sio; | (111)
150 382030 | 03100 | 23539 | 271 2.3543 Cub. Au_ | (111)

44,3552 0.2537 2.0406 33.8 2.0389 Cub. Au (200)
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The crystallite size of silver nanoparticles was estimated with the help of the Scherrer
formula equation (3.19). The contribution of the microstrain to the line broadening of the
diffraction peak is defined by Stokes and Wilson equation (3.22) [166].

Table 5.4. Shows the results of some XRD calculations for the (111) plane of Au@SiO>

Laser energy (mJ) a(A) D (nm) Microstrain
50 4.07384 12.6 0.0027
100 4.07059 22.1 0.0016
150 4.07709 27.1 0.0013

The crystallite size as a function of laser energy for Au@SiO2 NPs shown in Figure (5.4) is

apparent that when the laser energy increases, the crystallite size increase [178,179].
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Figure 5.4. Crystallite size versus laser energy for Au@SiO2 NPs

Through the results of the XRD for gold and silver, we noticed that when we increased the
laser pulse energy, the crystal size for the nanoparticle increased, and these results agree

with the results of previous researchers [180].
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5.2. Optical Properties Results

5.2.1. Optical properties of Ag@SiO2 nanoparticles

Absorption spectra of Ag@SiO> nanoparticles samples generated by pulsed laser ablation at
varying pulse laser energy are displayed in Figure (5.5). Depending on the size of the
particle, shape, aggregation state, and surrounding dielectric medium of the SPR cause a red
or blue shift in the optical absorption spectra of metal nanoparticles [179,181]. The visible
light absorption band is typical nanoparticles of Ag. The degree of nanoparticle aggregation
influences the plasmon peak and full width at half maximum. By increasing the pulse laser
ablation energy from 50 to 150 mJ, we see a change in the SPR wavelength toward a more
extended wavelength area (Fig. 5.5), indicative of a larger particle size. It is also clear from
the absorption spectra that the peak broadens increases as the pulse laser intensity increases
[179,181,182].
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Figure 5.5. Absorbance relates to the wavelength of Ag@SiO- core-shell nanoparticles for
different laser energies. The inset shows the images of Ag@SiO2 samples
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Figure 5.6. Optical energy bandgap forAg@SiO. nanoparticles core-shell prepared at
different laser energies.

The plot of (ahv)? against h for Ag@SiO> core-shell NPs can be seen in Figure 4. In this
figure, h refers to the constant of Plank's, a referees to the coefficient of absorption, and v
refers to the incident light frequency. The energy gap of Ag@SiO: core shell NPs has been

determined by extending the linear section of (ahv)? to intersect with the hv -axis.

It was done to determine the energy gap. When calculating the optical energy gap of the
NPs, a well-known relation for direct transition (Eq 3.26) is used. The value of Eg was
calculated using the extrapolation approach, and it was found to be 1.94,2.06,2.08 eV for

laser energies of 50, 100, and 150 mJ, respectively [183-185].

Time-resolved PL spectra and PL excitation measurements are also taken to analyze the PL
spectra of better NPs of the Ag@SiO: core shell. Ag's visible luminescence is caused by the

excitation of electrons from occupied d bands into states above the Fermi level.

An energy loss results from the process of Subsequelectron-phenomenon and hole-phonon
scattering, and then an electron from an occupied sp band combines with a hole to produce
photoluminescence [186,187]. Figure (5.7) depicts the luminescence spectra of the core-
shell Ag@SiO> with various pulse laser energies. With increased laser energy, it has been

seen that PL increases.
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Figure 5.7. The photoluminescence (PL) spectra of Ag@SiO2 core-shell NPs at various
laser Powers

We use Planck’s equation (3.27) to determine the energy bandgap from photoluminescence
spectra of Ag@SiO- core-shell NPs.

The comparison between energy gap values calculated from UV-vis and PL measurements
was tabulated in table (5.5). The optical power gap computed from the two measures is close

in value.

Table 5.5. Summarizes the results of the energy gap values estimated from the UV-Vis and
PL measurements

Laser energy (mJ) Eg, from UV-Vis (eV) Eg, from PL (eV)
50 2.06 1.98
100 2.08 2
150 1.94 2

5.2.2. Optical characterization for Au@SiO2 nanoparticles

Absorption spectra of Au@SiO2 nanoparticles samples generated by pulsed laser ablation at

varying pulse laser energy are displayed in Figure 5.8. Depending on the insulating medium,
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ambient, state of aggregation, shape, and particle size, the SPR causes a red or blue shift for

the absorption optical spectra of metal nanoparticles [188].

The visible light absorption band is typical for Au nanoparticles. The degree of nanoparticle
aggregation influences the plasmon peak and full width at half maximum. By increasing the
pulse laser ablation energy from 50 to 150 mJ, we see a change in the SPR wavelength
toward a more extended wavelength area Fig(5.8), indicative of a larger particle size. It is

also clear from the absorption spectra that the peak broadens increases as the pulse laser

intensity increases [188,189].
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Figure 5.8. Absorbance relates to the wavelength of Au@SiO: core-shell nanoparticles for
different laser energies. The inset shows the images of Au@SiO2 samples
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Figure 5.9. Optical energy bandgap forAu@SiO, nanoparticles core-shell prepared at
different laser energies.

Figure (5.9) depicts the plot of (hv)? versus h for Au@SiO; core-shell NPs. In this diagram,
h refers to Plank constant,a refers to the coefficient of absorption, and v refers to the
frequency of incident light. We determined the energy gap of Au@SiO: core-shell NPs by
extending the linear section of (hv)? to intersect with the hv axis. The objective was to
determine the energy gap. In order to calculate the optical energy gap of the NPs, a well-
known relation for direct transition (equation 3.26) is applied. Using the extrapolation
method, the value of Eg was determined to be 2.09, 2.11, and 2.13 eV for laser energies of
50, 100, and 150 mJ, respectively [190-193].

Time-resolved PL spectra and PL excitation measurements are also taken to analyze the PL
spectra of Au@SiO2 core-shell better NPs. Au's visible luminescence is caused by the

excitation of electrons from occupied d-band states into levels above the Fermi level.

An energy loss is caused by the sequential electron phenomenon and hole-phonon scattering,
and photoluminescence is then produced when an electron from an occupied sp band

interacts with a hole.

Figure (5.10) depicts the luminescence spectra of the core-shell Au@SiOz with various pulse

laser energies. With increased laser energy, it has been seen that PL increases.
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Figure 5.10. The photoluminescence (PL) spectra of Au@SiO2 core-shell NPs at various

laser powers

We use Planck's equation (3.27), which tells us the energy bandgap of Au@SiO; core-shell

NPs, to find the energy bandgap. Table (5.6) compares UV-vis and PL band gap values. The

optical band gap that was calculated is close.

Table 5.6. Results of the energy gap values estimated from the UV-Vis and PL

measurements
Laser energy (mJ) Ey from UV-Vis (eV) Ey from PL(eV)
50 2.13 1.98
100 2.11 1.99
150 2.09 2.0

We note from the results that the energy gap in Ag@SiO, and Au@SiO: decreases with the

energy increases due to the increase in nanoparticles size, and this is what we will notice in

the results of TEM pictures in part 5.3, and This agrees with the results of previous

researchers [194].
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5.3. Transmission Electron Microscope (TEM)

5.3.1. TEM for Ag@SiO2

Figure (5.11) shows the TEM image Ag@SiO: prepared with laser ablation with (100.000
kX) magnification, the energy of the laser beam is varied from 50 to 150 mJ and the solution
thickness above the silver target is (0.8 cm). The image shows that Ag@SiO: core-shell

nanoparticles form a sphere, and the size distribution of these particles can be seen in the

size distribution chart.
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Figure 5.11. Transmission electron micrograph (TEM) and size distribution chart of laser-
ablated Ag@SiO> core-shell NPs synthesis at (1) 50, (2)100, and (3)150 mJ
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Figure 5.12. Average diameter against laser energy for Ag@SiO;

As shown in Figure (5.12), when the pulse laser energy was raised from 50 to 100 mJ, the
average particle size rose significantly more than when the energy of laser increased (100 to
150 mJ) [195].

The transmission electron micrograph (TEM) picture of several Ag@SiO2 can be shown in
Figure (5.13). The 5 nm SiO: shell can be seen clearly around the silver NP core in this

image.

30 nm Mag = 100.000 KX  DayPetronic Company

Figure 5.13. TEM picture of Ag@SiO, which distinctly shows the presence of SiO> Nano
Shell
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5.3.2. TEM for Au@SiO2

Figure (5.14) demonstrates the TEM image of Au@SiO; prepared by laser ablation at a
magnification of 1,000,000 kX, where the laser beam energy varies from 50 to 150 mJ, and
the solution thickness above the silver target is (0.8 cm). The image depicts Au@SiO> core-

shell nanoparticles as spherical particles, and the size distribution of these particles can be

seen in the size distribution chart.
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Figure 5.14. Transmission electron micrograph (TEM) and size distribution chart of laser-
ablated Au@SiO: core-shell nanoparticles synthesis at 50, 100, and 150 mJ
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Figure 5.15. Average diameter against laser energy for Au@SiO;

Figure (5.15) shows that when the pulse laser energy was raised from 50 to 100 mJ, the
average particle size rose a little more than when the laser energy was raised from 100 to
150 mJ [196].

Figure 5.14 shows a transmission electron micrograph (TEM) picture of several Au@SiO..

The 6.1 nm SiO- shell can be seen clearly around the silver NP core in this picture.

30 nm Mag = 100.000 KX  DayPetronic Company
I C—

Figure 5.14. TEM picture of Au@SiO, which distinctly shows the presence of SiO, Nano
shell
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5.4. Plasmon Dye-Sensitized Solar Cell (PDSSC) Results

characteristics of current-voltage (I-V) for the fabricated dye synthesized solar cell (DSSC)
compared with that loaded cells with the Ag@SiO, and Au@SiO2 NPs, at dark and under
illumination conditions(light intensity=100 mW/cm?) were shown in Figure (5.15). It can be
seen that the open circuit voltage value increased when used both types of nanoparticles
were, and the short circuit current increased, especially with the use of gold nanoparticles.
The improvement in dye loading and the advantageous injection of hot electrons caused by
the surface plasmon resonance (SPR) effect may be responsible for the increase in
photocurrent [197].
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Figure 5.15. (A)I-V characteristics at dark and under illumination for the fabricated DSSC,
(B) DSSC loaded with the Ag@SiO2, (¢) Au@SiO> loaded
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The shunt and series resistance of the prepared solar cells were determined by inversing the
slope of the I-V curve under illumination at its cross with the Y-axis and X-axis, respectively.

The maximum power point was determined by plotting the power against voltage (P-V), as
shown in Figure (5.16). The maxim points for the DSSC, and that loaded with the Ag@SiO>
and with Au@SiO2 NPs, were 0.164, 0.203, and 0.249 mW at 0.349, 0.515, and 0.334 V,

respectively.
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Figure 5.16. P-V characteristics under illumination for the fabricated DSSC (A), DSSC
loaded with Ag@SiO2 (B) and with Au@SiO: (c).
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The fill factor (FF) and maximum conversion efficiency (nmax) Of the fabricated DSSC are
calculated by equation (3.1).

When Im, Vi, lsc, and Voc show the current and voltage at their highest possible levels when
power is maximum, short current circuit, and open circuit voltage. The Pn, is the maximum
power, and the Pin is the input power from the solar radiation (the light intensity multiplies
the effective area). Figure (5.17) shows the variation of the logarithm of the absolute value

of current with V.
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Figure 5.17. Ln(l) versus V at dark and under illumination for the fabricated DSSC (A),
DSSC loaded with Ag@SiO2 (B) and with Au@SiO: (C)
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Figure (5.18) displays the linear parts for In (1) versus V of forward current at the dark

condition for the three solar cells within the two regions. The slope of the first region was

employed to determine the non-ideality factor (B).
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Table (5.7) provides a summary of the photovoltaic parameters for these cells, including
open-circuit voltage (Voc), short-circuit current (Js¢), fill factor (FF), solar efficiency (1),
non-ideality factor (), shunt resistance (Rsh), and series resistance (Rs). All samples exhibit
a photovoltaic effect. The controlled DSSC with no metal NPs showed an efficiency of
0.18%, and it increased up to 0.23% with the incorporation of the Ag@SiO> and to 0.27%
with the Au@SiO2 NPs (b). Such an increase is attributed to enhancing the sample
absorbance by the device as a result of the scattering effect of the nanoparticles at plasmonic
wavelength [198,199], the plasmon peak located nearly at the maximum of the solar
spectrum. Despite the low efficiency of the synthesized cells, it is considered a good result
compared to previous research due to its low cost. However, we found that by adding the
nanoparticles, the near field around the nanoparticles would improve light harvesting [200].
The incorporation of the NPs can also facilitate charge separation in photoanode. The
accumulated charge into the NPs cause more negative for the Fermi level of
metal/semiconductor. So, open-circuit voltage clearly rises from 0.63 mV in control DSSC
t0 0.74 and 0.73 mV with Ag@SiO2 and Au@SiO2 NPs due to Fermi-level shift [201].

Table 5.7. The characteristics parameters for the fabricated DSSC loaded with the Ag@SiO-

and Au@SiO
Parameter Control with Ag@SiO; with Au@SiO;

Isc (MA) 0.68 0.70 1.30
Voc (V) 0.63 0.74 0.73
Im (MA) 0.42 0.39 0.75
Vin(v) 0.39 0.52 0.33
F.F 0.39 0.39 0.26
n% 0.18 0.23 0.27
Rsh () 2300.8 2711.0 769.9
Rs (Q) 187.0 197.4 266.5
b 3.64 2.40 3.78

5.5. Conclusion

To meet the increasing demand for energy with renewable and clean sources of the rising
long-term climate deterioration. Solar cells as a viable renewable energy source are the
efficiency and cost improvements to these components. The dye solar cell (DSSC) is one of

the most cost-effective devices for creating electrons from solar photovoltaic energy and has
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a lower production cost than competing technologies. Despite its low efficiency, it is still
under development to reach high efficiency using several methods.

In this thesis

1. We have successfully prepared Au@SiO2 and Ag@SiO> core-shell nanostructures using
a clean physical preparation method.

2. We found that the noble metal NPs' particle size increases when the pulsed laser energy
increases.

3. It also noted from the results obtained that the thickness of the silicon oxide shell does
not change with increased pulsed laser energy.

4. The optical energy gap (Eg) values of core shell NPs obtained from the UV-Vis and PL
measurements were very close.

5. From the XRD results, we notice an increase in crystallite size at a certain diffraction
angle with an increase in laser flounce, confirmed by transmission electron microscopy
images.

6. We have successfully fabricated Plasmonic DSSCs and compared them with regular
DSSC, and we found an increase in solar cell efficiency after loaded Plasmonic NPs.

7. the solar cell efficiency enhanced by a Gold-Silica core-shell is more than that enhanced
by a Silver-Silica core-shell due to the position surface Plasmon resonance of core-shell

nanoparticles.

This is real and scientific because the dye works better in the visible range of five hundred

nanometers, which is one of the optical properties of nano-gold.
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