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Abstract

The present experimental study focused to synthesize and
evaluate the thermo-plasmonic properties based on the core/shell
nanoparticles and the core/multi-shell nanoparticles prepared by laser
ablation in liquids with nanosecond laser pulses at 1064 nm, to introduce
a new type of hybrid nanostructures usable in biomedicine and optical
photonics applications. For these hybrid nanostructures, Gold (Au) and
Silver (Ag) as a partner of Silicon (Si) were used in thermo-plasmonic
part, the hybrid multi-shell nanostructures consist of gold-silver and

silver-gold sandwich with silicon shell in between.

The optical absorption was measured wusing a UV-Vis
spectrophotometer for the samples, and the intensity and position of the
plasmon were monitored depending on the dielectric properties of the
samples. In addition, the thermo-plasmonic properties are studied by
monitoring the local temperature increase of the samples experimentally
by infrared camera, when the samples are illuminated by lasers of
different wavelengths (532, 405 nm). As well as the core/multi-shell
NPs were tested to inhibit the activity of the E-coli bacteria under laser

radiation.

In addition, the optical properties, the thermo-plasmonic effect, and the
surface electric-field distribution of the samples are investigated

theoretically with different core size and different shell thickness by the



finite element method of the COMSOL multi-physics program under

laser irradiation with different wavelengths (532, 405 nm).

The results revealed to a clear tunable and adjustable optical and thermo-

plasmonic properties by controlling the structure of the core/shell NPs.

In addition, the results show that not only an extreme tunability in the
surface plasmon resonances can be obtained, but also considerably
enhanced photo-thermal effects in terms of temperature rise, that
depends on the laser effect. The results show that the core/multi-shell
samples produce more heat than the core/shell NPs samples, and also
more heat than the individual samples. The temperature elevation was
8.2C° for the Ag@Si@Au NPs and 7.4C° for the Au@SIi@Ag NPs

under C.W laser illumination (405, 532 nm), respectively.

In addition, the experiments proved that the proposed nano-system
achieved a high killing efficiency against the E-coli bacteria under a CW
laser illumination (405,532nm), the diameter of the inhibition zones was
8 and 6 mm for the Au@SiI@Ag NPs and the Ag@Si@Au NPs samples,

respectively.

The simulation results indicated a considerable relationship between the
present computational and experimental results, the results can be
enhanced depending on the size, shape, structure, and surrounding

media.



Moreover, the COMSOL multi-physics program can predict the
experimental results exactly. Accordingly, the results show the
possibility of using the core/multi-shell nanoparticles as efficient heat
sources in many applications, especially in the disinfection and

sterilization of medical equipment.
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Chapter One Introduction

1.1 Introduction

Over the last decade, there have been an increasing interest by
researchers in use of plasmonic nanomaterials as effective sources of heat
remotely controlled by light named as thermo-plasmonic materials.
Thermo-plasmonic is a field of study involving the light-triggered local
temperature rise of plasmonic materials (also called “photo-thermal™
heating) [1]. Plasmonic nanoparticles (NPs) play a substantial role in this
field of research of thermo-plasmonics due to their optical, electronic,
thermal, and catalytic properties and also have aroused keen interest due
to the distinguished feature of surface plasmon resonance (SPR), which is
characterized by plasmonic metal nanoparticles only [2]. The SPR is a
collective oscillation of conduction electrons possessed by metal
nanoparticles, which is excited by an electromagnetic field at special
wavelengths [3]. This field has been widely exploited for a large number
of applications, including biomedical sensors [4,5], photo-thermal
imaging[6], drug delivery [7], cancer thermotherapy [8,9], disinfection
and sterilization [10], etc. In the Fig (1-1), it show some of the basics and
applications of the thermo-plasmonics technology.

Despite considerable progress in the techniques of synthesis of
nanomaterials and their use in several fields, especially the medical field,
a great deal remains to be understood about the fundamentals of thermo-
plasmonic nanomaterials, in particular the physiological and biological
mechanisms they trigger. The plasmonic nanoparticles are used for their
high ability to boost a local temperature based on the optical heating with

optical nearfield enhancement and hot-carrier injection [11].
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Fig (1-1) the Schematic representation form of some applications of

the thermo-plasmonics [12].

Thermo-plasmonics represents a significant research area with pivotal,
economic, and societal impact that could contribute to the development of
the medical nano-field. In particular, hot-electron injection involves
plasmonic metal electrons by laser, and it has the ability to raise the
temperature which could not happen otherwise through conventional
heating [13]. Therefore, with the use of plasmonic nanoparticles as
effective light absorbers, this approach provides key features compared
with conventional heating. One of these features is that the heating laser
provides reduced spatial scale to enable heating over a micrometric area,
this allows the heat to not spread to the surrounding areas. Also, the
plasmonic heating may produce a high temperature rise with moderate

lighting. Pulsed and continuous laser light brings the NPs to a

[ 2 )
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superheated state. Moreover, the advantage of plasmonic NPs, when sized
down to a few nano-metres, it can also feature effective catalytic activity
[13]. Furthermore, previous research of the thermo-plasmonic effects has
primarily focused on bare noble metals such as Au and Ag NPs in a
variety of morphologies such as spherical, ellipsoids, rods, disks, rings,

and stars, among others [14-19].

The most famous materials that have the plasmonic property are the noble
metals (Au, Ag, Cu, and Pt NPs), and also there are other materials in
which the SPR property appears, but most materials are exhibit localized

plasmon resonances in the UV range, shown in the Fig (1-2) [20,21].

Since the absorption by the bare noble metal leads to the dissipation of
light into resistive thermal energy, optically excited noble
Metal/Semiconductor (M/S) core/shell NPs can thereby be exploited as
efficient heat sources in a set of applications instead of the bare noble
metal in the field of thermo-plasmonics [22]. Therefore, core/shell

nanoparticles (C/S NPs) are good candidates for this application [23].

12 13

Mg Al

22 24 28 29 31

Ti Cr Ni Cu Ga

39 40 42 a4 45 46 47 45

Y Ir Mo Ru Rh Pd Ag In
IR 72 73 74 78 79
Hf Ta w Pt Au

Fig (1-2) Representation of the elements considering as the plasmonic
materials [20,21].
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The core/shell plasmonic nanoparticles have a highly geometrically
tunable optical resonance. This in turn gives controllability of the
refractive index and the dielectric properties of the nanomaterial [22].
The concentric incorporation of either a spherical gold NPs or silver NPs
as a core into the silicone NPs as a shell, followed by the plasmonic NPs
coating as the next shell, leads to different plasmonic behaviors and
optimized photo-thermal properties of the nanostructure. There has been a
lot of experimental work on metal/silica NPs in various applications, but
there is still a need to discover the tunable photo-thermal properties of the
C/S nanostructures and the role of the shell in the photo-thermal response,
which deserves more attention. The plasmonic properties for the C/S NPs
are mostly linked to the interaction between the size of the core and the
thickness of the shell. The plasmonic coupling strength can be determined
by the core size and the shell thickness. Whilst, the plasmon coupling
strength makes them efficient for light-to-heat conversion by using the
metal/silicon C/S nano-plasmonics when the wavelength shift plasmon
band is in the IR-region. Thus, the development of IR-region plasmonic

materials still has many challenges [24].

This work have reported enhanced in the properties of thermo-plasmonic
for the Core/Multi-Shell (C/M-S) hybrid nanostructures at the visible
region , which has the ability to be used in biomedical applications as an
effective anti-bacterial. In such a hybrid system, Au/Si/Ag have
characteristic plasmon absorption from the UV to NIR spectral region,
whereas noble bare metals have narrow wavelength plasmonic
absorption. This allows the use of lasers of different wavelengths to
irritate the thermo-plasmonic. This work will provide useful information

about the thermo-plasmonic properties of the C/S NPs based on

[ 4 )
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metallic/silicone and the optimal use of the plasmonic NPs for thermo-

plasmonic bio-medical applications based on heating.

1.2 Literature Survey

The research work in thermo-plasmonic has been investigated for a
few years ago. Therefore, the Au, Ag thin films and Au, Ag NPs have
been widely studied in recent years [25,26]. However, there are reports on
the C/S nanostructures, it is well known that the thermo-plasmonic
properties of the C/S nanostructures are different from those of their thin
films and NPs counterparts because their characteristics are affected by
other factors [27]. According to, the previous literature are reports about
the metals/semiconductor C/M-S nanostructures to what was rare to our
knowledge. However, there is highly needed for more research due to its
importance for the metals/semiconductor C/S nanostructures in different
fields of application especially in the medical field. In the following, the

most important works for the last ten years are presented.

In 2013, A. L. Lereu, et al [28], synthesized the gold nano-islands and
the gold thin film with a thickness (57.4 nm) on a quartz prism substrate
by the electron beam evaporation method. Their results showed more
thermal response and high localized confinement of the Au nano-islands,
than compared with gold thin film. They also proved that the temperature

elevation depends on the dielectric constant of the materials.

In 2014, Han Dai, et al [29], studied Ag NPs with different size (30, 50,
and150 nm) deposited on the Si substrate by sputtering annealing method
,the sizes of Ag NPs are controlled by changing sputter current. Their
results showed a blue shift of the SPR position, and also a Red shift of the
SPR When the annealing temperature changes from 323K to 343 K of the

[ 5 )
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Si substrate. Their results proved, the thermal effects of morphological

change and the damping effects of Ag NPs was small effects.

In 2014, Qiang Li, et al [30], studied the photo-thermal characteristic of
the C/S NPs by COMSOL Multiphysics program for different
compositions (30 Au@10 SiO2 nm), (50 SiIO,@7.5 Au nm), and (30
Au@10 SiO,@10 Au nm) irradiated with 540, 830, and 900 nm
respectively. Their results showed tunable in the SPR and improving
photo-thermal effect, so compositions used more than with the bare Au
NPs, also noted that the C/S NPs have high tunable optical resonance and

photo-thermal effect by changing the thickness of the shell.

In 2016, Stephen J. Norton, et al [31], designed the nano-spheres, nano-
spheroids, and nano-stars from the gold NPs as heat sources in fluid.
They studied the absorption cross section of these Au NPs, and also
calculate heat-flow equation to determine the constant state of the
temperature height and the time to reach the constant state. They
recommended using the nano-spheroids or the nano-stars for photo-
thermal treatment due to the plasmon resonance of these Au NPs lies
within the medical windows for the soft tissues transparence at this range

of electromagnetic waves.

In 2017, Lijun Meng, et al [32], designed and studied thermo-plasmonic
a C/M-S based on gold/silica or aluminum/silica multi-shells alternately.
The results showed the capable of achieving high temperatures in the core
region using moderate illumination intensities, a huge electric field
enhancement. In addition to a large optical intensity enhancement of over
a relatively broad core region with a simple design consisting of three

metal layers.

[ 6 )
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In 2018, Maher Abdulfadhil Gatea, et al [33], prepared Au@SiO, C/S
NPs that flooded in water and PVP using laser ablation in liquid method.
They used the theoretical simulation by COMSOL program by irradiating
samples of the 532 nm CW laser and the 520 nm fs pulse laser, they
founded that the fs pulsed laser caused higher temperature elevation
despite the low power used and the temperature elevation in water is
higher than that in PVP because the higher thermal conductivity of water
than PVP.

In 2018, Soomin Han, et al [34], studied heating the compound of the
Au@cellulose NPs by laser in water, and also studied efficacy as an
antibacterial against E. coli. The temperature at the surface of the
compound has increased during Irradiated with NIR laser. Their results
proved that the proposed compound can be used to kill E. coli and also

sterilization and desalination the water.

In 2019, Maher Abdulfadhil Gatea, et al [35], designed the Au@SiO2
NPs in water and PVP theoretically by COMSOL program, which was
different in the relative volume fraction of the core and the shell. The
results showed the temperature of the samples increase with the core
radius increased. Conversely, the temperature decrease with the increase

of the thickness of the shell at fixed core radius (20 nm).

In 2019, Marta Quintanilla, et al [36], synthesized the Bi-metallic
Au@Pd NPs by chemical process, this form shows efficient photo-
thermal effects and rising in the thermal stability for a solution, The
heating efficiencies around (40% 60%), and also noticed that the
minimal Au@Pd NPs have the highest efficiencies, the proportion
between extinction and absorption highly relies on the amount and
location of Pd NPs.
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In 2020, Ali Alkurdi, et al [37], studied the Au@SiO, C/S NPs in water
by computer model. They studied the energy transfer between the core
and the shell. They found the heat transfer faster than from gold NPs
when the thickness of the silica of fine shell also when using a pulsed

laser compared to a continuous laser.

In 2020, A. K. Kodeary, et al [38], synthesized and studied thermo-
plasmonic of the Au@PZT NPs C/S NPs in an aqueous colloidal
dispersions. The results showed that the temperature elevation is about

3.7-14.1C° under laser illumination and electric field.

In 2021, Haitao Wang and Ming Li [39], designed the two kinds of
concentric multi shell NPs, the hetero NPs (Au@SiO,@Cu,Se) and the
homo NPs (Cu,Se@SiO,@Cu,Se) theoretically by COMSOL program.
They studied the photo-thermal characteristics and the enhancing in the
temperature distribution for these two kinds under Infrared irradiation
extending from 1000 to 1700 nm.

In 2022, M. Jazmin Penelas, et al [40], synthesized the Au@SiO, NPs
in an aqueous colloidal dispersions that have photo-thermal activity for a
range of the wavelengths. The results showed that the characteristics of
the shell control both, the photo-thermal effect and the optical properties
of the colloidal dispersions. As well as the photo-thermal properties of

NPs depended on a thicknesses of silica shells.
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1.3 Aim of the Work and the Research Motivation

This work aims to synthesize a new plasmonic nanostructures of the
C/M-S NPs as a nano-heat source controllable by external or internal
parameters, such as the applied lasers or the plasmon position
manipulation to use in the optical and biomedical area. Thus the ultimate
aim of the study is to gain deep insight onto the physical mechanism of
change in the properties and understand the optimum functional behavior
of these materials.

In addition, to wunderstand the physical processes at their
metal/semiconductor interfaces to improve understanding and

performance of novel nano-thermal devices.
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2.1 Introduction

Recently, the researchers have realized that mixing nanomaterials has
different properties which opens up a new field set of applications in
nanotechnology, the researchers have trapped their attention on finding
novel nanocomposites and nanostructures can be controlled when they
are irradiated by the laser or the directly affected of the external
electromagnetic fields, or affected by mechanical pressure. Accordingly,
a large number of studies have focused on noble metal NPs such as Au,
Ag, Cu, and Pt due to their plasmonic properties [41,42]. Further, a new
hybrid NPs were made by combining these plasmonic metals with semi-
plasmonic materials or semiconductor materials such as Al, Mg, ZnO,
and SiO, [43-46].
Furthermore, the interaction between hybrid nanostructures components
can change the metal electronic states which are various from the states of
the constituent metals. In fact, this adjusting and tuning properties are
essential for getting broad applications in bio-sensing, diagnostics and
therapeutics, and high-contrast imaging [47], as well as contributing to
the development nano-photonic devices [48].
On the other hand, tuning and adjusting the plasmonic and the optical
properties of nanostructures, based on understanding interfacial

phenomena between the core and the shell in nano-systems.

2.2 Nanostructure

Rapidly growth of the nanotechnology is related to infinite
applications of devices, systems and structures, by controlling size, shape
and structure at nanometer scale [49]. The field of nanotechnology started
at 1959 when Richard P. Feynman presented his famous lecture ‘‘There’s
Plenty of Room at the Bottom” [50]. The Greek term (nano) means

"dwarf" refer to “very small” and denoted as universal unit (SI unit) of
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sample "n" as a factor of 10° [51]. Materials at this scale provide many
advantages, depending upon the size, shape, structure and method of
preparation [52].

Nanotechnology is the understanding and control matter at
dimensions of roughly 1-100 nm. At the nanoscale, the properties like
electrical conductivity and mechanical strength are not the same as the
materials with particles in dimensions much more than 100 nm. The
electronic structure changes dramatically too [53].

The particles of different types and materials at the range between
1 to 100 nm can be classified according to agglomeration of atoms and
molecules as shown in Fig (2-1) into [54];

Zero dimensional nanoparticles: these nanoparticles have all the three
direction length in the nanometer scale. The zero dimensional NPs are
isolated from each other such as nanocluster materials, metal particles
(Au, Ag NPs) or semiconductor (quantum dots) particles [55].

One dimensional nanoparticle: these nanoparticles have only one
direction length out of the nanometer range including nanorods,
nanowires, and nanotubes.

Two dimensional nanoparticles: these nanoparticles have two direction
out of the nanometer range, including nanofilms, coating surface, and
nanosheets.

Agglomerate state of NPs occurs over short distances due to van der
Waals force; this the agglomeration affects the chemical and the
electromagnetic properties of NPs [56]. The agglomeration process
depends on the type of NPs, conditions of synthesis method and
concentration of NPs in solvent. The agglomeration process can be
avoided by several processes such as coating the nanoparticle surface by
another organic or inorganic substance or chemically stabilization by
polishing slurries in aqueous suspension [57].
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.4

2D
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Fig (2-1) Nanopatrticles classified according to their directions [55].

The high development in NPs s synthesis techniques enables to synthesis
different types of NPs such as spherical NPs [58], cube NPs[59], disk
NPs[60], wire NPs[61], tube NPs[62], rod NPs[63], prism NPs[64], star
NPs[65]. The NPs have larger enhancement of physical and chemical
properties compared to bulk material due to their extremely large surface
area to volume ratio [66].

The NPs characteristics (physical and chemical properties) are based on
the size, shape, structure, physical stability, and distribution of the NPs,
which can be investigated using different microscopic technique such as
the scanning electron microscopy (SEM), the transmission electron
microscopy (TEM) [67]. Various technologies or methods are used to
prepare nanostructured materials such as: electro-deposition method [68],
Chemical Vapor Deposition method [69], Sol-gel methods [70], Self-
Assembly Method [71], Laser ablation method [72], etc.

2.2.1 Core/shell Nanoparticles

Nowadays, the researchers have focused their attention in
nanotechnology field on finding novel nanostructures in order to achieve
novel physical and chemical properties. The C/S NPs as the combination

of two different materials in one nano-metric system are considered as
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one of these nanostructures which can give novel and fantastic properties.
The nanostructures can be classified based on single or multiple materials
into simple and composite NPs. A simple nanostructures are made from a
single material. Whereas, a composite nanostructures are composed of
two or more materials such as C/S NPs [73].

The C/S NPs type are defined as concentric core (inner material) and a
coating shell (outer layer material). The C/S NPs can be categorized
based on inner and outer material into organic-organic, inorganic-
Inorganic, organic- inorganic, inorganic-organic materials, Depending on
the application, the shell material, the shape and/or structure of NPs could
be chosen; Fig(2-2) shows different structure types of the C/S NPs [74].

000
00

Fig (2-2) Schematic describing different types of the C/S NPs [74].

Modified properties of the C/S NPs can be obtained by either
changing the volume ratio of the core part to the shell part or changing
the composite materials, such as thermal stability, reactivity and
dispersibility of the core. The main purpose of the core part coating is to
fold the surface modifications, stability and dispersibility to control the
functionality of the core [75]. The C/S NPs are widely used in many

applications such as control drug delivery [76], photo-thermal cancer
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therapy[77],optoelectronics[78],catalysis[79],photoluminescence[80],bio-
Imaging [81], etc.

2.3 Interface between Two Materials

Formation of electronic devices requires putting together two or more
dissimilar materials (semiconductors, metals, insulators). The interface
between these materials becomes crucial because it affects the electrical
properties (transport) of the devices [82]. This interface is called the
junction [83]. An ideal junction is one where there are no defects formed
at the interface [84]. Forming ideal junctions is challenging and most real
materials have defects at the interface which can affect the electronic
properties [85]. But can get an idea of the interaction between materials

by studying interfaces.

2.3.1 Metal/Metal Junction

Metals are characterized by an incomplete energy band (valence and
conduction band overlap) with the top of the energy band being the Fermi
energy. The distance from the Fermi level to the vacuum level is called
the work function (@) [82-85].

We know that the work function is very important to describe the
transmission of electrons between metal surfaces, the work function
locates the bulk chemical potential relative to the vacuum reference
level[83].

Overall, the work functions are calculation to determine the effective
number of valence electrons. This allows the hardness of the atoms to be
calculated which is, in turn, allowing for a covalence induced surface
effects predictions of the work functions for metal surfaces [83].

At metal surfaces negative dipoles arise from the spreading effect as

surface electrons “spread” out into the vacuum. Positive dipoles form as
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electrons flow into low open spaces on atomically rough surfaces. Where
it is allowed for both kinds of dipoles and strong correlation between bulk
and atomic properties was argued to imply near perfect cancellation to
minimize the total surface energy [84].
The work function may then be taken as a good estimate of the bulk
chemical potential of the metal relative to the vacuum level.

¢v=Evac -EF (2.1)
where @,,: the metal work function, Eg :Fermi level.
Consider a junction formed between two metals with different work
functions, as shown in Fig (2-3). As an example, the two metals are Au
and Ag with work functions of 5.10 and 4.26 eV respectively [86].
The most important rule when a junction is formed is that the Fermi
levels must line up at equilibrium (no external bias). This can be
understood by using Fig (2-3a), where there are electrons in Ag at a
higher energy level than those in Au. These electrons can occupy the
empty energy levels located above the Au Fermi level. Because electrons
move from Ag to Au a net positive charge develops on the Ag side and a
net negative charge on the Au side. Thus, a contact potential is developed
at equilibrium between the two metals. This contact potential is related to
the difference in the work functions, and is shown in Fig (2-3b). For Ag-
Au junction the contact potential is 0.84 eV [86].
The Ag has a smaller work function than the Au. When a junction is
formed electrons from the Ag move to the Au until the Fermi level lines

up and the junction is in equilibrium [86].
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Au vacuum Ag vacuum
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Fig (2-3) the Junction between Au and Ag, a) before equilibrium, b) at
equilibrium, with a contact potential given by the difference between the
work functions. The contact potential prevents further motion of

electrons from Au to Ag.
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2.3.2 Metal/Semiconductor Junction

When a metal and semiconductor are brought into contact, there are two
types of junctions formed depending on the work function of the
semiconductor and its relation with the metal [87]:-

a. Schottky junction  Om < Bsemi

b. Ohmic junction Om > Dsemi

Consider a junction formed between a metal and semiconductor, the
Fermi level of the semiconductor is higher than the metal [87]. Similar to
a metal-metal junction, when the metal/semiconductor junction is formed
the Fermi levels must line up at equilibrium [88]. The electrons in the
conduction level of the semiconductor which can move to the empty
energy states above the Fermi level of the metal, this leave a positive
charge on the semiconductor side and due to the excess electrons, a
negative charge on the metal side, leading to a contact potential [89].
When a contact is formed between two metals, the charges reside on the
surface, this is due to the high electron density found in metals. On the
other hand, when a contact is formed between a metal and semiconductor,
due to the low charge density on the semiconductor side the electrons are
removed not only from the surface but also from a certain depth within
the semiconductor. This leads to the formation of a depletion region
within the semiconductor. Thus, when a Schottky junction is formed
between the metal and semiconductor, the Fermi level lines up and also a
positive potential is formed on the semiconductor side. Because the
depletion region extends within a certain depth in the semiconductor there
is bending of the energy bands on the semiconductor side. Bands bend up
in the direction of the electric field (field goes from positive charge to
negative charge) [90].

This means the energy bands bend up going from semiconductor to metal.

The Fermi levels line up and there is a certain region in the
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semiconductor [89,90], where the bands bend this is called the depletion
region. This is given by the difference in work functions, this is illustrated
in Fig (2-4), in relation to Schottky junction and Fig (2-5), in relation to
Ohmic junction [89].

(a) Electrically isolated (b) Schottky contact
Metal Semiconductor Metal Semiconductor
b -
EIM ¢S
¢; ¢M Acceptor
Mm' o Free hole
valence . L €,
band = G m=cm=Eemeelae 5 ee— - e
° ° ° [ e © o = L ]
Semiconductor Ve
valence band
-

Fig (2-4) the band structure of metal/ semiconductor Schottky junction
at thermal equilibrium; (a) electrically isolated and semiconductor, and

(b) the band alignment at thermal equilibrium [89].

(a) e ? (b) Ohmic Metal-
Hiactricallyisolatad Semiconductor junction
Metal Sem|confll:::it"?':ve | - -
L \ Semiconductor
& S
by b, by b,
Acceptor
Free hole
Ei
Enic & .. 2rEwmrEesieers [ .. = = <
o . ° L] o V8 - - —-— -— -
Matnl Semiconductor
Vance valence band
band

Fig (2-5) the band structure of the ohmic metal/semiconductor junction
at thermal equilibrium; (a) Isolated metal and semiconcutor,
(b) The band alignment at thermal equilibrium [89].
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As for a M/S interface, the static polarization charges at the interface
arising from thermo-electric effects can then be modulated the height of
the Schottky barrier by the applied fielld, resulting in tuning of the barrier
electronic-transport properties by the external effects [89].

By utilizing the thermo-plasmonic charges to redistribute the charge
carriers inside the semiconductor and modulate the energy band at local
contact or junction, the transport behavior of the electric process of the
free carriers can be modulated/tuned, which is referred to as the effect
[91], which involves using thermo-electric polarization charges as a
“gating” voltage for tuning the electronic transport across an interface or
junction[92].

Hence, the electron transport is effectively manipulated by thermo-
plasmonic effect [93]. When photons whose energy surpasses the
bandgap of the semiconductors irradiate on the M/S contact,
photoinduced carriers are created at the interface of the contact. The
carriers are divided and gathered with the help of Schottky junction. The
lower barrier can enhance electron transport, while an increased barrier

height can cut off the current, just like a diode [93].

2.4 Plasmonic

Plasmonics is the field of study the optical phenomena that results
from interaction of conduction free electrons of noble metal nanoparticles
with electromagnetic waves (especially at visible optical frequencies) and
collective oscillation called as surface plasmon [94].

Plasmonic is a major part of the nano-photonics which can confine
electromagnetic waves smaller than the diffraction limit. The
development of nanofabrication techniques helps to increase applications

of plasmonic nanostructures [95]. When electromagnetic waves are
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incident on a metal surface, it will accelerate electrons and lead to induce
polarization that creates restoring force which causes an oscillation of the
free electron of the metal. This oscillation is quantized and free electrons
oscillation is quantization of plasma oscillations and it's called a
plasmon[96].

There are two types of surface plasmon according to their interface:
Surface Plasmon Polariton (SPP) and localized surface plasmon (LSP).

The SPP are longitudinal waves, which propagate at the interface
between a dielectric and metal. These waves travel parallel to the
direction of propagation; so they cannot be excited by a transverse waves
[97,98]. The most effective way to excite a plasmon is to use electrons
I.e. when light excites the electrons, electrons will pass through a thin
metal layer and lose some energy, this loss in energy use to excite the
SPP[99].

The LSP is non-propagating waves. In case of a spherical NPs, the
curved surface of the nanoparticle creates a restoring force on the
electrons to result in a localized resonance. This kind of resonance can be

excited by direct light irradiation [100], as shown in Fig (2-6).

Gold film

’ Electric field
(b) Electron
cloud

S

Fig (2-6) Schematics for the two main ingredients of plasmon resonance: a)
propagating the SPP along the dielectric-metal interface; and b) the LSP on the
surface of a metal NPs [100].
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This occurs only when the incident light frequency (w) is close to the
plasma frequency of the metal, which is in the visible frequency range for
good conductors like gold and silver, the incident external electric field
excites the free electrons and displaces it from their normal positions in
the metal lattice. Movement of oscillating free electron can be described
by equation of motion [101].

m,x +m,yx =—q,E (2.2)
where me is the free electron mass, X is the electron displacement, ge is
the electron charge and E is the external electric field, y is electron
damping factor.

—iwt

The general solution of oscillating electric fieldis E= Egye so that

the solution of equation (2.2) for given amplitude xg is [102].
xg = ————E, (2.3)

m, (w2 +iwy)
where w is the angular frequency. While in the case of (N) number of
electrons a macroscopic polarization is rise P =—N4qZ x and given by
[102]:

N qZ £
m.(w? + iwy) (2.4)
The electric displacement D depends on the dielectric function of the free
electron as [102]

P=—

D=¢, E+P (2.5)
So that equation (2.5) becomes[102] ;
W
D=¢(1— - E
o ( (w? + IW"]f]) (2.6)
The plasma frequency of the free electron is [103]:
,_ Ngi
wy =
€o M, (2.7)

The dielectric function of the free electron (g, ) is [103]:

WZ

=1-—=2
w? +iwy (2.8)
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The equations describe the behavior of plasmonic in a bulk metal using
the Drude model.

For very small spherical metallic nanoparticles (compared to the
wavelength of incident light), the nanoparticle polarizability (Pa) is[104]:
e(w)—e€ P

Pa = 4nR?
€ (W) +2¢ (2.9)

where R is the nanoparticle radius, € (w) is the metal's dielectric function

and € , is the dielectric function of the surrounding.
The LSP resonance occurs when the polarisability of the nanoparticle

reaches to maximum value i.e. (e (w) + 2¢ ) is minimized.

The optical cross section of the spherical NPs enhances (strong scattering

and absorption properties) under plasmonic conditions and given by[105]:
4
Tscs = g 1PN (2.10)
O qcs = kIm[Pa] (2.11)
where @ ,.¢, 0,0 are the scattering and the absorption cross sections, K is
the wave vector of incident light and In[Pa] is the imaginary part of

polarizability.

2.5 Thermo-Plasmonic

Recently, researchers have realized that plasmonic nanoparticles
can act as an effective heat source depending on opto-heating generation.
Therefore, the metal nanoparticles can be considered as nano-heat sources
when they are irradiated by laser or, they are directly affected by the
external electromagnetic fields, which opens up a new field set of
applications in nanotechnology named as Thermo-Plasmonic [106].
Thermo-Plasmonic is a field that study thermodynamic effects at the

nanoscale of plasmonic nanomaterials including measuring and
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controlling of the result temperature [107]. Thermo-plasmonic is
considered as a new way of increasing temperature remotely by light
beam [108]. Part of incident electric filed interacts with mobile electrons
of metal nanoparticles and turns in to heat through three thermalization
steps [109]: Photon-electron interaction, Electron-phonon coupling, and
surrounding thermalization [110], this is processes of different time scales
[111] as follows:
Photon- electron interaction: part of incident light energy gets absorb
by free electrons of metal. This process takes around 100 fs and leads to
non-equilibrium with respect to lattice [112].
Electron-phonon coupling: in this step excited electrons get relax with
time scale of 1.7 ps depending on nanoparticle size and nanoparticle at
this step has an uniform temperature [113].
External thermalization: the heat energy transfer from nanoparticle to
heat up the surrounding medium with time scale of few nanosecond
depending on nanoparticle size [114] as:

pc,R
" 3Kpea (2.12)

where, t is typical duration of transient regime, @ is the material

T

density, ¢,, is the material specific heat and k,..q is the thermal
conductivity of surrounding medium.
The generated heat power (@) in metal nanoparticle at any time (t)
and position (r) is [115]:

Quty =Jwe Evry (2.13)
where E is the electric field inside the NP and J is the current density of

electrons.
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Uniform incident electric field is considered which lead to uniform heat
source density because the thermal conductivity of metal much larger
than that of surrounding medium [116].

When the electric field with a proper wavelength illuminates the metal
nanostructures, free electrons oscillate coherently in a localized region.
The electromagnetic field near metallic surface is highly enhanced. The
position of the plasmon resonance is sensitive to the dielectric
environment within near field region [117]. Scattering and absorption
cross sections of metallic nanoparticles are enhancing under illumination
of visible or near-infrared electromagnetic radiation [118].

Laser induced materials processing is based mainly on the absorption of
laser radiation in the material, which results in various effects, such as
heating, vaporization, plasma formation, melting, and ablation. The
extent of these effects depends primarily on the characteristics of the laser
radiation (laser intensity, laser wavelength, beam spot size, the pulse
repetition rate, and interaction time), as well as the thermo-physical, the
electronic structure, and optical properties of the material (the material
surface, thermal conductivity, specific heat capacity, and mass
density)[119]. The main advantage of using pulsed laser irradiation is to
achieve temperature confinement in space and time over nanoscale
dimensions [120].

For this reason, the investigation of thermo-physical and optical
phenomena use the samples under the laser irradiation is so important.
Mainly, find the best classes of samples to this aim is beneficial for any
scientist. Generally the field of thermo-plasmonic has two challenges: the

micro/nanoscale particle design and the temperature measurement [121].
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2.6 Laser Ablation

The process of removing material from a surface of solid target
(placed in liquid or gas) by irradiating with a laser radiation is called laser
ablation[122], it has become a convenient method for the fabrication of
NPs [123]. The advantages of the method in comparison with chemical
routes of synthesis are its simplicity, absence of precursors that can
contaminate the ablated material, and potential for synthesis of compound
nanostructures that cannot be synthesized chemically due to energy
barrier constraints [124]. Furthermore, the nanoparticle characteristics
can be modified by the laser radiation parameters: such as the energy,
pulse duration [125], and wavelength [126], as well as properties of the

target material and surrounding [127].

2.6.1 Laser Ablation in Liquid

The laser ablation in liquid (LAL) method is one of the most
promising approaches to generate pure and uncontaminated nanoparticles
(highly pure without other remnants from the chemical reactions) with
mechanism simple, convenient, and fast process relatively. In addition to,
It possesses a highly rate of mass production at a low cost [128,129].

It is important to note that laser ablation in liquids provides much better
opportunities to manipulate the size and other properties of nanoparticles.
In particular, ablation in liquids enables to control the size and size
distribution of nanoparticles by the addition of various chemically active
compounds into liquid solutions. It involves the use of short pulses of
laser energy focused on a target in a solvent. The target absorbs the
energy from the laser pulse and is vaporized. The vaporized material then

condenses as nanoparticles [130].
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2.6.2 Laser Ablation in Liquid Mechanism

The ablation of the target material upon laser irradiation is a very
complex process. The incident laser pulse penetrates into the surface of
the material within a certain penetration depth. This dimension is
dependent on the laser wavelength and the refraction index of the target
material and is typically in the range of 10 nm. When solid target absorbs
the later part of the laser pulse, after that an electric field with very high
intensity is produced on the surface of the irradiated area, the strong
electrical field generated by the laser light is sufficient to remove
electrons from the bulk of the penetrated volume within 10 microseconds
for a nanosecond laser pulse, this electric field produces strong repulsive
force between ions. This repulsive force is larger than the bond strength,
which cause surface of the solid material is stripped and this process
indicates as a Coulomb explosion [131].

The free electrons oscillate within the electromagnetic field and can
collide with the atoms of the bulk material, thus the energy is transfer to
the surrounding liquid [132]. At a high enough laser flux, the material is
typically converted to plasma, as shown in Fig (2-7), which contains
various energetic species including atoms, molecules, electrons, ions,
clusters, particulates, and molten globules.

Subsequently, the large pressure difference between the laser produced
initial seed plasma and ambient atmosphere causes a rapid expansion of
the plasma plume and then it cools down. After collapse of cavitation
bubble the pressure and the temperature are decrease lead to cooling of
the plasma plume and release small nanoparticles [133].

The mechanism for the C/S NPs architectures are the result of a two-step
approach, consisting of preparation of nanoparticles and then
modification of their surface, or an in-situ approach during particle

formation. The formation of the Ag core/Au shell NPs as shown in Fig
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(2-7) [132]. When the Au plate is ablated in Ag colloidal solution, the Au
plate absorbs most of the incident laser energy. As a result, Au atoms
escaping from the Au surface can be deposited on the spherical surface of
Ag particles to form an Au shell in such a rich-Au-atoms environment.
With the ablation time increased, the Au shell could be formed due to the
rich-Au-atoms environment and the thickness of Au shell increases
gradually as well. The coupling between the core and the shell could lead
to surface plasmon resonance (SPR) properties different from the
nanoparticles made of each individual component [134].

The miscibility of two materials should be high and the interfacial energy
should be as small as possible to form C/S NPs so that the material which
choose should not differ significantly in their lattice constant (lattice
mismatch within (1-3%) [135].

To achieve a uniform C/S NPs by laser ablation in liquid:

e The sequence of mixing should be carefully selected.

e Controlling the change of the temperature.

e The ablation time should be choosing correctly, where the thickness of

the shell can be controlled by the ablation time.

a Plasma state b Kinetically controlled nucleation ¢ Thermodynamically controlled
segregation
plasma cavitation nanoparticle Au ®Ag
plume bubble\  nucleation
\ ~ \
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Fig (2-7) Steps of the C/S NPs formation mechanism after laser pulse

absorption. (a) Plasma formation and initial cavitation bubble formation, (b)
expansion of the cavitation bubble into the liquid and rapid cooling of the
ablated matter, and (c) cavitation bubble collapse and nanoparticle release into
the liquid [132].
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2.7 Linear optical properties

The optical properties appeared when there were interaction
between the electromagnetic waves and transparent materials, this
interaction depends on the material type and the nature of the charge
distribution inside of the material. The optical phenomena such as
absorbed, transmitted and reflected are very important to get information
about the internal structure, the nature of the matter bonds, and determine

direct and indirect energy transitions [136,137].

2.7.1 The Absorbance (A)

The absorbance study for the colloidal solutions very important
and gives information about the optical density and the refractive index.
In addition, the valuable information such as the electronic band structure
and the optical energy band gap are obtained by absorption coefficient.
The absorbance is the relation between the concentration of the molecules
in the sample and the thickness of the sample [136,137].

A =Log (lo/1) (2.14)
where: lo: intensity of incident ray, I: intensity of the transmittance ray
through the sample.

The energy transfer from the incident electromagnetic wave to the
material passing through it, this happens by the electric field of the
incident photon interacts with the momentum of the electric dipole of the
material. This leads to the electron a rise to a higher energy level, so
decrease the incident intensity [136,137].

| =1loe* (2.15)
When the incident energy sufficient to cause an electronic transition in
the matter, the absorbance increase with increases the concentration of
the molecules that absorb the electromagnetic wave and the numbers of

incident photons, according to Beer Lambert’s law “For a given material,
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the sample path length and concentration of the sample is directly
proportional to the absorbance of the light.” The Beer lambert law applied
if the “light monochromatic” [136,137].

A= ecl (2.16)

where: € molar extinction coefficient (molar absorptivity) Mt cm™, C

molar concentration of the absorber substance in (M), [ optical length.

2.7.2 The Absorption coefficient (a)

The Absorption coefficient is an important optical factors, which
represent how far light penetrate before absorbed by the material. The
Absorption coefficient depends on the photon energy and properties of
the material under study. The absorption coefficient can be determined

from the optical absorption spectrum by the following equation[136,137].
4g
a = 2.303 - (2.17)

where, T is the sample thickness and A, is defined by log (fo/Ir) where o

and Ir are the incident intensity and transmitted intensity beams,

respectively.
2.7.3 The Refractive Index and Extinction Coefficient

The Refractive Index (n) is the ratio between the velocity of light in

vacuum (c) to the velocity of the light in medium (v), n = e/v.

The refractive index for specific material vary with the wavelength of the
incident electromagnetic wave and excepting some material which
refractive index changing according to the direction of the

electromagnetic waves inside the material, so these materials can change
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the direction of polarization of these wave, so the complex refractive

index (n) represented by the following equation [136,137]:-
n=n+ix (2.18)

where, n: the real part (the usual) of complex refractive index, «:
extinction coefficient is the imaginary part of the complex refractive

index, both depend on frequency (v).
K = ol/4dn (2.19)

When an electromagnetic wave at a certain frequency falls on a material
it works to change the position of the material charge from its original
position producing a dipole. so the electrical polarization of the molecule
will oscillate with the frequency of the electromagnetic wave, this will
transfer part of the energy of the incident wave to oscillating energy for
the generated electric dipole, this will reduce the amplitude of the

incident wave.

There is a relation between the refractive index and the polarization
caused by the electromagnetic wave, when refractive index increase leads
to decrease the speed of the light inside matter, the delay effect increases.
But when the value of the refractive index is equal to one that means

there is no delay and there is no polarization [136,137].
2.7.4 Dielectric Constant

Real and imaginary parts of the complex dielectric constant
represent the polarization ability of the matter and dissipated energy
under irradiation respectively. In other words, the real part of the
dielectric constant shows how much it will slow down the speed of light
in the sample and the imaginary part of the dielectric constant shows how

a dielectric absorbs energy from an electric field due to dipole motion.
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The real part and imaginary part of the dielectric constant have been

determined by equations [138]:-

£ =& — & (2.20)
g =% —-k?) (2.21)
g, = (2nk) (2.22)

where € is the dielectric constant, €1 is the real part of the dielectric and

constant €z is the imaginary part of the dielectric constant.

2.8 Numerical Simulation
2.8.1 Optical Part

Finite element method is used via COMSOL Multiphysics to find a
numerical computation of absorption cross section for the proposed
core/shell NP in different media. Optical properties of our small core
shell NPs of volume V and radius R in different surrounding media with

the relative permittivity are e= (n—ik)?2 has been calculated by means of

electrostatic polarizability (P,), Where both the absorption and scattering
cross sections mainly depend on the electrostatic polarizability of the
nanosphere [139,140]:

3V (ew—g€g Ew—E
p,=—% "4 _ g3 wd

4n(ey,+&4) Ewt2gy (2.23)

where &, and &4 are the dielectric constant of nanoparticles and

surrounding medium respectively.
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Then the absorption cross sections are depending on normalized

polarizability (P) is given by:

12k e4Im(e,,)
Cabs - R3|€:erfj| | 2| (224)
Zm:l/2
-2 (2.25)

where k is the wave number in the medium and the normalized

polarizability as:

Pq
1+ (p(KR) R_3Pﬂ

(2.26)
In which, the function ¢ kg, represent the radiative decay as;

$ir =2+ 2(IKR— 1) exp(i KR) ~ —(KR)? — i (KR)®  (2.27)

For NPs, equation (2.26) is reduced to the known approximations:

P:Rg Ew — &q

&gy +2&5 — l(%) (KR)*(&w — €q) (2.28)

We have the core/shell NPs for this reason must go to multilayer particle
of radius R; in a medium with the permittivity &; , equivalent
polarizability PL, which gives the same dipole moment as that for the

initial particle, is known. Then, we determine the equivalent mean

&0
permittivity “a :

Pl = R3 fa—fd (2.29)

el +2¢g4

— 1l
For a usual sphere éw = €av = €1 and R=R:
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Let now assume that a particle( €L, ,R)is surrounded by an external layer
of radius R, with the permittivity &,,then the polarizability of that
core/shell sample by equivalent dipole method as it explained completely
in [141].

, 1+ 2f;,Py
Eav = &2
1—f12P12 (2.30)
€1 &
. P, = P R
In which £ T 28 and  fi2=—3

Further, in order to calculate the absorption of the NPs with the radius of

R, absorption cross section by [142] is used:

27T ~& 2 2
O :FZ(m +D[Re(d +b,)—(a, | +[o,[)] (2.31)
e I=1
Where % and bIare the Mie scattering coefficients which defined as a

function of Riccati-Bessel functions as Wl(qi):qijl(qi) and

é(qe):qehl(qe) with internal and external wave numbers as

q; :\/EKOR and qe :\/gkoR

a — SHACHIACHECRACHIZACH)

| div (@) @:)—a.4 @)y, (@;)
b _ 9 CIACHECRACHIZACH
| Ao (@i)&/ (@) —a; & (@ )y (@)

(2.32)

2.8.2 Thermal Part

The photo-thermal response of plasmonic the core/shell NPs which
arise from absorption of incident light energy was investigated using
COMSOL multi-physics, the time depending of the heat transfer model
was used, based on the Drude Lorentz model [139,140] to investigate the
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heat transferred from spherical core/shell nanoparticle that illuminated by
the CW laser radiation to the surrounding media, with similar boundary
conditions that used to find the optical properties. The system is described

by heat transfer equation [143].

6T(r't)
Pr»Car ot V. (kmed(r)VT(r.t)) +Qup (2.33)

where Ty is the local temperature, Q ;¢ is the optical dissipation in NP,
Kmeaqr) » Cand p(y are thermal conductivity, specific heat and mass

density of the material respectively. The thermodynamic physical

constants of the used material are shown in Table (2-1).

Table (2-1) the physical constants of the used materials [144-148].

Parameters Au Ag Si Water | PVP Unit
Thermal conductivity (k) 317 424 123 0.6 2.8 W/(m-K)
Specific heat capacity (¢) | 129 234 711 4187 | 3428 | JI(kgK)

Mass density (p) 19320 | 10490 2203 1000 | 1200 kg/m3

The temperature generated of the core/shell NPs when exposed to CW

laser in the effective volume is given by [149];

o
TW = —=  (1+4) for r>R
4 ngd r (234)
rew — _1%acs (14 p for r<R
W — or r
4 ngd R (235)

While the temperature generated of the core/shell NPs that exposed to
laser pulse is given by:
pcV (2.36)

Where | a,., = Q is the heat power, | is laser average irradiance, %acs is

TPL —

absorption cross-section, r is the position distance, R is the radius of the
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nanoparticle, k,,.q is the thermal conductivity of surrounding media, 2 is

the mass density, € is the specific heat capacity, V is the nanoparticle
volume. The generated heat power is considered to be uniform inside the
NPs because of the thermal conductivity of the metals is much larger than
that for surrounding [139,140].

2.8.3 Surface Electric-Field Distribution on the Boundary between
Nanoparticles Interface

At the boundary between noble metals and semiconductors or
dielectric materials, the density of electric charges increases, and these
charges vibrate with the electromagnetic wave at a certain frequency, this
is called SPR. The SPR Leads to thermo-plasmonic enhancement in the
plasmonic nanoparticles by raises the temperature of nanoparticles, when
the charge transition between the boundaries increases.
In this work, the nanoparticles of hybrid systems are adopted to study the
distribution of electromagnetic fields of the different systems from the
plasmonic nanoparticles. So that the electric field and surface charge
distributions in the spherical nanoparticles were simulated, then hybrid
systems (core/shell) were stimulated under the same boundary conditions
using COMSOL multiphysics by the frequency domain method, by using

electromagnetic waves of the wavelengths (190-900nm).

2.9 The E-coli Bacteria

The Escherichia coli, is a Gram-negative, rod-shaped,
facultative anaerobic, coliform bacterium of the genus Escherichia that is
organisms a member of the Enterobacteriaceae family, it is the most

prevalent commensal organism in the gastrointestinal tract of humans and
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warm-blooded animals, as well as one of the most important pathogens
[150,151].

The E. coli is one of the most common causes of bacterial infections in
humans and animals, it is notable cause of enteritis, urinary tract
infection, septicemia, and other clinical infections, such as neonatal
meningitis [152].

The prevalence of multidrug-resistant the E. coli strains is increasing
worldwide mainly due to the spread of mobile genetic elements, such as
plasmids [152]. The E. coli is intrinsically resistant to therapeutic levels
of penicillin, due to its outer membrane barrier [153]. As the E. coli is
resistant to several different classes of antibiotics, the E. coli is able to
survive and adapt in many extra-intestinal habitats and spread resistance
among humans [153].

The emergence of new bacterial strains that are resistant to current
antibiotics has become a public problem, which has increased the need to
develop a new antibacterial materials, the silver NPs produced unique,
superior and indispensable properties and much attention has been drawn
to their properties [153]. Its uniqueness arises from a higher surface-to-
volume ratio and an increase in the percentage of atoms at the grain
boundaries. They represent an important class of materials in the
development of a new devices that can be used in various physical,
biological, biomedical and pharmaceutical applications, the silver NPs
adhered to the cell wall of the bacteria and penetrated the cell membrane.
This led to the inhibition of bacterial cell growth and multiplication
leading to bacterial cell death [151-154].
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Chapter Three

Experimental Part and Simulation

3.1 Introduction

This chapter includes a step description preparation the samples of the
C/S NPs and materials used in preparation, it also explains the
experimental set-up which is required for laser ablation in liquid method
to fabricate the C/S NPs samples. In addition, the techniques used
characterization for the C/S NPs. And also the temperature detection
setup is presented to measure the temperature elevation of the samples
during the irradiation of lasers.
In this chapter, a simulation program is performed for a better
understanding of the heat generated in plasmonic media and the diffusion
of surrounding under illuminating with laser light at their corresponding
plasmonic wavelength. Besides, the optical properties have been studied
by finding a numerical computation of the absorption cross-section for
the proposed C/S NPs in this work.
Furthermore, we get an understanding of the heat generated in plasmonic
media and the diffusion of surrounding under illuminating with laser light

at their corresponding plasmonic wavelength.

3.2 Experimental Work

The experimental work includes two parts namely, the first part
includes synthesis techniques for the samples, where it used technique
laser ablation in liquid to fabricate bare nanoparticles and also prepared
the C/S NPs as well as the C/M-S NPs, which are based on (Au, Ag, and
Si). While the second part includes characterization techniques used to
characterize samples, where it used several techniques we will explain

later.
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3.2.1 Fabrication Technique of Samples: Laser Ablation in Liquids
The experiments were conducted by using the 1064 nm Nd:YAG
laser, have 5 ns pulse width, and 6 Hz repetition rate. Energy per pulse
was 120 mJ focused directly on the sample placed in a liquid medium.
Fig (3-1) shows the schematic diagram of the experimental setup of laser
ablation in liquid mediums.
The laser pulses were directed at the pure (99.9%) (Au and Ag) (Sigma
Aldrich, Germany) metal targets with a thickness of 2 mm, and also the
Si target (>99.99% purity, Sigma Aldrich, Germany) with a thickness of
2mm, were used as targets, immersed in various aqueous solutions inside
a glass container with a high reflectivity mirror and a lens with focal
length 150mm. The height of water over the target was maintained at
10mm. In the meantime, the entire system slowly rotates about its vertical
axis during the ablation process to prevent developing deep holes in the
target, and therefore keep the same surface conditions for each laser
pulse. Subsequently, the distance between the target and the lens has been
set to get the focus point on the target.
The liquid media used distilled deionized water, PVP polymer (Polyvinyl
pyrrolidone) that dissolved in 1% deionized distilled water using a
magnetic stirrer. For comparison, 1% PVA polymer (Polyvinyl alcohol)
has been used dissolved in deionized distilled water by a magnetic stirrer
at room temperature, in order to obtain more stability for the colloidal
solution. The PVP powder is dissolved in pure water with mixing ratio of
1:100 and put on magnetic stirrer for 15min. The PVP is exhibits
interesting features, such as nontoxic polymer [155], high chemical
stability [156], good biodegradability [157], quick dissolution in water
[158], easy film formation processability [159], excellent stabilizing
agent for noble metal particles [160], and tissue compatibility [161].
Given these features, the PVP is widely used in medical applications,
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such as pharmaceutical production [162], blood plasma substitution[163],

and drug delivery system [164].

| Nd:YAG Laser I 1064 nm : Sanor |
“ Laser beam

Lens
s -

Quartz cover e

Container —J=

Plasma _|
Target ~

Rotational movement

Fig (3-1) shows a scheme of the experimental setup used in NPs

preparation by laser ablation confined in a liquid medium.

3.2.2 The Samples Preparation
Three groups of NPs by laser ablation in liquid were prepared,

which are eleven samples for all groups;

3.2.2.1 The Bare Nanoparticles Group

There are three samples of bare NPs, which are from the Au, Ag,
and Si NPs in PVP. The ablation time for producing the bare NPs was
3min. The colloidal solution preparations samples are described in Fig
(3-2).
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Fig (3-2) the colloidal solution preparations samples for the bare

NPs group.

3.2.2.2 The Core/Shell NPs Group

There are six samples of core/shell NPs (Au@Si, Ag@Si, SiI@Au,
SI@Ag, Au@Ag, and Ag@Au NPs) in PVP, producing these six samples
using a sequential method of two steps for each sample, which will be
explained in the following paragraph.
A two-stage sequential ablation method was used for the preparation of
bimetallic the C/S NPs. First, a core NPs colloid solution was prepared
using laser ablation of an Au target in deionized water with the PVP
polymer. Irradiation of the target endured for 3 min and has been
accompanied by a homogeneous liquid coloration in a characteristic
bright red color due to the SPR band of Au NPs in the visible region,
followed by ablation of the Si target in a colloidal solution Au NPs
prepared. The Si NPs act as a shell for ablated hot Au species. However,
the ablation duration was 2-3 min as shell for the Si NPs to obtain

core/shell morphology with variable shell thickness.
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A similar procedure was performed using Ag NPs as a core with Si NPs
as a shell to produce the Ag@Si C/S NPs, the ablation time for
producing core was 3 min and for shell was 2 min, has been
accompanied by a homogeneous liquid coloration in a characteristic
yellow color due to the SPR band of Ag NPs in the visible region. The
colors of the colloidal suspensions obtained in our samples are the
characteristic ones due to the presence of Ag, and Au NPs. Namely, this
is proof that the sample has a SPR absorption spectrum that changes
thusly as per their NP sizes. The colloidal solution preparations the C/S

samples are described in Fig (3-3).

Fig (3-3) the colloidal solution preparations samples for

the C/S NPs group.

3.2.2.3 The Core/Multi-Shell NPs Group

There are two samples of core/multi-shell NPs (Au@Si@Ag, and
Ag@Si@Au NPs) in PVP. The hybrid multi-shell nanostructures consist
of gold-silver and silver-gold sandwich with silicon shell in between.
The ablation time for producing core NPs was 3-2 min for all shell NPs.
The colloidal solution preparations the C/M-S samples are described in
Fig (3-4).
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Fig (3-4) the colloidal solution preparations samples for

the C/M-S NPs group.

3.2.3 Characterization Techniques of Samples:

3.2.3.1 The Measurement of Absorption Spectra

The linear optical properties of samples have been dedicated by
optically transmission and absorption spectra from deep UV to visible
region (the wavelength range 190 — 900 nm). The absorption spectra were
measured at room temperature using (CE 7400- UV/VIS) double beam
spectrophotometer supplied by Aquarius (South Korea) as in Fig (3-5).

Fig (3-5) the UV-Visible Spectrophotometer.
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3.2.3.2 Measurement of the Refractive Index of Colloids

In order to measure the refractive index of all samples under

illumination of lamps of different wavelengths, to show the effect of

wavelength on the refractive index of the liquid samples under study. A
refractometer device (NOVEX, HOLLAND) is used illuminated by a

LED lamps (green, blue, red, and white lamp). The refractometer is an

easy-to be-used, manually operated device that measures the refractive

index of liquid samples with high accuracy and depends on the

wavelength used in lighting. As shown in Fig (3-6).

keyepiece

Adjustment knob

Dispersion e
value scalering | f = \§

Refractive index
scale adjustment
handwheel

Fig (3-6) the Refractometer.

3.2.3.3 Field Emission Scanning Electron Microscopy (FE-SEM)

In order to investigate the C/S NPs shape, size and the thickness,

Field Emission Scanning Electron Microscopy was used (FE-SEM)

(ZIGMA, JSM-7610F, Carl Zeiss, Germany) image operating at an

accelerating voltage of 10 kV. As shown in Fig (3-7). While the average

size of the C/S NPs was calculated from FE-SEM images via Image J

software.
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Fig (3-7) Schematic of the FE-SEM device.

3.2.3.4 Photo-Thermal Characterization (Temperature Detection)

In order to determine the photo-thermal effect for all samples that
used in this work. The temperature elevation of a colloidal is measured is
by recording the heat rise of the absorbing NPs which act as an efficient
point sources of heat. In general, a key issue examined here is the
convertibility of light into the heat of the core/shell plasmonic NPs of
different nanostructures [165].

A IR camera can converts the infrared energy emitted from the objects to
an electronic images, it shows the temperature of the object surface as a
thermal image. The IR camera have an optical elements focus IR energy
on detector chip which contains many detector pixels (arranged as grid),
each pixel converts the incident IR energy on it to signal, then these
signals goes to the camera processor which creates a color map sends to
the camera memory then the camera displays a color image represent the
temperature of the surface object.

It has been used the high resolution thermal imaging camera (type of
EIRC5s) during laser direct irradiation in order to reveal the temperature

elevation, which is caused by the conversion of light into heat with the

K3



0]

Chapter Three

Experimental Part and Simulation

help of plasmonic nanostructures. Three lasers were used to illuminate
the prepared samples. First, we used CW Nd:YAG laser, operates with 30
mW power and 532 nm wavelength. Second, used a 30 mW diode laser
with a wavelength (473 nm). Subsequently, used a 30 mW diode laser
with a wavelength (405 nm) to compare and study the effects of the laser
wavelength on the samples. Nevertheless, the thermal images were
recorded at room temperature of all samples under fixed conditions, the
sample illumination time for the laser was 4 minutes per sample, the

setup as shown in Fig (3-8).

4.
2 %,
9

Laser

Thermal Camera Sample @
(a) j

Fig (3-8): a) Diagram of the experimental setup used of the thermo-
plasmonic imaging, b) the thermal images at room temperature recorded by
thermal camera for the colloidal solution preparations samples.

3.2.3.5 Antibacterial Activity

The gram-negative E.coli bacterial were used to analyze the
antibacterial against the nanostructures proposed in this work. The
bacteria are clinically isolated from complex blood samples, to prepare
them for later use [166]. Neatly, to prepare the nutrient broth, 1 gram of
Mueller Hinton Agar (MHA) was dissolved in 100mL of distilled

deionized water. The mixture is melted at a temperature of 120° C under
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continuous magnetic stirring for 20 minutes. After that, the solution is left
to cool and distributed on a petri-dish. After the mixture freezes, the E-
coli bacteria are distributed onto the surface of the petri dish by agar well-
diffusion method. Then, leaving the dish of agars at 37 °C for 24 hours of
incubation for bacteria to grow well. Moreover, the wells are making in
the middle of the agar following the standard well diffusion
procedures[167], which were punched using the sterile cork borer with
10mm diameter. The wells were flooded with 100 pl of the C/M-S NPs
solution was used as an antibacterial positive control. Subsequently, the
wells containing the nanostructures are irradiated by laser at different
wavelengths (405,473 and 532 nm) during three different periods, each
period lasted 5 minutes, to compare it with non-laser irradiated wells.
Finally, the diameter of the inhibition zones (DIZ) [168], around the well
impregnated with the C/M-S NPs were monitored, as in Fig (3-9). To
demonstrate the effect of thermo-plasmonic on the activity of bacteria

studied in this work.

Laser Diode

Inhibition Zone CMS NPs

Wells -

Petri Dish

Fig (3-9) the diagram of the experimental setup used of the
antibacterial activity.
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3.3 Simulation Program

In this order, a simulation program is performed for a better
understanding of the heat generated in the plasmonic media and the
diffusion of surrounding under illuminating laser light at their
corresponding plasmonic wavelength. As well as is the understanding of
the electronic transport of the electric charges at the boundary between
the metal/metal and the metal/semiconductor to reach an understanding of
physical phenomena at the boundary between two materials.
The design and investigation of the plasmonic C/S NPs at different
nanosystems were simulated using the COMSOL multi-physics program.
The simulation software package based on the Finite Element Analysis
(FEA), Frequency Domain Method (FDM), and Drude-Lorentz model for
heat transfer by study the wvariation in optical and opto-thermal
characteristics, and also study the distribution of the electromagnetic
fields by the local distribution of surface charges. The frequency domain
model of electromagnetic waves is coupled with a heat transfer model to

solve the thermo-plasmonic effects on sub-wavelength scale.

3.4 Sample Description

A spherical symmetry of core- shell nanoparticles of core radius
“R” and shell thickness “t” of samples are proposed. The core radius used
is (5, 10,15,20,25, and 30 nm) for Au NPs.
In the second stage the core radius is fixed at 30 nm for shell thicknesses
(15 nm) for the first shell for the C/S NPs, as for another shell thicknesses
(15 nm) for the second shell for the C/M-S NPs.
The samples are immersed in homogeneous polymeric matrix of the
deionized water with 1% of the PVP polymer, to be similar of the

experimental work.
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The thickness of the Perfectly Matched Layer (PML) is chosen to be A/2.
The symmetry of a quarter of a sphere is only considered from the
simulation geometry to get faster results than multiplied by four as shown
in Fig (3-10).

Fig (3-10) Geometrical structure of one quarter of the core-shell

nanoparticle in homogeneous liquid medium.

Fig (3-11) shows the geometrical mesh structure of the core/shell NPs.
The high mesh quality of A/6 could be selected in this model. Real and
Imaginary components of the refractive indices of all materials air, water,

PVP, gold, silver and silicon were interpolated [139,169].
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Fig (3-11) Geometrical mesh structure of core-shell nanoparticle in

liquid medium.
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4.1 Introduction

This chapter includes the results of the experimental measurements
used of characterization for the hybrid nanostructures manufactured in
this study for evaluating their performance, where it includes
characterization the shape and size of the core/shell nanostructures, as
well as the results of measurements of their linear optical properties and
also the characterization of their thermo-plasmonic properties. In
addition, the results of measure the temperature elevation of the samples
under external effects are also described, as well as the results of tested
the hybrid nanostructures as an antibacterial. Also involve the results of
the simulation programs used to describe the experimental results.

Besides, it involved the discussion of all results this study.

4.2 The Experimental Results

4.2.1 The Results of Measurements, Linear Optical Properties

The optical spectra for the prepared samples were measured by
using a UV-Vis spectrophotometer. The behavior is shown in Fig (4-1) of
the bare NPs.

Fig (4-1a) shows the UV-Vis absorbance of the gold NPs in different
liquid media, it can be noted that each sample has an absorbance peak due
to the SPR for the gold NPs according to surrounding media of the
nanoparticle. The SPR peak is more pronounced in the PVP solution,
compared to other solutions, which makes it more stable than the
deionized water and the PVA polymer, this result agrees with Ref [170].

Moreover, due to larger NPs in the PVP medium, which was confirmed
by FE-SEM, red shift in the SPR wavelength from 522 to 526 nm can be
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noticed. This fact leads to increasing the refractive index of the medium
leads to the ability to modify the SPR wavelength of the samples, this
result is confirmed by comparison with the Ref [38]. It is noticed from
Fig (4-1b) that the absorption spectrum of silver NPs increased in PVP
polymer compared to distilled water at different ablation times for the
same reason. Increasing the size of NPs in turn leads to increasing the
refractive index of the medium, and also can be notice a shift towards
long wavelengths (red shift) for the absorption spectrum of about (406-
414nm), when changing both the liquid medium and the ablation time,
which is evidence of an increase in the size and stability of NPs in the

PVP polymer matrix compared to deionized water.

The absorption spectrum of the silicon NPs samples in the deionized
water solution and the PVP solution for different ablation times (3-12
min) is illustrated in Fig (4-1c), which can see more effective absorption
of silicone in the PVP matrix and increase the intensity of silicon

absorbance with increasing ablation time.
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Fig (4-1) the absorption spectra of the bare NPs; a) the gold NPs in
different liquid medias for3 min ablation, b) the silver NPs for different

ablation time, and c) the silicon NPs for different ablation time.
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As it was expected, in the spectra of absorbance for the (M/S) core/shell
when silicon is shell, there is an increase in the intensity of absorbance
with a redshift in the wavelength when compared to the silicon core, as
shown in Fig (4-2a).

But clearly notice at the metal/metal (M/M) core/shell NPs and the
Metal/Semiconductor/Metal (M/S/M) core/multi-shell NPs samples, two
distinct peaks which come from the absorption of plasmonic noble metals
the gold NPs and the silver NPs in the core/shell, as shown in Fig (4-2b).
The SPR position controlled of the red shift in wavelength, which is

confirmed in these hybrid nanostructures samples as shown in Table(4-1).

The silicon shell over the metal core leads to the extended near-field due
to coupling between the core of the noble metal and the shell of the
silicon, which also changes the position SPR towards the far wavelength
(redshifts) accompanied by a decrease of the maximum near-field
enhancement [33]. Subsequently, increasing the total size of the C/S NPs
makes the SPR enhancement weakens at their redshifted resonance, it
compared to Ref [171].

It is well known that, the position of the plasmon can be adjusted and
tuned into the optical window through controlling their geometry by
controlling the type and size of the metallic nanomaterials, and also the
SPR position is affected by the refractive index of the surrounding
medium [172]. Consequently, when adding a silicon shell over the metal
core, the nearfield is extended because of the plasmonic coupling
between the core of the noble metal NPs and the shell of the silicon NPs,
which also changes the position of the SPR towards redshift wavelength,
accompanied by decreasing in the maximum nearfield enhancement.
Thus, increasing the total size of the C/S NPs makes nearfield

enhancement weaken at their redshifted resonance wavelength [173].
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Fig (4-2) the absorption spectra of the C/S NPs; a) M/S core/shell

NPs for different compositions, b) M/M core/shell NPs and M/S/M

core/multi-shell NPs for different compositions.
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Table (4-1): the SPR controlling with different compositions of

the hybrid NPs, the ablation time was 3 min for core and 2min for all

shell.

Samples SPR in PVP matrix
Au@Si NPs 528 nm
Ag@Si NPs 417 nm
Si@Au NPs 527 nm
SI@Ag NPs 416 nm.
Au@Ag NPs 513@430 nm
Ag@Au NPs 421@509 nm

Au@Si@Ag NPs 523@409 nm
Ag@Si@Au NPs 418@507 nm

4.2.2 The Results of FE-SEM

The morphology of the samples, the size and the shape were
investigated using FE-SEM images. The average size of used C/S NPs are
calculated using (Image J) software, It is selected randomly a number of
the NPs to take the average size, maximum core diameter and shell
thickness was measured for samples in the deionized water and the
polymeric solution. The results showed that the average size of the gold
NPs in the PVP polymeric solution increases when compared to the
deionized distilled water solution (from 15 to 20 nm) as in Fig (4-3), and
this is due to the reason for NPs to be collected inside the polymer. This
result agrees with [174,175], and also noticed that the density of the gold
NPs in the PVP polymeric solution is greater when compared to the

distilled water, and this is due to the fact that the polymeric solution is
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more stable to keep the nanoparticles from sedimentation to the bottom of
the container after a period of time.

Fig (4-3) Image of the FESEM for a) Au NPs in the distilled water, and
b) Au NPs in the PVP solution.

In addition, the samples were obtained of metal phase/semiconductor
core/shell nanostructures in quasi-spherical morphology. The results
show that all the examined samples successfully formed the shell clearly
and distinctly. The behavior is shown in Fig (4-4). The core/shell
nanostructures are made of gold, silver, and silicon particles in an
aqueous solution of the PVP polymer, with the core size ranging from
20-30 nm and the shell from 10-20 nm for Au@Si NPs as in Fig (4-4a),
and SI@Ag NPs as in Fig (4-4b), with a slight increase in the average
size of samples for the C/M-S hybrid nanostructures, as in Fig (4-4c) and
Fig (4-4d).
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Fig (4-4) the FESEM image of a) Au@Si NPs, b) Si@Ag NPs,
c) Au@Si@Ag NPs, and d) Ag@Si@Au NPs in PVP.

4.2.3 The Results of the Refractive Index

The refractive index results for all samples measured using the
refractometer device under illumination green, blue, red, and white lamps
respectively, as shown in Fig (4-5). Based on the results, the refractive
index of all samples depends on the wavelength of the light used in the
illumination. As well as the results showed that the refractive index of the
C/M-S NPs samples increase slightly compared to the refractive index of

the C/S NPs samples, and the bare NPs have a lower refractive index than

3



0]

Chapter Four

[ EE—

Results and Discussion

hybrid NPs. It is evident from the above that adding a shell NPs of the
nanoparticle or increasing size of the nanoparticle leads to an increase in

its refractive index depending on the wavelength of the light used.
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Fig (4-5) the refractive index for all samples under lamps illumination

at different wavelengths immersed PVP matrix.

4.2.4 The Results of Dielectric Properties

As known that the dielectric properties of material are very important and
have a major role in determining the intensity and position of the peak of
the SPR of the plasmonic NPs [174].

As expected, the coupling between the plasmonic noble metals with
semiconductors yields a change in the dielectric properties. This in turn
leads to a change the real and imaginary part of the refractive index for all
samples [175,176]. Through the relationships between the real and the
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imaginary dielectric coefficients as a function of the refractive index of
the samples can be calculated by equations (2.20) and (2.21).

The Fig (4-6) shows the real dielectric parameter of the C/S NPs and the
C/M-S NPs, and the Fig (4-7) shows the imaginary dielectric parameter
of the C/S NPs and the C/M-S NPs. The real and the imaginary parts of
the dielectric coefficient in these figures were extracted from the
empirically measured absorption spectra to find the main optical

properties of the samples in the PVVP polymer matrix.

Moreover, the coupling between the silicon NPs and the plasmonic metal
NPs in the C/S NPs leads to a high tunability of the surface plasmon
position. As well as a clear negative increase in the real dielectric
constant, due to increasing the extinction coefficient, it is understood
when we compare Fig (4-6a) for the C/S NPs with Fig (4-6b) for the
C/M-S NPs, as two distinct peaks are observed in the real part of the

dielectric coefficients.

It is clear that the SPR was improved for the Au@Si@Ag NPs sample,
where the silver NPs in the shell region increases the plasmonic property,
which leads a clear redshift in wavelength. By contrast, in the
Ag@Si@Au NPs sample, no significant change in the position and the

intensity of the SPR was observed.
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Fig (4-6) the real dielectric coefficient as a function of wavelength in
the matrix of the PVP polymers, for samples; a) the M/S core/shell NPs,
b) the M/M and M/S/M core/shell NPs.
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To better understand the results, the imaginary dielectric properties
discussed as a function of the imaginary refractive index, as it gives a
clearer picture of the surface plasmon behavior of NPs, just as studied the
real value of the refractive index, where one complements the other. This
change can be realized by the fact that the properties of the plasmon
intensity and position can be determined with high accuracy by
describing the imaginary dielectric properties of the material through the

Imaginary refractive index.

When the silicon NPs is shell of the C/S NPs samples becomes an
improvement in plasmon intensity, as in Fig (4-7a). We also notice an
increase in the plasmon intensity of the Au@Si@Ag NPs in the
Imaginary dielectric constant curve, as in Fig (4-7b), this is because of an
increase in the refractive index, as well as the coupling between the
plasmonic properties of the gold NPs and the silver NPs with the
semiconductor properties of the silicone NPs, which led to a change in
the refractive index of all samples according the eq (2.21). The results are
consistent with studies [170-172].
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% ]



0]

Chapter Four Results and Discussion

4.2.5 The Results of Thermal Imaging Camera

According to the results, the enhancement in the properties,
wavelength shift, and tunability in position of the SPR is very important
for the study of the thermo-plasmonic properties of the proposed
nanosystem in this study. However, the thermal behavior of metallic NPs
are defined by their ability to absorb light and convert it into heat. In
other words, for the purpose of investigation a high light-to-heat
conversion efficiency by the remote control of heating by external
irradiation. Consequently, by applying a suitable illumination, it is
proportional to the plasmonic absorption of the nanomaterial. Several
previous studies reported that the heat generation depends on the shape
and the size of NPs, as well as the number of NPs in the sample and also
the type of material, as increasing the number of NPs in the sample
Improves its thermal response to light [177].
The temperature of the nanostructure for all samples that irradiated by
laser has been monitored by using a high-resolution thermal camera from
the experimental point of view at room temperature. The aim is looking
for a new opportunity in the thermo-plasmonics field by exploiting the
different applications for nanomaterial technology in advanced
biomedical applications. Besides, from the thermal camera images, can
clearly see the quartz cell position has a temperature higher than the
surrounding medium, as in Fig (4-8).
It is evident from this result, the nanosystem suggested in this work,
which have the ability to absorb light and generate thermo-plasmonic and
heat up the surrounding medium under laser lighting, this result is very
similar to Ref [178].
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Fig (4-8) the thermal images recorded by thermal camera at room
temperature for the SI@Au NPs in the PVP.

Furthermore, the thermo-plasmonic technique is mainly primarily
based of the photo-thermal effect induced by a focused laser beam that
remotely generates a confined temperature field at the desired position
with high controllability among the laser parameters, such as the
wavelength of laser, intensity, pulse width, and illumination time. With
the possibility of changing these parameters to achieve the desired
thermal effect [178,179].

The results of the temperature elevation for the bare gold, silver and
silicon NPs under 30 mw CW laser illumination at different wavelengths

(405, 473, 532nm) are presented in Fig (4-9).
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Fig (4-9) the experimental heat generation by (405,473, and 532 nm)

30 mW CW laser illumination of the bare samples in this study.
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The results for the bare nanoscale samples are as follows, for the Au NPs
sample that temperature rises by AT = 2.6 °C, 3.4 °C, and 4.1 °C under
30 mW the laser lighting for 3 minutes at wavelengths 405nm, 473nm,
and 532nm respectively. Correspondingly, the Ag NPs sample for the
lasers influence of heat up (AT = 3.6 °C, 3.8 °C, and 2.9 °C) under 30mW
405nm, 473nm, and 532nm the lasers influence respectively. While the
photo-thermal results of the Si NPs sample were by a high (AT = 1.3 °C,
2 °C, and 2.3 °C) under the influence of the same lasers above, the results

are presented in Table (4-2).

It is clear from these results that the wavelength of the laser used in
irradiation when it is close to the absorption edge of the noble metal,
which leads to an improvement in the plasmonic properties, thus a greater
thermal response, this does not apply to the Si NPs sample, as it is a non-

plasmonic material, which leads to not being heated.

The Fig (4-10) represents the results of the temperature elevation for the
C/S NPs samples under 30 mw CW laser illumination at different
wavelengths (405, 473, 532nm), it is clear from the figure that the silicon
NPs make as a shell with the noble metal NPs as a core leads to the
enhancement of the plasmonic phenomenon, which leads to the
absorption of laser light more than from the state of bare NPs, thus the

enhancement of thermo-plasmonic of the samples.

On the other hand, when the silicone as a core with noble metal shell
leads to the enhancement of the plasmonic phenomenon when compared
with the bare NPs, this is done by increasing the size of the NPs, which

makes it vibrate with the applied field more freely.
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When silver NPs is combined with gold NPs, two peaks in the absorption
spectrum presented, as well as an increase in the absorption edge, thus
obtaining an enhanced thermo-plasmonic. This is evident from the results
of the temperature elevation of the C/S NPs which are explained in the
Table (4-2).

Moreover, it can be clearly observed from Fig (4-11) that the
Au@Si@Ag C/M-S NPs samples that temperature rises by AT = 7.4 °C,
7.1 °C, and 6.9 °C under laser lighting the 30 mW 405nm, 473nm, and
532nm respectively. Correspondingly, the sample of the Ag@Si@Au
C/M-S NPs sample heat up by AT = 6.3 °C, 6.6 °C, and 8.2 °C, under the

influence of the same lasers above.

Table (4-2): the temperature elevation for all samples under 30 mwW

laser of the different wavelengths.

The temperature elevation for all samples (°C)

The samples The wavelength of laser
405 nm 473nm | 532 nm

Au NPs 2.6 3.4 4.1

Ag NPs 3.6 3.8 2.9

Si NPs 1.3 2 2.3

Au@Si NPs 3.1 3.9 4.2
Ag@Si NPs 3.7 4.6 4

Si@Au NPs 3.3 4.2 5.5

SI@Ag NPs 3.9 4.9 4.1

Au@Ag NPs 4.2 5.7 6.4

Ag@Au NPs 4 5.4 6.5

Au@Si@Ag NPs 7.4 7.1 6.9

Ag@Si@Au NPs 6.3 6.6 8.2
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Experimentally, the temperature elevation of Ag@SI@Au NPs was
higher than Au@Si@Ag NPs under 532 nm laser illumination, because
the Au has a high absorption of the SPR peak is close to the excitation
wavelength of the laser, lead to more heat diffusion when is a shell.
While the Au@Si@Ag NPs sample is heat absorbs from 405 nm laser
more than others, because the surface plasmon excitation region is close
to the wavelength of 405 nm laser.

In order to compare all of the samples, some plots were drawn, as shown
in Fig (4-12). We conclude that C/M-S NPs have a higher temperature
than the C/S NPs, and this in turn has a higher temperature than bare NPs.
Besides, the results show that C/S NPs samples produce more heat than
individual bare NPs samples, due to the redistribution of an electron/hole
pair in the M/S interfaces that leads to the height of the Schottky barrier
in the C/S samples [174,180]. These changes depend on the boundary

conditions between the core and the shell for the samples.
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Fig (4-12) the experimental heat generation by 30 mW CW laser
(405,473, and 532 nm) illumination of all samples in this study.
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4.2.6 The Results of Antibacterial Activity

The findings demonstrated that a temperature elevation was
encouraging for the use of the C/M-S NPs samples for thermo-plasmonic
applications in living tissues, despite the fact, so various previous studies
pronounced that a temperature elevation in living tissues required a range
over 3-13 °C [178]. As a result, the C/M-S NPs proposed in this study
have the potential to be used in cancer treatment and other biomedical
applications, including antibacterial activity.
Through investigation of the antibacterial effects of the proposed
nanosystem by testing the mean diameter of the inhibition zones (DIZ2)
(mm in diameter) for the C/M-S NPs samples under laser illumination,
depending on the compatibility between the wavelength of the laser used
in samples irradiation with the SPR position of the nanostructures. Here
thermo-plasmonic plays a major role in determining the effectiveness of
NPs to inhibit bacterial growth, which in turn leads to the transfer of heat
from the nanostructures to the surrounding areas, thus inhibiting the
growth of bacteria. The thermo-plasmonic lead to the rupture of bacterial
membranes due to the increase in temperature upon irradiation by the
laser. Thus, protein denaturation and permanent damage for bacterial cell,
then autolysis and death of cells [150, 151].
The effectiveness of the C/M-S NPs against the E-coli bacteria increases
as the laser irradiation on petri-dish containing bacteria and NPs
increases. The DIZ depends on the wavelength of the laser irradiation.
Can be noticed that the diameter of the inhibition zone increases when the
wavelength of the laser used for irradiation is close to the SPR of the shell
NPs of the sample used by inhibition. The DIZ are explained in Table (4-
3) for all wavelengths used in this work.
In addition, when observing zones of inhibition a significant increase in

the DIZ were observed in irradiated laser wells when compared to non-

[ 71




0]

[ EE—

Chapter Four Results and Discussion

laser irradiated wells. This increase proves the effect of thermo-
plasmonics on the inhibitionzation of bacteria. The behavior is shown in
Fig (4-13).

In general, there are several scenarios that lead to bacterial cell death,
such as adhesion of the nanomaterial to the cell wall, Reactive Oxygen
production, inhibition of biofilm formation, and interaction of the
nanomaterial with DNA and/or proteins the bacterial cell [151-154].

In this work , the likelihood of death the bacterial cells is due to the
synergistic effect and the interaction between the C/M-S NPs and the
bacterial cell membrane leads to the adhesion of the proposed nanosystem
to the cell wall, thus the penetration of the cell membrane and the
production of Reactive Oxygen Species. In addition, the areas around the
wells are getting heated up because of the thermo-plasmonic which led to

the disintegration, death and extermination of bacterial cells.

Fig (4-13) the petri dishes photos containing the E. coli with the C/M-S

NPs under the influence of the laser radiation 30 mW of different
wavelengths (405, 473, and 532nm) for 5 min ; a) the Ag@Si@Au NPs
as the anti-bacterial, and b) the Au@Si@Ag NPs as the anti-bacterial.
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Table (4-3) Antibacterial activity of C/M-S NPs under laser radiation
against the E-coli bacteria by the DIZ.

Zone of inhibition (mm)

The samples control | non-irradiated | 405nm | 473nm | 532nm
Ag@Si@Au NPs - 2 3 4 6
Au@Si@Ag NPs - 4 8 7 5

4.3 The Simulation Results
Based on Drude-Lorentz model and heat transfer model, COMSOL

multi-physics program is used to estimate the heat generated and
transferred from spherical the core/shell NPs that illuminated by (532 nm
for the Au shell, and 405nm for the Ag shell) 30 mwatt CW laser in the
surrounding of the PVP polymer matrix. as well as benefit from the FEA
method to understand the behavior of the optical absorption of appreciate
the wavelength shift when changing the core size and the shell thickness.
In addition to using the FDM method to determine the electronic

transport of the electric charges at the boundary of nanoparticles.

4.3.1 Optical Results of the Finite Element Analysis

The numerical results of the optical absorption behavior have been
calculated by the FEA method, which depends on the permittivity of
materials using experimental optical properties. The simulation results are
displayed in Fig (4-14) for the Au NPs in PVP sample, which is
comparable by results of the optical linear properties in experimental
section in this work. A distinguishable peaks is observed in the absorption
spectra for, as shown in Fig (4-14). It can be observed that the peak
intensity increases when the diameter of nanoparticles increases.

Furthermore, the SPR position has a redshift from 527 nm to 540 nm in
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the PVP solvent, when the diameter of nanoparticles increases from 5 nm

to 30 nm, the result agrees with Ref [38].
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Fig (4-14) Absorption spectra, as a function of wavelength with

different size of nanoparticles of the Au NPs in PVP matrix.

Furthermore, a multilayer particle method is used to investigate the
core/shell NPs instead of single-type nanoparticles method. The suppose
of the core radius is fixed (30 nm), and the change in the shell thickness
(10, 15, and 20 nm), for the core/shell NPs samples in the PVVP polymer
matrix. It noticed of the absorption spectrum of the core/shell NPs, a clear
red shift in the SPR position (from 502 to 570 nm), with different peak
intensities for the SiI@Au NPs sample, when changing the shell thickness,
as in the Fig (4-15a). But noticed little red shift in the SPR position (from
539 to 544 nm), with different peak intensities for the Au@Si NPs
sample, when changing the shell thickness, as in the Fig (4-15b).

This due to the coupling between metal/semiconductor (Au/Si NPs), as

well as the electronic transport and the movement direction of the charges
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at the boundary, where changes appear clearly in the absorption spectra
when changing the location of the gold NPs between the core and the

shell. These results are in good agreement with the experimental results.
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Fig (4-15) Absorption spectra, as a function of wavelength, when core
diameter 30nm, with different shell thickness; a) the SI@Au NPs, b) the

Au@Si NPs in the PVP polemar.
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The results show that absorption peak of the SI@Ag NPs in the PVP
matrix have clear red shift from 404 nm to 428 nm, with different peak
intensities, when the increasing shell thickness from 10 nm to 20 nm, as
in Fig (4-16a).

While the absorption peaks of Ag@Si NPs in the PVP matrix have a little
redshift from 416 nm to 421 nm, with different peak intensities, when the
increasing shell thickness,as in Fig (4-16b).

This result is in agreement with both the Si@Au, and the Ag@Si
core/shell NPs samples, in addition to its agreement with the
experimental results.

For the same reason mentioned earlier, which is the movement direction
of the charges at the boundary coupling between (Ag/Si NPs).

The results indicated a considerable relationship between the present
computational and experimental results in the PVP matrix. However, the

FEA method can predict the experimental results exactly.

The comparison between the simulation and the experimental results for
the SPR position at the 30 nm diameter of the core and the 15 nm
thickness of the shell, shown in the Table (4-4).

Table (4-4): The SPR position of the core/shell samples in PVP matrix

for the simulation and the experimental results.

The core/shell The SPR position for | The SPR position for

samples the experimental results | the simulation results
Au@Si NPs 528 nm 544 nm
Si@Au NPs 537 nm 570 nm
Ag@Si NPs 417 nm 421 nm
Si@Ag NPs 416 nm. 428 nm
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4.3.2 Results of the Temperature Detection

The metal/semiconductors nanoparticles can serve as an efficient
nano-heat source with confinement photothermal effects. Thermo-
plasmonic technology allows researchers to control the temperature at a
nanoscale due to the possibility of precise light propagation.
The simulated program is used to estimate the temperature elevation
using the real parameters that were used in the experimental work for the
30nm core size and the 10-20nm shell thickness, heating starts from the
center of the sample.
The response of opto-thermal generation of the hybrid nanosystem
consisting of Au/Si and Ag/Si core/shell NPs immersed in the PVP
polymer matrix is theoretically investigated. Two lasers (CW 30 mwatt)
at the plasmonic resonance (532nm and 405 nm) are utilized. The
simulation results by COMSOL multiphysics showed that the
illumination of the samples by varying shell thickness, the heat
dissipation as a function of distance from the center of nanoparticles
depends on the shell thickness and the laser power that used in
illumination process.
The results showed that changing the shell thickness from 10-20 nm leads
to an increase in the temperature of the Au@Si NPs sample from 20 c° to
22.84 c©, while the temperature of the Si@Au NPs sample increased
from 20 c? to 25.83 ¢? under the irradiation of the 532nm laser, as shown
in Fig (4-17) and Fig (4-18).
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Fig (4-17) the simulated heat generation by 30 mwatt CW, 532 nm laser
illumination of the samples; a) the Au@Si NPs, b) the Si@Au NPs.
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Fig (4-18) The simulation images of the heat dissipation as a function of distance

from the center of the Au@Si core/shell NPs at the Au core 30 nm is fixed; a) the Si
shell 10 nm, b) the Si shell 15 nm, and c) the Si shell 20 nm. And the Si@Au
core/shell NPs at the Si core 30 nm is fixed; d) the Au shell 10 nm, e) the Au shell
15 nm, and f) the Au shell 20 nm.
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The heat power distribution when the laser operates at wavelength
405 nm using the 30nm core size and the 10-20nm different shell
thickness, the obtained results are shown in Fig (4-19) and Fig (4-20) for
the Ag@Si NPs and the SiI@Ag NPs samples. The increase in the
temperature of the Ag@Si NPs sample from 20 c° to 21.88 c?, while the
temperature of the SI@Ag NPs sample increased from 20 c® to 24.92 c*
The simulation results using different shell thickness, we were obtaining
a clear increase in temperature as a result the illumination of all samples
by laser. The temperature change are reported in Table (4-5).
Based on the results, metal/dielectric core/shell nanoparticles strongly
absorb light and convert into an efficient localized heat source in the
presence of electromagnetic radiation at their plasmonic resonance [181].
This process can be enhanced depending on the size, shape, structure, and

surrounding media.

Table (4-5): The simulation temperature difference ( AT ) of the
core/shell samples due to laser illumination as a function of the

different shell thickness, it Compared with ( AT ) experimentally.

Sample The shell thickness AT
10nm 15nm 20nm experimentally
Au@Si NPs 1.91 ce 2.33c* 2.84c* 4.2 ce
Si@Au NPs 1.90 c* 4.17 c* 5.83ce 55c*
Ag@Si NPs 146 ce 1.65c” 1.88ce 4 ce
SI@Ag NPs 2.05ce 2.75¢° 492 ce 41ce
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Fig (4-19) the simulated heat generation by 30 mwatt CW, 405 nm laser
illumination of the samples; a) the Ag@Si NPs, b) the SI@Ag NPs.
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Fig (4-20) the simulation images of the heat dissipation as a function of distance

from the center of the Ag@Si core/shell NPs at the Ag core 30 nm is fixed; a) the Si
shell 10 nm, b) the Si shell 15 nm, and c) the Si shell 20 nm. And the Si@Ag
core/shell NPs at the Si core 30 nm is fixed; d) the Ag shell 10 nm, e) the Ag shell
15 nm, and f) the Ag shell 20 nm.
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4.3.3 Results of the surface electric-field distribution on the boundary
between nanoparticles interface

The electric charge distribution of the bare nanoparticles (Au, Ag,
and Si) showed from the Fig (4-21), the red arrows represents the
direction of movement of the charges. The bare nanoparticles with size 30
nm immersed in the PVP polymer matrix. It is clearly shown that the
charges are concentrated on the surface of the metallic gold and silver
nanoparticles and their density increases at the boundary with the
surrounding due to the SPR phenomenon. While the electric charge is
concentrated inside the silicon nanoparticle and decreases on the surface

as it is a non-plasmonic material, to clearly understand see the Fig (4-22).

For the core/shell nanoparticles, the distribution of electric charge is
spread inside the shell layer, it leads to an improvement in the intensity of
the electric field in the shell layer, and this enhancement can be noticed

when compared with the bare nanoparticles, as a the Fig (4-23).

When comparing the four samples in the Fig (4-23) for the core/shell NPs
together, an improvement in the electric field can be clearly observed
when the metallic nanomaterial is in the core, as in the Au@Si and the
Ag@Si samples. While the width of the charge distribution area
increases, but with less intensity for the SI@Au and the SI@Ag samples.
This decrease in intensity is due to the distribution of the surface plasmon
field over two regions at the boundary between the metal and the
semiconductor, as well as the boundary between the metal and the

environment, as in the Fig (4-24).
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Fig (4-21) the electric charge distribution of the bare nanoparticles
immersed in the PVP polymer matrix.
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Fig (4-22) the electric charge distribution of the bare nanoparticles
immersed in the PVP polymer matrix as a function of the radial
position.
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Fig (4-23) the electric charge distribution of the core/shell
nanoparticles immersed in the PVP polymer matrix.
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In addition, the density of the electric charge increases clearly for the
core/multi-shell nanoparticles when compared with the core/shell
nanoparticles, this is due to the SPR appears in three areas between the
core and the first shell, as well as between the first and second shells, and

also between the outer shell and the environment, as in the Fig (4-25).

Au@Si@Ag Ag@Si@Au

Fig (4-25) the electric charge distribution of the core/multi-shell
nanoparticles immersed in the PVP polymer matrix.
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Fig (4-26) the electric charge distribution of the core/multi-shell
nanoparticles immersed in the PVP polymer matrix as a function of the
radial position.
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It is evident from the Fig (4-26) that the Au@Si@Ag NPs sample has the
electric charge density more than the Ag@Si@Au NPs sample,due to the
dielectric properties of Au@Si@Ag ,The results showed that the local
distribution of the electric field depended on size and structure the
core/shell nanoparticles.

In addition, one of the important issues in our work is investigate the
interface physical phenomena such as the height of the Schottky Barrier
at the boundary between metals and semiconductors. It to a great extent
defines the current transport and the potential distribution through these
interfaces, and consequently the usefulness of the electronic devices[182].
When the sample is irradiated with the visible light, within the energy gap
of semiconductor such as the laser light are irradiated on the samples
Au/Si and Ag/Si, lead to, absorption of photons as, the generates an
electric field at the Schottky Barrier forcing the photo-generated electrons
(e") and holes (h*) to isolate in opposite directions. When the metal/Si
NPs is irradiated with light, the electrons in the valance band of Si come
to be excited to the conduction band. Since the fermi energy of the metal
Is at a lower level than the Si conduction band, hence the Au inter bands
capture the electrons from Si. Thus, the Au layer acts as the reservoir for
the electrons and prevents the fast recombination of photo excited the
electrons and the holes in the semiconductor [183,184]. This leads to
increases in the absorption coefficient and thus nanoparticle heat and thus
in the SPR sample quantities. This work will give some idea to those
interested in scientific research for the more advancement of photo-

thermo-plasmonic effects.
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Conclusions

This study proved that the hybrid NPs (the core/shell and
the core/multi-shell) can be successfully produced by using the pulsed
laser ablation in liquid method.
In addition, this study proved that the Au/Si/Ag nanostructures proposed
in this work can be used as a nano-heat source in biomedical applications,
by utilizing the thermo-plasmonic feature. Accordingly, the temperature
elevation of the core/multi-shell NPs by about 5-8 C° was sufficient to
Kill and inactivate the E. coli bacteria under different wavelengths of laser
irradiation.
Moreover, the results show the exhibit extremely agile tunability in
position of the SPR, and also the local distribution of the electric field and
thermo plasmonic propreties for each set of NPs that is may be useful in
the design of optical absorption devices and bio-medical applications.
Furthermore, the core/multi-shell NPs proposed in this study have an
encouraging results to use it as a nano-heat source in biomedical
applications, and they are promising candidates for the cancer treatment.
Besides, the simulation results match well with the experimental results,
this confirms that the finite element method from COMSOL multi-
physics can describes the results very closely to the experimental results.
Therefore, the results can open new insights for researchers to improve

thermo-plasmonic effects more in the photo-optical devices.
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Suggestion for Future Work

The current work can be extended as a future work in the following:-

1-

Study the effect of other materials and other solvents on the synthesis
of nanoparticles and compare it with the suggested materials in this
work.

Study the effect of the external electric and magnetic field on the
thermo-plasmonic properties for the samples proposed in this work.
Study the synthesis of different nanostructures such as core/shell
nanostar, and core/shell nanorod.

Study the effect of thermo-plasmonic in infrared region.

Studying the inhibiting ability of the proposed hybrid nanostructures
in this work as antibacterial and antifungal on other pathogenic
bacteria and fungi.

Investigate the means of core/shell nanoparticle delivery into the vivo

body to be used as a treatment in medical field.
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