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Abstract

In the present M.Sc. thesis, a method for fabricating plasmonic heterostructured nano-
sensors was developed. Specifically, nanosilver particles (Ag) were combined with other
oxides such as Titanium oxide (TiO2) and Silica (SiO2). Flame Spray Pyrolysis was used for
nanoparticle fabrication and in-situ deposition on glass substrate was a crucial factor for the
uniformity, reproducibility and stability of the substrate.

Local surface plasmon resonance (LSPR) in metallic nanostructures gives rise to a

multitude of optical and electronic phenomena, including the phenomenon of surface-
enhanced Raman scattering (SERS). These two phenomena are intricately connected, as
LSPR amplifies the electromagnetic field in the vicinity of the nanostructures, resulting in
enhanced Raman signals. This synergy between LSPR and SERS enables ultrasensitive
detection and characterization of molecules, opening up avenues for various applications such
as biosensing, molecular imaging, and chemical analysis.
By controlling the inteparticle distance between Ag particles with SiO2 working as an
dielectric spacer we manage to fabricate a nanosensor for organic molecules, the optimum
percentage of SiOz is 10% wt. The enhancement factor of SERS calculated to be EFmax~
10!, meaning that the ultimate Single Molecule SERS limit was reached.

In our study, we used 4-Mercaptobenzoic Acid as Raman Reporter for most of the
calibration, due to the fact that it has high adsorption. Also, Rhodamine 6G was used for
further investigation.

Additionally, by different deposition times of the nanoparticles on the substrate it was
possible to control the thickness of the film, in our case tq of 60s seemed to be the most
efficient. As an application we measured a pesticide named Thiram in concentrations of nM.
In the second part of this thesis the Photo Induced Enhanced Raman was studied and more
precisely the AgTiO substrate was analyzed.

By illuminating the nanosensor, which contained a photo-activated semiconductor, with a
UV light lamp we achieve an additional chemical enhancement to contribute in the SERS
effect. The observed enhancement is attributed to the presence of surface oxygen vacancies
(Vo), which are generated by pre-irradiation of the substrate. It was concluded PIERS
enhancement of sequentially made nanofilms was significantly smaller compared to single
nozzle made nanofilms. That phenomenon happened due to lattice distortions in the metal-
semiconductor interphase.

Finally, the PIERS effect was used in order to increase the Limit of Detection (LOD) for the
4-MBA from 10 to 10°M.



HMepianym

Y10 mapov Metantoyakd Aimiopo  Ewdikevong, oavamtdybnke o pebodoroyia
TOPOUCKELNG ETEPOSOUNUEVOV TAAGLOVIKDOV VAVO-o1oONTp®V. ZVyKEKPIUEVA, TapdyOnKay
couatidw vavodpyvpov (Ag) og cuvdvooud pe dila o&eidio 0mmg TiO2 ko SiO2. H teyvikn
TOL YPNOUOTONONKE Yo TNV TOPACKELY] TO®V cOUATOiOV glval 1 Teyvoroyio Yekaouoh
IMupdivong OAOYag kot 1 evandbeon tov vavocopatidiov £ywve in-situ Tave oe €101kd
SWUOPEOUEVO VTTOGTPOUN VAAOL, O TOPAYOVIOG OVTOG &€ivol ONUOVIIKOG Yoo TNV
OLLOIOLOPPI0, ETAVOANYNUOTNTO Kot GTAOEPOTNTA TOV VOVOPIALL.

H ovvtoviopnog tomkov empaveiokov miacpoviov (LSPR) oe petodiikéc vavodoués
dnuovpyel TANOOPO OTTIKAOV Kol NAEKTPOVIK®OV POIVOUEVAOV, GUUTEPIAAUPOVOUEVOD TOV
eowopévov g Emeaveiaxng Evioyvong ®acpotookoniog Raman (SERS). Avtd ta 600
eowvopeva gival otevd ocuvoedepéva, kabmg N LSPR evioydel 1o niextpopayvntikd medio
GTNV TEPLOYTN TOV VOVOOOLDV, LE ATOTELECLLO TNV EVIGYVUEV avaoTovodskonnor Raman.
Avt n ovvepyla peta&d LSPR wor SERS diver ) dvvatdtmra y aviyvevorn kot
YOPOKTNPIGUO HopiwV, avolyovtag Tov OpOLO Yo SAPOPES EPAPLOYES, OTMG PloatcOntmpeg,
LLOPLOIKY] OTTEIKOVIOT KOl NIIKT] GvAALGT.

Me tov €Aeyy0 TG amdoTOoNG LETAED TOV COUATIOIMY 0pyVPOL HEG® TNG Xp1om Tov Si02
®G OMAEKTPIKO OTOUOVAOTH, KOTOQEPOUUE VO KOTOOKELACOVUE £Va vavoousOnTipa yio
opyavikd popuo, pe 1o BEATioto mocootd tov Si02 va givar 10%. O moapdyoviag evicyvuong
¢ SERS vmoloyiotnke EFmax = 10M, yeyovog mov onuaiver 611 Ppiokdpacte 6to 6pto
aviyvevong ywo Single Molecule SERS.

X perétn pog, ypnopomomoape to 4-Mercaptobenzoic Acid og poplo aviyvevong yu
mv Babuovounon, Adym tov vyniov Babuod tpoopdenong tov. EmmAéov, pe v addayn
TOV ¥POVOL eVOTOBECNC TOV VOVOCOUOTIOWY GTO VTOGTPOUE LAAOL, NTAV dVVATO Vo
eAEYEOLLE TO TTAYOG TOL PIALL, LE TO TAYOG TTOL AVTIGTOUXEL o€ YpOVO td = 60s va @aiveTon mg
T0O 7O A0d0TIKO. 2G EQUPLOYY, LETPNCAUE EVOV TOPAGITOKTOVO LE TNV ovopacio Thiram
0€ GLYKEVTPOGELS EmG NM.

Y10 0e0Tepo  WUEPOC avTAG NG OwTpPng peremOnke Pwrtocmayouevy Evieyvon
Paouarookoriogc Raman (PIERS) kot edikotepa avolvdnke to vrootpopa AgTiO2. Me
QOTICUO TOL VavoolsONnTNpa, 0 OTOl0C TEPLELXE MG PMTO-EVEPYOTOLOVUEVO NUIYWYO TO
O10&gido Tov TITaViov, e VIEPLOPO PG EMTLYYXAVOVE L0 ETTALOV YNUIKY| EVIGYLON TOV
ovvtekel oto @oavopevo SERS. H mapammpoduevn evioyvon amodidetal otnv mopovcio
EMPOVELNKDV ateAel®dv 0&uyovou (VOz2), ot omoieg dnpovpyohval LLE TOV QOTIGUO TOL GIALL.
H evioyvon PIERS towv vavoeiip mov eiyov mapockevaotel pe dtadoykn evoamdbeon
COUOTOIOV NTAV ONUOVTIKG LUKPATEPT GE CUYKPLION LE TO QIAUG TOL €lyav TAVTOYPOV
evamoeon apydpov Kot d10E1dion Tov Titaviov. AvTo To PavopEvo dnpovpyeitol eEontiog
TAPOLOPPAOCEMY TOV TAEYLOTOS GTNV OEMEMUPAVELD, LETAALO-T) L0y ®YOC.

Téhog, To pawvopevo PIERS ypnoipomombnke pe okomd vo BEATIOGEL TO OPLO aviyvevong
010 4-MBA on6 10°M og 10° M.
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1.1.1 Local Surface Plasmonic Resonance (LSPR)

Chapter 1

Introduction

1.1  Nanoplasmonics

Nanomaterials have revolutionized various fields of science and technology by
exploiting unique properties at the nanoscale *. One fascinating area of study is nano
plasmonic, which explores the behavior of plasmons- collective oscillations of
electrons- in nanoscale metallic structures. These structures can manipulate and control
light at the nanoscale, enabling a myriad of applications 2. Nano plasmonics finds its
utility in enhancing light-matter interactions, enabling ultra-sensitive biosensing,
advancing data storage and communication technologies, and even revolutionizing
solar energy harvesting?. By harnessing the precise control over light at the nanoscale,
nano plasmonics offers an exciting avenue for designing novel devices with
unprecedented functionality and performance®. The interdisciplinary nature of this field
brings together physics, materials science, chemistry, and engineering to push the

boundaries of our understanding and technological capabilities at the nanoscale®.
1.1.1 Local Surface Plasmonic Resonance (LSPR)

Metallic nanostructures possess remarkable optical properties derived from their
nanoscale characteristics. Throughout history, silver (Ag) and gold (Au) colloids have
been widely utilized for their captivating color hues®, exemplified in stained glass and
the renowned Lycurgus cup, as illustrated in Figure 1.1.

The observed color shift depends on the incident light type: when light passes through
the glass, it exhibits a red hue, while surface scattering renders it an opaque green
appearance. This behavior in metals arises from the collective oscillation of free
electrons stimulated by incident electromagnetic waves®. In the electrodynamic
perspective, external electric fields induce Coulomb forces, while positive ions in the

metallic lattice generate restoring forces that drive the oscillation of electrons.

1



1.1.1 Local Surface Plasmonic Resonance (LSPR)

Figure 1.1 Lycurgus cup displaying differences in the transmitted (green) and
reflected (red) light.

The observed phenomenon is attributed to surface plasmon resonance (SPR)®’. In this
context, the oscillating electric field of light can resonantly stimulate the free electrons
within the metal through the generation of interfacial charges. This coherent exchange
of energy between the electrons and the electromagnetic field occurs during SPR. When
metallic nanoparticles are engineered to possess dimensions smaller than the
wavelength of the incident electromagnetic wave, resulting in the confinement of
surface plasmons at the nanoscale, the excitation is referred to as localized surface
plasmon resonance (LSPR)® and is demonstrated in Figure 1.2. To provide a
comprehensive understanding of the extraordinary optical properties displayed by
metallic nanoparticles through localized surface plasmon resonance (LSPR), it is
necessary to delve into the fundamental physics underlying each LSPR-induced

phenomenon. Additionally when we are referring to a Plasmonic NanoParticle we are

Nanoparticle
Electron cloud

Figure 1.2 Schematic illustration of LSPR for a plasmonic nanosphere.

~ LSPR represents localized surface plasmon resonance.

referring to a particle that is size is smaller than the mean free path of the material



1.1.2 Phenomena Outside the Particle

Among various theories, Mie theory ° has emerged as the most successful approach for
describing the photoexcitation and response of plasmons in a single metallic
nanosphere. Mie theory enables a detailed analysis of how light interacts with the
metallic nanoparticle, taking into account factors such as size, shape, and composition,

Inside the Particle

DOS

Figure 1.3 A diagram illustrating the ways in which plasmons drive various processes, depending on their scale.
The energy produced by LSPR (Localized Surface Plasmon Resonance) is reduced through two different
mechanisms: radiative effects that occur outside the particle and non-radiative effects that take place inside the

particle. Additionally, on the interface between particles, other phenomena.

and provides valuable insights into the optical behavior observed in LSPR phenomena.
In the next theoretical approach, the different plasmon driven phenomena will be
examined in three different scales: outside the particle, inside the particle and in the

interface between particles (a schematic representation is displayed in Figure 1.3)
1.1.2 Phenomena Outside the Particle

Metals play a crucial role in the field of plasmonics because of the abundance of
"free” electrons in their valence bands. The way they interact with incoming
electromagnetic waves can be explained using the dielectric function. In the case of
bulk metals, the Drude model approximates the optical response by considering the
effect of an external electromagnetic stimulus on a single free electron and then scaling
it up by the total number of electrons present. By applying the Drude’s model and basic

physics laws the dielectric function can be written as'’:



1.1.2 Phenomena Outside the Particle

2

£() = (re) +is(im) =1-—2 (L.1)
O +iy,0

2 . ..
where wj = € /gomels the plasma frequency of the electrons inside the metal

structure, n is the free electron density, e is the electron charge, go is the vacuum
permittivity, me is the electron effective mass and yo is the damping constant.

The imaginary part of the damping term in the dielectric function (Equation 1.2) is
responsible for interband transitions and scattering losses .These losses primarily occur
due to crystal impurities and relaxation events.

To determine the plasmonic response, it is necessary to analyze the phenomena of
light scattering when the dielectric constants of a specific particle and its surrounding
environment are known. First the Gustav Mie successfully solved the Maxwell
equations, considering the appropriate boundary conditions, for a single and uniform
dielectric sphere. This achievement, known as Mie theory, enables the calculation of
scattering and absorption cross-sections that depend on the size of the sphere. Mie
theory finds applications in various fields due to its ability to provide valuable insights
into these phenomena. Analytical representation of Mie equations is out this thesis
scope but the extinction, scattering and absorption cross sections have the following

form:

o - i—fZ (2n+1)%Re(a, +b.) (12)
n=1
2 o0

Oun = 2, 2+ D)(a, [ + o) 13)
n=1

Oabs = Oext ~ Ogca (14)

the an and by are the scattering coefficients.
When the size of particles is significantly smaller than the wavelength of the
incoming light, it is assumed that the electric field remains constant and the effects of

retardation are disregarded. In such cases, the particle is considered as an electric



1.1.2 Phenomena Outside the Particle

dipole, and its ability to become polarized (polarizability) is proportional to the
diameter (d) of the particle. Within the dipole approximation, the absorption cross-

section (oaps) and extinction cross-section (cext) are both proportional to the intensity of
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Figure 1.4 (a) The extinction cross sections of silver particles change as their diameter varies.(b) The extinction

cross sections of silver particles change depending on the refractive index of the surrounding medium.

the incident light (I) and a function (a) that depends on the frequency () of the light.
In this approximation, scattering events are insignificant due to the small size of the
particle.

Due to variations in the phase of the electric field across the volume of a particle, the
distribution of charges on the particle's surface becomes non-uniform, necessitating the
consideration of retardation effects. In addition to the resonance red-shift!!, Figure 1.4
demonstrates that increasing the size of the particle leads to the emergence of additional
plasmon bands due to the occurrence of higher-order multipolar modes, specifically the
dipolar and quadrupolar modes*?.
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Figure 1.5 (a) The extinction cross section of a single silver nanoparticle with a diameter of 20 nm. b) The
extinction cross section of a single silver nanoparticle with a diameter of 100 nm. The spectrum is deconvoluted to

distinguish between dipolar and quadrupolar modes.



1.1.3 Phenomena Inside the Particle

The electric field's phase variations across a particle's volume result in non-uniform
charge distribution on the particle's surface, requiring consideration of retardation
effects. Increasing the particle size leads to additional plasmon bands, specifically
dipolar and quadrupolar modes?3, as presented in Figure 1.5. For small particles, the
dominant term is the dipole term, which represents the directional component of the
electric field. As the particle size approaches the wavelength of light, the quadrupole
term becomes more significant, representing the intensity variation with direction. The
dominance of each term depends on the particle's size, shape, and polarizability.

1.1.3 Phenomena Inside the Particle

The presence of Localized Surface Plasmon Resonance (LSPR) in metal
nanostructures gives rise to a range of optical and electronic phenomena. These
processes occur during the excitation and subsequent damping of the plasmon energy
stored within the oscillating electron
cloud. Plasmonic effects can be

. . . . -band
categorized into radiative and non- h°‘e. .
- - - -

tterine

radiative effects'®,

In the case of radiative effects, LSPR EL 'T _T_ 1_ _

relaxes and re-emits light into the far- Drude
field. Metal nanostructures can also act
as secondary light sources or antennas,

concentrating light on their surfaces and >

enhancing local electric fields in close >
proximity. Figure 1.6 A diagram illustrating the permissible

L. electronic transitions in silver (Ag).
In the case of non-radiative effects,

plasmon dephasing leads to the absorption of photons, depositing electronic energy and
generating highly energetic electrons with energy above the Fermi level. These
energetic electrons are referred to as "hot" electrons>!®. The most important pathways
of these hot carriers and the routes of plasmon-energy dissipation will be discussed in
subsequent sections.

Firstly, Figure 1.6 illustrates carrier dynamics and plasmon decay pathways when an
external electric field interacts with a plasmonic nanoparticle (PNP), which follows a
Fermi-Dirac distribution. To understand the plasmon-driven mechanisms and multi-

step non-radiative LSPR decay, a detailed explanation of the plasmon energy transfer
6



1.1.3 Phenomena Inside the Particle

is essential. In the classical picture, charge displacement results in coherent electron
cloud oscillation, following the Drude model. However, in the quantum mechanical
perspective, the quantization of the electric field must also be considered. In this
scenario, PNPs are illuminated by discrete photons with energy hw. Photon absorption
in this light-matter interaction is impossible without additional momentum through
inelastic scattering (e.g., with a defect or a phonon) or occurring in a confined system

with boundaries (back-scattering events)!/18,

Plasmon excitation Generation of hot carriers Relaxation of carriers by e-e- Thermal dissipation
t=0s t=1-100fs and e-phonon scattering t =100 ps-10 ns
t =100 fs-10 ps

Et E

Population Population Population Population

Figure 1.7 Sequence of events during hot carrier relaxation. (From left to right): Light photons are absorbed,
transferring energy to the electronic distribution and creating electron-hole pairs above the Fermi level. The hot
carriers then undergo relaxation and equilibrate their temperature with the lattice vibrations within a few
picoseconds. The relaxation of the heated lattice occurs through interactions between phonons, where the energy
stored in the vibrational modes is dissipated from the nanoparticle to the surrounding medium as heat, resulting in

an increase in temperature.

Quantum confinement in small particles affects charge carrier dynamics in metals. As
particle size decreases, quantum effects at the surfaces become more significant,
leading to plasmon dephasing. This is observed through broadening of the plasmonic
peak and an increased plasmon decay rate, inversely scaling with particle size.

Classically, surface-induced damping occurs due to electron collisions with the particle
boundaries. In the quantum realm, the boundary discretizes electronic states, enabling
surface-assisted plasmon decay or Landau damping*®?°. This anelastic scattering allows
the excitation of nonthermal hot electrons within a specific energy range. Modifying
the size and shape of metallic particles controls the generation of hot carriers?:. The

presence of intense electric fields in proximity to the particle's boundary, known as hot
7



1.1.4 Phenomena in the Interparticle Interface

spots, further enhances the population of nonthermal carriers?>?3, The excitation of hot
carriers in metallic nanoparticles is influenced by the lossy nature of the LSPR process
and its non-radiative decay mechanisms. If the plasmon energy is not transferred
through any of the mentioned pathways, subsequent relaxation processes will decrease

the plasmon resonance until the energy is released as heat (Figure 1.7).

1.1.4 Phenomena in the Interparticle Interface

As mentioned previously, when metallic nanoparticles are stimulated by an incident
electromagnetic wave, their conduction electrons collectively form a coherent
electronic cloud. This charge displacement induced by Coulomb forces leads to the
polarization of the particle, resulting in the accumulation of charges at opposite ends of
its structure. This oscillating behavior reaches its maximum at resonance, leading to a
near-field amplification near the charged region, specifically the particle's surface. The
ability of plasmonic nanoparticles (PNPs) to effectively concentrate light is crucial for
generating these localized high electric fields in close proximity to the particle?.

|E/Eq|* |E/E,[* E)
2.75E+5 3.03E+4 1.00E+12+
b 4.10E+114 "
)( ) ¥ ' Sm11 Distance
>
10 nm o 1.30E+114 @ %
of 3
W 2566410 .
©) EE | (D) (Bl  samfag Seming
5.15E+11 2.08E+9 a
1.60E+9 - "
( ) ( ) .'|.‘_ 532 nm
A Az BB B e
° 785 nm
5nm1Ag

0 3 6 9 12 15 18 21
Distance / nm

10 nm 10 nm
532nm ‘ 785 nm

Figure 1.8 A—D) The distribution of the electromagnetic field is shown for two types of plasmonic nanoparticles
with a spherical shape: (i) silica-core (30 nm) with a thin silver layer (5 nm) and (ii) silver-core (30 nm) with a thin
silica layer (5 nm). The field distribution is depicted for two excitation wavelengths, 532 nm and 785 nm. The incident
electromagnetic plane wave is aligned along the z-axis with polarization along the y-axis, while the x-axis is
perpendicular to the zy-plane. E) The calculated distribution of the Surface-Enhanced Raman Scattering (SERS)

enhancement factor (EF) is presented for the wavelength range from 400 nm to 1100 nm.

The near-field enhancement, which is a direct consequence of Localized Surface
Plasmon Resonance (LSPR), is highly dependent on the morphology of the
nanoparticles and their plasmonic coupling. Complex-shaped nanoparticles, such as
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1.1.4 Phenomena in the Interparticle Interface

nanostars, exhibit significantly enhanced local fields around their sharp features. This
enhancement is attributed to the increased surface charge density resulting from the
curvature of these features. The nanogaps between coupled particles, known as "hot
spots,” also play a crucial role in generating substantial increases in near-field
enhancement?®. Plasmonics has emerged as a distinct field of study, focusing on the
design and modification of nanoparticle shapes to achieve targeted field augmentation
at specific locations, employing the principle of plasmon hybridization.

In the realm of plasmonic nanoensembles, the initial experimental evidence of
enhanced fields was observed when Raman scattering was greatly amplified in the
presence of a metallic substrate. This phenomenon was later attributed to LSPR, giving
rise to Surface-Enhanced Raman Scattering (SERS)??. For spherical particles, an
analytical solution exists for determining the magnitude of the electric field outside the

particle, as described by the following equation.

E.(X,Y,2) = Eoz—an[r—Zs—‘:’—f(xm VY +29)] (15)

Where a is the polarizability. In the context of Raman scattering, the incident field
causes a molecule on the surface to undergo an oscillating dipole moment. During the
process of radiating this dipole, there is a likelihood of a vibrational transition taking
place, leading to the emission of light at a different frequency. The absorption of the
initial photon is directly related to the intensity of the electric field in the vicinity.
LSPR-induced enhanced local fields can greatly amplify this process. Subsequently,
the SERS enhancement is relative to the initial intensity of the incident wave. The SERS
phenomena will be thoroughly analyzed in upcoming section.

Finally, another phenomena in the plasmonic interphase is thermoplasmonics. Before
the early 2000s, photothermal effects were considered unwanted side effects in the field
of plasmonics. However, the groundbreaking research conducted by the Halas group
on photothermal cancer therapy demonstrated the beneficial role of thermal effects as
a plasmon-induced mechanism?®2°. When electrons are excited on resonance, the
unscattered portion of plasmon energy is dissipated through Landau damping, leading
to a significant temperature increase in the vicinity of the particles. This phenomenon
enables precise control of heat at the nanoscale. Despite being in resonance, metals are

not ideal optical conductors, and their lossy nature results in resistive heat generation
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1.1.4 Phenomena in the Interparticle Interface

through photon-electron interactions, which is then dissipated through lattice
oscillations via electron-phonon interactions. This discovery paved the way for the sub-
field of Thermoplasmonics, with Guillaume Baffou®® making significant contributions
to understanding its fundamental physics.

Surface Enhanced Raman Spectroscopy (SERS)

Raman spectroscopy is known for its ability to detect small amounts of solid material,
making it sensitive in certain cases. However, its sensitivity is limited in applications
involving analysis in solution. Therefore, a Raman technique that can significantly
enhance sensitivity would be highly valuable. Surface-enhanced Raman scattering
(SERS) offers a remarkable improvement in scattering efficiency®, with an
enhancement of up to about 10%° compared to normal Raman scattering. Despite its
potential, SERS has faced challenges due to its complexity and the difficulties in
understanding its underlying theory®.

Other techniques, such as resonance Raman scattering, provide improved sensitivity
but come with their own limitations. Resonance Raman scattering is effective only for
specific colored molecules, and issues like fluorescence interference and sample
degradation further restrict its utility. In contrast, SERS exhibits effectiveness with a
broader range of molecules and offers a more substantial enhancement in sensitivity.
These characteristics make SERS a promising technique to consider for specific targets.

In 1974, Fleischman et al. made the initial observation of surface-enhanced Raman
scattering (SERS)®3. Their study involved pyridine molecules adsorbed onto a silver
electrode that had been roughened through oxidation-reduction cycles. The researchers
initially attributed the strong Raman scattering to the significant increase in the surface
area of the electrode caused by the roughening process, which allowed for more
pyridine molecules to be absorbed.

However, subsequent studies by Jeanmarie and Van Duyne®, as well as Albrecht and
Creighton®, challenged this explanation. They demonstrated that the observed intensity
enhancement in SERS was not solely attributable to the increase in surface area.
According to their findings, the expected increase in intensity from surface roughening
would have been less than a factor of 10. However, the actual enhancement achieved
in SERS experiments was on the order of 10°, indicating that there were additional
factors at play beyond the surface area increase.

10



1.2.1 Electromagnetic Factor

In conventional Raman spectroscopy, the overall intensity of Raman signals from a
molecule is directly related to the power density of the laser and the Raman cross-
section of the molecule. This principle can also be extended to surface-enhanced Raman
scattering (SERS). Essentially, the intensity of SERS signals for a specific vibrational
mode of an analyte is expected to be proportional to the laser intensity and the normal
Raman cross-section but influenced by an enhancement factor.

An important consideration in SERS is the concept of "real” enhancement factors.
These factors represent the actual enhancement achieved in comparison to what would
be observed under non-SERS conditions for the same molecule. It ensures that the
enhancement is accurately characterized and measured in relation to the baseline
intensity without SERS effects.

As for the enhancement factor, SERS involves a dual mechanism®, encompassing
both electromagnetic (EM) and chemical contributions, which contribute to the
enhancement of Raman scattering. In conventional SERS, the electromagnetic
component primarily drives the enhancement, while the chemical contribution has a

relatively lesser impact®®,

1.2.1 Electromagnetic Factor

The primary factor contributing to the enhancement in surface-enhanced Raman
scattering (SERS) is believed to be the electromagnetic enhancement, as presented in
Figure 1.9. This mechanism relies on enhancing the EM field through resonance
excitations of localized conduction-electron oscillations at the surface of metallic
nanostructures, known as surface plasmons (SPs)®’. This resonance, referred to as
dipolar localized surface plasmon resonance (LSPR)®, can be determined from the
extinction spectrum, which involves the absorption and elastic scattering of the metallic
nanostructure, known as surface plasmon extinction (SPE). The resonance frequency
wyax Of plasmons in the metallic nanostructure depends on various factors, including
the dielectric functions®® of the metal (emetal(®)) and the surrounding medium (em(®)).
The EM field in the immediate vicinity of the roughened metal surface is significantly
intensified due to the coupling between the photon and LSPs. Consequently, molecules
adsorbed on the surface experience a much stronger local electric field (Eiocal).

Additionally, the molecule's dipole radiation occurs in close proximity to the metal,
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1.2.1 Electromagnetic Factor

rather than in free space. The Stokes Raman scattering (RS) radiation, shifted in
frequency at wg = w;p. — Wy, (corresponding to a specific vibrational mode), can
itself excite the LSPR of the metallic nanostructure. Both local field enhancement and
Raman radiation enhancement stem from the coupling of the EM field with the LSPR

of the metallic substrate. While the coupling may not be identical, the resonances should

m

inc
electromagnetic wave

(b)

LSPR-supporting metal nanostructure

Figure 1.9: EM enhancement in SERS a) A silver NP acts as a hanoantenna by excitation of a dipolar
localized surface plasmon resonance (LSPR) b) Both the “incoming” field (winc) and the “outgoing”
field (winc — wvib) are enhanced by elastic light scattering off the LSPR-supporting metallic

nanostructure.

exhibit at least qualitative similarity for both enhancement mechanisms.
The overall SERS intensity depends on both the “incoming” w;,. and the “outgoing”

Ws = Wipe — Wyip Tield?:

ISERS = Iinc(winc) - l(ws) = | Einc((‘)inc)l2 - | Es(ws)|2 (16)
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1.2.2 Chemical Factor

To achieve optimal Surface-Enhanced Raman Spectroscopy (SERS) enhancement, it
is essential for both the incident radiation at winc and the Stokes Raman shifted radiation
at wg = wjpe — Wy 10 be in resonance with the localized surface plasmon
resonance (LSPR) peak of the metallic nanostructure. Typically, nanostructures with
dimensions around 30-100 nm are required to fulfill the conditions for LSPR resonance
with visible light. The LSPR effect strongly relies on the size and shape of the
nanostructures and can be significantly influenced by closely spaced nanostructures due
to the presence of coupling, primarily arising from interactions between individual
nanostructures.

In simpler cases, the intensity of SERS can be reduced to the |[E(winc)|* factor. A
moderate increase in the ratio of the local electric field (Eioc) / (Einc) results in substantial
enhancements of Raman scattering, leading to the Surface-Enhanced Raman
Spectroscopy enhancement factor (EF).

The electromagnetic (EM) enhancement is also influenced by the properties of the
metal and the distance between the molecule and the metal surface. The

electromagnetic EFem(ws) can be described in case of a small metallic sphere (r<A/20)

2 12
( r ) (1.7)
r+d

where g(w) is the complex frequency-dependent dielectric function of the metal, €o

as:

2
e(ws) — e
&(ws) +2&

S(Co.inc) — &
8(a)z'ir’.!(.‘) + 280

EFgm(COS) i

is the dielectric constant of the bulk medium and d is the distance of the molecule from
the surface. It is important to note that the molecule being analyzed does not need to
be in direct contact with the metal surface. The intensity of SERS depends on the
distance (d) between the molecule and the surface, following a proportional decrease
of approximately 1/d*2. It has been demonstrated that the Raman enhancing effect is

detectable for distances up to 5-10 nm®2,

1.2.2 Chemical Factor

Numerous research studies have demonstrated the significant role of plasmon
resonances in the observed enhancement of Raman signals. However, relying solely on

the well-accepted plasmon theory does not provide a complete explanation for the
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1.2.2 Chemical Factor

diverse range of molecules and substrates observed in SERS. It has been observed that
molecules capable of being chemically adsorbed onto metal surfaces exhibit the largest
enhancements, even among molecules with similar Raman cross-sections. The charge
transfer (CT) mechanism*142 is proposed to explain these phenomena.

According to the CT theory, the conduction band orbitals of the metal lie between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the adsorbed molecule®®. CT can occur in two ways: from a metal
cluster to molecules or from molecules to a metal cluster, depending on the relative
energies of the metal Fermi level and the HOMO/LUMO levels of the adsorbed
molecule. In the case of semiconductors, which have an energy gap between a fully
occupied valence band and an empty conduction band, the CT between semiconductor
nanomaterials and molecules depends on factors such as vibronic coupling, conduction

band properties, and the excited state and ground state of the molecule**,

Briefly, the CT in a semiconductor-molecule®*® system can occur through the
following five pathways*3, as shown in Figure 1.10:
Molecule HOMO-to-CB: The incident light directly excites the electron occupying the
ground state of the molecule from the HOMO to an energy level in the conduction band
of the semiconductor. The excited electron quickly returns to a specific ground
vibrational energy level of the molecule, and a Raman photon is subsequently emitted.
CT complex-to-CB: The chemical bonding between the molecule and semiconductor
reduces the formation of a charge-transfer complex, leading to an enhancement in the
polarizability and resulting Raman signals of the original adsorbed molecules.
VB-to-molecule LUMO: The electron present in the valence band of the semiconductor
is excited to the higher energy level LUMO in the molecule. It then rapidly transitions

back to the valence band, resulting in the emission of a Raman photon.
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— —LOMO

HOMO HOMO

molecule CT complex

semiconductor semiconductor semiconductor ~ Molecule

HOMO

LOMo

———— HOMO -
molecule molecule

semiconductor semiconductor

HOMO

Figure 1.10: Charge transfer ways in a semiconductor-molecule system.

d) Surface state-to-molecule LUMO: The electron is initially excited from the
valence band of the semiconductor to the surface defect, leading to the formation of a
surface state. Subsequently, the electron undergoes further excitation from the surface
state to the LUMO of the molecule. Upon returning to the surface state, a Raman photon
is released.

e) CB-to-molecule HOMO: Certain dye molecules can be easily excited by visible
light to a higher energy level LUMO. The electron is then injected into a matching
energy level in the conduction band of the semiconductor through resonant tunneling.
Finally, the electron transitions back to a ground vibrational energy level of the

molecule, resulting in the emission of a Raman photon.

1.2.3 Selection Rules
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1.2.3 Selection Rules

Interpreting SERS spectra is not a straightforward task?®4’. New peaks may emerge
in SERS that are not present in normal Raman scattering, while some peaks that are
strong in normal Raman scattering can become weak or completely disappear in SERS.
Furthermore, the intensity changes observed at different concentrations can be
nonlinear*®, A notable example of this is observed with pyridine. At low concentrations,
the pyridine spectrum is faint, but it becomes significantly stronger as monolayer
coverage is approached. This change in intensity is attributed to the orientation of the
pyridine ring on the metal surface. Initially, the molecules lie parallel to the surface, but
as the concentration increases, the pyridine rings are forced into a perpendicular
orientation to allow for denser packing, resulting in a rapid rise in SERS intensity. The
reason for this intensity alteration relates to the requirement for scattering, which
necessitates a polarizability component perpendicular to the surface. When light
interacts with the surface, it induces two electric dipole components: one parallel and
one perpendicular to the surface. The molecular polarizability caused by the
perpendicular component is responsible for scattering from the rough surface. In the
case of pyridine, the plane of the ring yields the most significant polarizability changes.
Thus, when the molecule lies parallel to the surface, the polarizability change primarily
occurs parallel to the surface and does not contribute to scattering. Conversely, when

the plane is perpendicular to the surface, the scattering process becomes efficient.

The appearance of new spectral bands further complicates the assignment of SERS
spectra. This often occurs when a molecule possesses a center of symmetry, and
adsorption onto a metal surface breaks this symmetry. As a result, the mutual exclusion
rule, which governs normal Raman scattering, no longer applies, allowing some
infrared-active bands to appear in the SERS spectrum. However, the situation is more
intricate. Certain types of bands naturally exhibit higher intensity in SERS compared to
normal Raman scattering. Selection rules primarily referring to electromagnetic
enhancement, have proven useful in many cases, although the exact nature of the
species formed between the adsorbate and the surface remains undefined in chemical
enhancement. In practice, considering the molecule as a distinct entity and disregarding
the impact of metal atoms, except for their influence on molecular symmetry, tends to

be effective in most cases.
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1.2.4 Factors Influencing SERS

Although these selection rules have facilitated the determination of molecule
orientation on the surface and provided explanations for discrepancies between SERS
and normal Raman spectra, there is still much to learn about the factors influencing the
intensities of SERS-active bands. The presence of selection rules presents a challenge
in SERS as the appearance of new bands and the disappearance of existing ones make
it difficult to establish a direct correlation between spectra obtained from the surface
and those obtained from normal Raman scattering. Additionally, due to the immense
sensitivity of SERS compared to normal Raman scattering (a factor of 106), dominant
features in the spectrum can arise from surface-bound contaminants. These challenges
make definitive assignments challenging. Overcoming these difficulties is one of the
key advantages of surface-enhanced resonance Raman scattering (SERRS). However,
before delving into the advantages and disadvantages of SERRS, it is essential to

discuss a few applications of SERS.

1.2.4 Factors Influencing SERS

The enhancement factor in SERS, as well as the SERS process itself, relies on various

parameters*®, which include:

Laser excitation characteristics: This encompasses the properties of the laser used, such
as its wavelength, polarization, angle of incidence (in the case of a planar substrate),
and other relevant factors.

Detection setup: The configuration of the detection system plays a role, including
factors like the scattering geometry (e.g., backscattering), the solid angle for collection,
and whether the detection is polarized or unpolarized.

SERS substrate: The properties of the substrate used in SERS are significant, including
the material employed (typically silver or gold), its geometry, orientation with respect
to the incident beam direction and polarization, and the refractive index of the
surrounding environment (nM). The dimensionality of the substrate, such as whether it
is a 2D planar substrate or 3D particles in a solution, is also an important parameter as

it necessitates different sample preparation procedures.
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1.2.4 Factors Influencing SERS

Intrinsic properties of the analyte: This pertains to the inherent characteristics of the
analyte itself, particularly the Raman polarizability tensors of its modes or intrinsic
Raman cross-sections.

Analyte adsorption properties: The efficiency of analyte adsorption, the concentration
of the analyte on the surface (surface coverage), the distance from the surface, the
orientation of adsorption (fixed or random), and any modification of the intrinsic
Raman polarizability induced by adsorption are important factors to consider. The
chemical contribution to SERS is related to the modification of the intrinsic Raman
polarizability, while the background and surface selection rules originate from the

previous factors.

Photo-Induced Enhanced Raman Spectroscopy (PIERS)

In recent years, the application of light-based treatments has gained significant
attention in the fields of medicine and nanoscience. This approach offers not only
potential medical benefits, such as virus elimination and patient treatment, but also
serves as a catalyst for structural transformations, improvements in spectral and
electromagnetic properties, and enhanced functional performance of nanomaterials.
Light irradiation, as a non-destructive method, has the ability to stimulate surface

plasmons in noble metal nanoparticles and induce charge transfer in semiconductors at
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Figure 1.11: PIERS (green) and SERS (blue) spectra of Rhodamine 6G (107 M).

the nanoscale. These phenomena have made it a widely used technique in surface-
enhanced Raman spectroscopy (SERS), a powerful analytical tool. However, due to the
limitations imposed by the intensity and energy of the Raman laser, the excitation of
electron-hole pairs in semiconductors is often insufficient, resulting in minimal or no

enhancement of SERS signals.
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1.2.4 Factors Influencing SERS

In May 2016, a significant discovery was made by Parkin's group®, demonstrating
that the Raman signal of target molecules on a substrate consisting of Ag (and Au)
nanoparticles on TiO2 was greatly enhanced when the substrate was pre-irradiated with
ultraviolet (UV) light for a specific duration. This phenomenon, as shown in Figure 1.11
, was termed "photo-induced enhanced Raman spectroscopy” (PIERS). PIERS
technique involves the simple step of light irradiation without any additional
manipulation, making it a convenient and non-invasive approach. The amplification
achieved through PIERS can be several times to dozens greater than traditional surface-
enhanced Raman spectroscopy (SERS). While these values may not appear substantial,
even a doubling of the enhancement factor can significantly improve sensitivity, which
holds significance for applications in life sciences, environmental protection, and
biological analysis. Extensive efforts have been made to develop various substrates and
significant progress has been made in their application in PIERS. Currently, there are
three operational procedures for PIERS. The first involves irradiating the substrate with
light for a certain period, followed by analyte deposition and subsequent Raman
analysis. The second procedure entails depositing the analyte on the substrate, followed
by light irradiation and Raman analysis. Both these methods are performed ex situ, with
analyte deposition and Raman detection occurring at separate locations. The third
procedure allows for in situ operation, where the substrate is irradiated with incident
light while performing Raman detection. Light-emitting diodes (LEDs) can be used as
the light source, placed in proximity to the Raman laser, and operated simultaneously
during Raman detection. PIERS offers several advantages over SERS, including
broader detection capabilities for explosives, pollutants, biomolecules, and organic
dyes at trace levels. It also exhibits a wider detection range for small molecules with
low Raman cross-sections.

The application of light in photo-induced enhanced Raman spectroscopy (PIERS)
extends beyond the deep UV range, as blue light and visible light have also been used
as light sources. Furthermore, the active substrate for PIERS is not limited to the Ag
(and Au) NPs-TiO2 nanofilm; noble metal nanoparticles decorated on various
semiconductor substrates, such as transition metal oxides, transition metal
dichalcogenides, niobates, organic semiconductors, heterostructures, and even insulator

substrates, have shown significant enhancement in PIERS. This technology has the
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1.3.2 Mechanism of PIERS

potential to complement SERS analysis effectively. However, as a novel technique,
there is ample room for further development in PIERS, including substrate preparation,

light selection, bioanalysis specificity, and more.

1.3.2 Mechanism of PIERS

The chemical mechanism (CM) in surface-enhanced Raman spectroscopy (SERS)
typically results in enhancement factors (EF) of less than 103, which is lower compared
to the electromagnetic mechanism (EM). However, recent studies utilizing
semiconducting nanomaterials have demonstrated comparable enhancements in CM
and EM. As a result, a combination of both mechanisms using metallic nanoparticles
and semiconducting nanomaterials is commonly employed to enhance the sensitivity of
SERS, enabling the detection of single molecules. The enhancement mechanisms of
photo-induced enhanced Raman spectroscopy (PIERS) are still a subject of debate, with
various models (Figure 1.12) proposed depending on the specific system being studied.
Parkin's group suggested that the PIERS phenomenon originates from surface oxygen
vacancy states in noble metal-metal oxide substrates®®>2. Under pre-irradiation with
UV light, oxygen vacancies are generated on the metal-oxide semiconductor surface
through photoreactions with adsorbed O, and H20°**4 The number of vacancies
increases with irradiation time, creating electron donor states below the conduction
band edge. When the Raman laser is turned on, electrons can be injected from the
oxygen vacancy states into the energy levels of the metal nanoparticles (NPs), leading
to a shift in the NP's Fermi level and an increase in their electromagnetic field. This
enhanced field significantly amplifies Raman scattering from molecules positioned in
these "hot spots.” In hybrid substrates, the plasmonic properties of the NPs provide
additional electromagnetic enhancement. Additionally, the metal-semiconductor
interface stabilizes the formation of oxygen vacancies, lowers the vacancy formation
energy, extends carrier lifetimes, and enhances the photocatalytic potential of the metal-
oxide semiconductor. The creation of oxygen vacancies is a common explanation for
PIERS in the literature. However, in certain semiconductors like organic semiconductor
diphenylalanine peptide and lithium niobate, where expelling oxygen atoms with UV
photons is challenging, PIERS may arise from charge separation and migration within
the semiconductors. Upon UV light irradiation with energy equal to or greater than the

semiconductor's bandgap, free electrons are excited from the valence band to the
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1.3.2 Mechanism of PIERS

conduction band and subsequently transferred to the Ag NPs located at the
semiconductor surface, leading to further enhancement of the Raman scattering signal
from the analyte in contact with the NPs.

In a study conducted by Maalej et al., photo-induced enhanced Raman spectroscopy
(PIERS) was observed in hybrid Au/WS; nanosheets. Contrary to previous models, the
extra enhancement in this system was attributed to charge transfer (CT) from the Au

nanoparticles (NPs) to the WS2 nanosheets. Under UV light irradiation, the localized
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Figure 1.12 Schematic illustration of the proposed mechanisms forR;.I.ERS: (a) photo-induced
oxygen vacancy in the semiconductor by UV light and charge transfer in the metal-semiconductor
contact (reproduced with permission from ref. 17. copyright 2017, Springer Nature Publishing); (b)
photogenerated carriers at the semiconductor surface by UV light transferring to the metal NPs
(reproduced with permission from the author of ref. 46); (c) photoexcited electrons at the metal
surface by UV light transferring to the semiconductor (reproduced with permission from ref. 19.
Copyright 2020, ACS publishing); (d) photogenerated carriers at the semiconductor heterostructure
by UV light transferring to the metal NPs (reproduced with permission from ref. 24. Copyright 2020,
ACS publishing); (e) photoexcited electrons at the metal surface by visible light transferring to the

semiconductor

surface plasmon resonance (LSPR) of the Au NPs creates hot spots and induces CT
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from the Au NPs to the WS2, resulting in additional electrons being injected into
molecules adsorbed on the WS2 surface through its conduction band. This photo-
induced CT increases the molecular polarizability tensor and amplifies the Raman
signals through the Herzberg-Teller coupling. Similar principles apply to radiation by

visible light or even the Raman laser.

In another case, Liu's group observed the PIERS effect with a larger enhancement factor
in heterogeneous TiO2-Ag hybrid nanowire arrays. The heterojunction interface
effectively separates electrons and holes in space. Upon UV light irradiation, electrons
in the valence band of both anatase and rutile TiO2 are excited to the conduction band.
Due to the lower conduction band of rutile TiO2 compared to anatase TiO2, rutile TiO2
acts as an electron acceptor, resulting in a significantly increased electron density on its
surface and potentially leading to additional PIERS enhancement in the mixed-phase
TiO2-metal hybrid.

These different models indicate that the enhancement in PIERS involves two
components: chemical enhancement (CM) from CT between the semiconductor and
metal NPs, and electromagnetic enhancement (EM) from electron aggregation or
release in the NPs. The CT interaction between the semiconductor and metal NPs is
crucial for the enhancement, regardless of the direction of CT (from semiconductor to
metal or vice versa). Physicochemical parameters, such as the absorption and extinction
spectra, can be used to analyze the changes in electron density on the particles after
light irradiation. Other indicators, such as photoluminescence intensity and
photocurrent, can also demonstrate the effects of increased charge carriers under light

radiation.

1.3.3 Substrate Dependance

The selection of an appropriate substrate® is crucial for achieving effective photo-
induced enhanced Raman spectroscopy (PIERS) because it determines the
contributions of chemical enhancement (CM) and electromagnetic enhancement (EM)
under fixed wavelength and duration of photo-irradiation. These substrates are not
limited to simple hybrid nanomaterials consisting of noble metal nanoparticles (NPs)
and metal-oxide semiconductors. They can also include transition metal

dichalcogenides, niobates, organic semiconductors, heterostructural metal-oxide
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semiconductors, and insulators. To maximize the enhancement factor (EF), substrates
are typically designed with specific nanostructures that offer a large surface area and

facilitate efficient charge transfer pathways.

A summary of the maximum enhancements achieved for various substrates in PIERS
studies conducted thus far, can be classified into three groups based on their
constituents. The first group comprises hybrid noble metal-semiconductors, where gold
(Au) and silver (Ag) are the primary noble metals utilized due to their surface plasmon
resonance (SPR) properties in the visible wavelength range®®. Metal/TiO2 substrates
exhibit distinct PIERS effects under different incident light wavelengths, with shorter
wavelengths and longer irradiation periods generally resulting in larger EFs (further
elaborated in the following section).

Heterostructured anatase/rutile TiO2-Ag, achieved an enhancement factor (EF) of
27.8. Although the EF value was lower than that of rutile TiO2-Au, this heterogeneous
substrate exhibited stronger enhancement compared to others when detecting the same
molecules under similar conditions. For instance, the EF for R6G was 4.19 in rutile
TiO2-Au, whereas it reached 14.9 in anatase/rutile TiO2-Ag. The significant Raman
enhancement can be attributed to highly efficient charge transfer from anatase to rutile
and then to Ag, driven by the heterojunction between anatase and rutile. Similarly, in a
single-element semiconductor coated with Ag NPs, the Raman signal was enhanced by
2.5 times compared to regular SERS.

Hence, the selection of a photo-active substrate is critical for the PIERS effect, and
the Raman enhancement of a substrate depends on several factors, including the
incident light wavelength, irradiation duration, experimental procedures, analyte
molecules, and the choice of the active Raman scattering band.

The second group of substrates consists of hybrid noble metal-insulators. In an Au
NPs-SiO> thin film, a 2-fold enhancement was reported when irradiated with 254 nm
UV light for 4 hours. This enhancement may be attributed to the incident light's ability
to create oxygen vacancies on the SiO» surface, even though the photon energy is lower
than the insulator's bandgap. Subsequently, the Raman laser expels electrons from the
vacancies and injects them into the energy levels of the Au NPs, thereby improving the
Raman signal. However, Rice et al. observed no change in the Raman spectrum of an
Ag NPs-SiO2 thin film when irradiated with 365 nm UV light. This lack of
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enhancement may be due to the lower energy of the incident photons, which cannot
create oxygen vacancies or facilitate charge expulsion from vacancies to the conduction
band.

The last group consists of single semiconductors. In a lithium niobate thin film, the
Raman signal intensity doubled under sample irradiation. This implies that even
without coating noble metal NPs, the Raman signal can still undergo chemical
enhancement. However, in a TiO2 thin film®’, no enhancement was observed under
substrate irradiation. This difference can be attributed to the lifetime of photoexcited
carriers, which is picoseconds-to-microseconds in TiO2 and hundreds of milliseconds
to tens of seconds in lithium niobate. Therefore, it is advantageous to enhance the
PIERS effect by prolonging the lifetime of electron-hole pairs. This can be achieved
through the use of pure semiconducting nanomaterials with long carrier lifetimes,
heterojunctions, or combinations of metals and semiconductors. Moreover, besides
substrate composition, the PIERS effect is influenced by the substrate's morphology
and structure. For example, periodically poled lithium niobate exhibits different Raman
scattering intensities for transverse and longitudinal optical phonons, which are
influenced by mechanical stresses and partially screened depolarization fields.
Anisotropic substrates like periodically poled lithium niobate can create specific
plasmon-active nanoparticle patterns, as achieved through ferroelectric lithography-
based methods. These patterns can induce different PIERS enhancements for different
analyte bands and locations. Similarly, TiO2 crystals exist in three different structures:
rutile, anatase, and brookite. Each structure possesses distinct refractive indices, surface
energies, band structures, total density of states, and other properties, which implies

that they may respond differently to light irradiation.
1.3.4 Irradiation Dependance

The effects on PIERS vary depending on the wavelength of the incident light due to
differences in photon energies. Typically, the energy of the incident photons must be
equal to or greater than the bandgap energy of the semiconductor substrate. This allows
for the separation of electron-hole pairs and the expulsion of electrons to states of
oxygen vacancies or the conduction band. In such cases, the Raman signal is enhanced
with increasing irradiation time. However, if the photon energy is lower than the

bandgap energy of the semiconductor substrate or if the substrate is photo-inactive, the
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Raman signal remains stable under light irradiation. It is also important to limit the
intensity of the light source to avoid degradation of the analyte molecules.

The Raman enhancement does not simply increase continuously with prolonged
irradiation for photo-active substrates. In the Ag@TiO2 heterostructure, for example,
the Raman signal is initially intensified but then weakened after a critical irradiation
time (Tirr). The Tirr for maximum enhancement differs for different chemical
substrates, nanostructures, and analyte molecules. Additionally, the behavior of the
Raman signal varies depending on the substrate. For instance, on the Au@TiO2
substrate, the Raman signal initially decreases for about 3 minutes, then steadily
increases for about 12 minutes to reach a maximum enhancement value and remains
stable with continuous irradiation. On the Au@WOs substrate, the Raman signal
steadily increases initially but then rapidly increases after around 20 minutes. On the
Au@ZnO substrate, apart from an initial decrease due to laser-induced degradation of
the analyte molecules, the profile is similar to that of the Ag@TiO: heterostructure, but
the variation occurs over a shorter time. The distinct changes observed may be related
to the microstructure, crystallinity, charge state, and Zn-O bond energy of the ZnO thin
film. In the case of the Ag@LiNbO3 substrate, the Raman signal experiences a sudden
increase upon initial irradiation, followed by an abrupt drop after Tirr. According to a
model proposed by Parkin's group, the time-dependent changes in the measured Raman
signal primarily depend on oxygen vacancy formation, vacancy healing, and laser-
induced bleaching of the analyte molecules. The maximum enhancement under photo-
irradiation suggests an equilibrium between enhancing and decay mechanisms,
indicating a balance among these factors. The increasing enhancement before Tirr is a
result of vacancy formation overwhelming, vacancy healing and analyte bleaching,

while the decreasing enhancement is the opposite.

SERS Plasmonic Nanosensors

In recent years, the remarkable advancements in Surface-Enhanced Raman
Scattering (SERS) technology have propelled the development of highly sensitive and
selective sensing platforms. Among these, SERS plasmonic nanosensors®® have
emerged as a groundbreaking approach, integrating plasmonic nanomaterials into the
realm of nanoscale detection. By harnessing the unique properties of noble metal

nanoparticles, such as gold and silver, these nanosensors exhibit unprecedented
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1.4.1 Chemical Sensors

amplification of Raman signals, enabling the detection and characterization of minute

quantities of analytes.

} Sweat sensor

SERS signal

Drug molecule

Sweat

Human skin

Figure 1.13: Schematic illustration of a wearable SERS patch sensor describing a label-free SERS

detection of drug molecules in sweat.

1.4.1 Chemical Sensors

A chemical sensor typically consists of a molecular recognition unit, a receptor, and
a transducer that can convert a measurable signal into a binding recognition event.
Surface-enhanced Raman scattering (SERS) is an exciting analytical tool that provides
molecular-specific data with high sensitivity, allowing the study of single analytes or
multiple species simultaneously. SERS stands out among other analytical techniques
due to its ability to provide rich vibrational spectroscopic information. It finds
applications in various fields such as electrochemistry, catalysis, biology, medicine, art
conservation, and materials science.

Chemosensors, also known as molecular sensors, are analytical devices used for
detecting analytes. They typically consist of a signaling moiety and a recognition
moiety that generates a visible signal or signal shift in the presence of the analyte.
Surface-enhanced Raman  scattering-based chemosensors utilize plasmonic
nanoparticles or nanostructures functionalized as receptors with binding ligands,
enabling selective identification of the target analyte. The interaction between the
analyte and ligand either eliminates or generates a new SERS signal. This approach
offers highly selective sensors and allows for quantitative analysis using the
chemosensor as a standard. The high sensitivity and narrow bandwidth of the molecular
fingerprint in SERS chemosensors enable differentiation of molecules with similar

structures.
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1.4.2 Biological Sensors

Chemical contaminants found in various environments include organic herbicides,
insecticides, phthalates, polychlorinated biphenyls (PCBs), polycyclic aromatic
hydrocarbons (PAHS), dioxins, and others. Direct SERS analysis in normal and polluted
waters can be challenging due to nonspecific adsorption of other substances in the
solution, which hampers the detection of the target analyte and reduces assay
sensitivity. To overcome these issues, a SERS substrate based on a microporous silica
capsule with gold nanoparticles has been developed. The microporous structure acts as
a molecular sieve, preventing large biomolecules and cells from accessing the
plasmonic portion while maintaining colloidal stability. This substrate has been used to
detect pesticide contaminants in river water. Additionally, a bimetallic Au/Ag ternary
film-packaged chip with polymer films has been manufactured to create more robust
and functional SERS sensors for on-site detection of specific pollutants.

To detect polyatomic anions (e.g., perchlorate, nitrate, nitrite ions) and heavy
transition metal cations (e.g., copper, arsenic, chromium, lead, mercury, cadmium,
copper), which are major environmental pollutants, innovative and enhanced methods
with high sensitivity and selectivity are required for trace-level detection. These
pollutants are typically present in low concentrations, and environmental screening

aims to detect their trace quantities.
1.4.2 Biological Sensors

A biomolecule refers to a molecule derived from living organisms, consisting of low
molecular weight substances such as amino acids, nucleotides, fatty acids,
monosaccharides, and vitamins, which serve as the building blocks of life. These
compounds primarily contain carbon, oxygen, hydrogen, sulfur, nitrogen, and
phosphorus. Additionally, macromolecules such as nucleic acids, proteins, lipids, and
carbohydrates are formed from these biopolymer monomers and hold significant
biological importance.

Biosensors are utilized for qualitative and quantitative analysis of biomolecules®®®°,
Their primary function is to monitor biological processes within the body®! and
diagnose diseases. Biological reactions often occur in complex water environments, and
both in-vivo and in-vitro methods are commonly employed for analysis. In-vitro

methods allow for the study of the temporal evolution of biochemical reactions, while
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1.4.2 Biological Sensors

in-vivo methods enable the examination of detailed mechanisms and dynamic
reactions.

Surface-enhanced Raman spectroscopy (SERS) has gained considerable attention as
a powerful analytical technique for studying biological samples®2. It provides detailed
information about living cells and biological reactions, facilitating the understanding of
drug or toxic agent interactions, diseases, and cell death. Resonant Raman spectroscopy
and coherent anti-Stokes Raman spectroscopy, in addition to traditional nonresonant
Raman spectroscopy, are increasingly contributing to the study of living cells. SERS
finds wide applications in biomedical and bioengineering fields due to its high
sensitivity and selectivity resulting from the optical properties of plasmonic
nanostructures. It has become a valuable analytical tool for examining molecular-level
reaction phenomena, particularly enzyme-catalyzed reactions. However, a common
challenge is preserving the structure of biomolecules, such as protein denaturation on
the bare metal surface, which can reduce bioactivity and function. SERS enhances
Raman signals by orders of magnitude compared to traditional Raman spectroscopy,
achieved through the use of suitable SERS substrates. Consequently, SERS has been

extensively employed in biological research alongside other analytical tools.

In the biological field, SERS is divided into two main areas: fundamental, where it
is used to investigate biomolecule structures, conformations, and charge transfer; and
biomedical diagnostics, which can be direct or indirect. SERS-based biosensors offer
several advantages:

a) They capture the fundamental molecular information and exhibit high sensitivity
to examine individual molecules.

b) Compared to fluorescence spectroscopy, SERS produces sharp peaks and
demonstrates good resistance to photo-degradation and photo-bleaching.

c) Multiple choices of signal enhancement substrates with various sizes and shapes
make it suitable for diverse applications.

d) SERS allows for deep laser penetration, enabling its application in in-vivo and in-

vitro diagnostics and imaging.
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1.4.2 Biological Sensors

M. Sc. Thesis Scope

The main aim of the present Masters Thesis is to develop a method of fabricating SERS
active substrates via one-step Flame Spray Pyrolysis technology. The Nanosensors that

will be fabricated are divided in two categories: AgSiOz, and AgTiOa.

For AgSiO:2 nanofilm the following FSP parameters will be changed each time in order

to find the optimum sensing factors:

e Three deposition times of NPs in the substrate will be followed, 100s, 60s
and 40s.

e Three cases of silica percentage will be used, 6%, 10% and 20% wt.
Subsequently, 9 different nanofilms will be fabricated for AgSiO- behalf.

For AgTiO2 nanofilm the deposition time will again vary from 100s to 40s and
additionally two TiO2 molarities will be followed, 0.6M and 0.3M. Also, sequentially
deposited substrates will be fabricated. Totally, 8 nanofilms will be fabricated on behalf
of AgTiOs..

Next goal is to characterize the already fabricated nanofilms based on their SERS
efficiency. The Raman Reporters that will be used for the forementioned
characterization are 4-MBA, which thanks to its high adsorption will me used for the
main analysis, and Rhodamine 6G will be also used for further characterization. The
Enhancement Factor will determine how effective our substrate is compared with other
from bibliography.

As an application SERS detection in the pesticide Thiram will be managed to be

achieved in order to determine the EF for a real case sensing scenario.

Consequently, in the already SERS active substrates will be illuminated with UV
radiation in order to study the PIERS effect. The AgTiO substrate will be used since
contains a photoactive semiconductor. The formation of oxygen vacancies is necessary

for the effect and it will be studied as well as their interaction with air.

Finally, PIERS effect will be used in order to exceed the Limit of Detection in the case

of AgTiO2 nanofilm.
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Experimental Methods

Chapter 2

Experimental Methods

Flame Spray Pyrolysis

Particle generation through the combustion process, particularly the production of
soot and carbon black, has been a part of human history. It can be traced back to
prehistoric drawings on cave walls and artistic creations by ancient civilizations such
as the Greeks, Egyptians, Indians, and Chinese ®3. In modern times, aerosol reactors
have been developed to synthesize fine nanoparticles® . By rapidly heating and cooling
materials during combustion, unique structures, morphologies, high purity, and
compositions can be achieved, leading to the creation of particles or films. The flame
process has been utilized for several years to manufacture pigmentary titania (TiO2) and
fumed silica (SiO2) powders in the market .

In recent decades, significant progress has been made in understanding the
quantitative aspects of aerosol formation during combustion. These advancements have
brought about revolutionary changes, allowing for the production of flame-made
materials with controlled characteristics, enabling thorough examination of their
effectiveness®. Ulrich G. D. (1984) anticipated that future developments in flame
technology would yield new materials for catalysis, composites, and various
applications®. Undoubtedly, his predictions have been surpassed, and numerous
materials have since been tested for catalytic purposes® , sensors®” | fuel®,
electronics, biomaterials’ , and medical applications’ . Flame spray pyrolysis (FSP) is
a one-step flame process that enables the production of multifunctional nanostructures
with tailor-made properties. Expertise in FSP encompasses knowledge in chemistry,
materials science, mechanical engineering, thermodynamics, and particle dynamics

during flight.
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2.1.1 Basic Principles

A typical flame spray pyrolysis (FSP) reactor consists of three main components: an
atomizer, a burner, and a collecting system’ . In Figure 2.1, it is illustrated that the
liquid precursor needs to be atomized into droplets of micron size. Various techniques
can be employed for atomization, such as ultrasonic, electrostatic, or air blasts. The
size, velocity, and rate of atomization of the droplets play a crucial role in the entire
FSP process. The atomized droplets are sprayed into the flame environment at the

burner.

Filtration \%
S §90%
L] L]
e % §
o Aggregation and &\
Agglomeration B
~.‘ 1:4:4 .y

Growth: Coagulation and

\ Sintering t |

Nucleation and Surface Effects

Supporting flame

" -+
L]
\‘ , ® Droplet Spraying and ﬂ‘\l H

Evaporation

0O,/CH _—1—1—':1
At Dispersion O,

: Sheath gas O, Liquid precursor

Figure 2.1 Flame Spray Pyrolysis (FSP) apparatus, Dept. of Physics, UOI

The burner can be classified into two types: diffusion burner and premixed burner.
In a diffusion burner, the fuel (CH4) and the oxidant (O) are not mixed until they enter
the flame zone. On the other hand, a premixed burner involves mixing the oxidant (O2)
and fuel (CH4) prior to entering the flame zone. The premixed fuel and oxidant form
the pilot flame, where the dispersing gas (O2) determines the angle at which the droplets
are nebulized. Additionally, the dispersing gas aids in converting the precursor into
micron-sized droplets and acts as an extra oxidant in the flame environment.

To protect the flame environment and assist in the collection of nanoparticles, an
additional flow of O gas called sheath O is introduced to create an upward stream.
The liquid precursor is injected into the flame environment in the form of droplets.
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2.1.2 Particle Formation

These droplets undergo combustion, and the resulting particles are subsequently

collected on a glass fiber filter.
2.1.2 Particle Formation

In the field of Flame Spray Pyrolysis (FSP), there are two main pathways through
which particles are formed (Figure 2.2): droplet-to-particle and gas-to-particle’. It is
important to note that particle formation does not solely occur through the droplet-to-
particle pathway, despite the precursor being sprayed in micron-sized droplets into the

flame environment.
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Figure 2.2 The two main pathways through which particles are formed: droplet-to-particle and gas-to-particle.

In the particle formation process, there are two key factors that influence the final
product’: the combustion enthalpy density and the fraction Top /Tamp. Top represents
the boiling point of the solvent, while Td,mp refers to the decomposition point of the
metal precursor. It has been observed that high combustion enthalpies (>4.7 kJ/ggas)
and Tbp / Td,mp ratios greater than 1.05 result in the production of homogeneous
powders. The liquid precursors typically used are metalorganic compounds, which
contribute only a small fraction of the total combustion enthalpy. The majority of the
combustion enthalpy is derived from the solvents, particularly high enthalpy solvents

like xylene.
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2.1.2 Particle Formation

In the gas-to-particle route, the Tbp / Td,mp ratio exceeds 1.05, causing the precursor
to decompose before the solvent evaporates. When the precursor spray ignites and
reacts exothermically, the precursor decomposes, generating metal vapor in the hot
flame environment (approximately 2400°C). Under these conditions, molecular
nanoclusters form through nucleation. These nanoclusters, driven by Brownian motion
and differences in their velocities, collide with each other, leading to coagulation.
Coagulation is the primary mechanism for growth. During this growth process, particles
collide and adhere to one another, either maintaining their individual shapes or fusing
together to form spherical particles. This sintering process, known as coalescence,
determines the final particle morphology. The temperature profile (cooling rate) and
primary particle size play a significant role, and the resulting particles can be classified
as single particles, aggregates (with primary particles connected by strong sinter necks),
or agglomerates (with primary particles held together by weak van der Waals bonds).
When sintering occurs faster than coagulation, single particles are formed. If sintering
and coagulation rates are comparable, aggregates are formed. When sintering is

negligible, agglomerates are formed.

In the droplet-to-particle route, the Thp / Td,mp ratio is less than 1.05, causing the
solvent to evaporate before the precursor decomposes. As a result, the precursor is left
in the high-temperature zone. The size of the nanoparticle depends on the size of the
droplet. The precursor accumulates on the outer layer of the droplet, preventing further
vaporization of the solvent. In this scenario, precipitation occurs, and if it happens
rapidly, a shell forms outside the droplet, leading to the formation of shell-like particles
through a process known as micron-explosion. Other products include micron-sized
particles.

Figure 2.1 illustrates additionally outlines the step-by-step process of particle
formation and growth, starting from the spraying of the precursor into the flame zone
and resulting in the production of powder. When following the droplet-to-particle
pathway, the particle formation mechanism involves the following steps:

e Aerosol pyrolysis occurs, where the precursor dissolves in solvents, is
atomized into micron-sized droplets, and is sprayed into the high-temperature

zone, which is the flame.
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2.1.2 Particle Formation

e The precursor spray ignites, releasing energy in an exothermic manner. This
leads to the decomposition and evaporation of the precursor, producing metal
vapor.

e Exothermic combustion reactions between the precursor and organic solvents
create extreme conditions for the formation of molecules and clusters
(monomers) through nucleation or direct inception. These monomers then
grow into nanoparticles through coagulation, as depicted in Figure 3.1.
Coagulation happens when there is a high concentration of particles in the
aerosol, resulting in particle collisions driven by Brownian motion and
leading to strong adhesive forces or chemical bonds.

e The coalescence or fusion process contributes to the formation of single
particles from multiple nanoparticles. This occurs due to intensive
aggregation in the high-temperature region of the flame, facilitated by
sintering effects.

e As the aerosol stream exits the high-temperature zone and enters the reactor,
coalescence is completed as the temperature decreases. Particle growth
continues through coagulation, forming aggregates of primary particles with
strong chemical bonds and agglomerates of primary particles held together
by weak physical bonds, such as VVan der Waals forces.

The collected powder product consists of aggregated nanoparticles. The degree of
aggregation, which refers to the morphology of the particles, impacts their final
properties and determines their applications. Typically, aggregated systems contain a
varying number of primary particles, ranging from a few to hundreds, with sizes ranging
from 1 to 500 nm. Residence time and process temperature play crucial roles in
determining the extent of aggregation. Aggregated nanoparticle systems are formed
through coagulation and coalescence, with aggregates being produced when the
collision rate is higher than the sintering rate.

In flame aerosol processes, metal oxides are thermodynamically favored products.
However, controlling suitable parameters for metal synthesis is challenging due to the
oxygen-rich environment inside the FSP reactor. One advantage of flame technology is
its scalability. By enclosing the FSP flame in a tube, the entry of ambient air is
prevented while maintaining the convection heat inside the reactor. This enclosure

restricts the presence of oxygen (except for controlled sources like dispersion) and

34



2.1.3 FSP Powder Set-Up

reduces oxidative conditions, enabling the production of fine metallic nanoparticles.
The enclosed system promotes longer residence time and higher flame temperature.

In conclusion, residence time and high temperatures are key factors driving particle
formation and growth, purity and crystallinity, and the dominance and extent of
coagulation/coalescence, which ultimately affect the properties and characteristics of
the final powder product. However, monitoring these factors is complex as they are
influenced by various FSP parameters, ranging from precursor solution concentration
to the effects of external air.

2.1.3 FSP Powder Set-Up

The FSP (Flame Spray Pyrolysis) equipment utilized in this study is set up in the
Nanomaterials' Lab, located in the Physics Department of the University of loannina.

This arrangement is depicted in Figure 2.3. Also, a detailed image of the FSP burner

i

Collection System

configuration.

Figure 2.3 FSP reactor with its components .
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2.1.3 FSP Powder Set-Up

The FSP reactor consists of several components, as follows’®:

e Burner: This part of the FSP reactor,

which is displayed in Figure 2.4,

includes a gas-assisted nozzle, which is Capillary

Sheath Gas |

a capillary tube with specific
dimensions (outer diameter of 0.5 mm
and inner diameter of 0.6 mm). It is
positioned within an opening of 0.8
mm, creating an annular gap. The

burner is responsible for igniting the

flame using oxygen (Oz) and methane  rigure 2.4 FSP burner demonstration.

(CHa) gases. The supporting gases and

precursor dissolved in solvents flow through the capillary tube, while the dispersion
gas flows through the annular gap. The optimal dispersion/spray angle is
determined by the height of the capillary above the nozzle opening.

e Atomizer: The atomizer (Figure 2.6) is a crucial part of the FSP reactor that
converts the liquid precursor into micron-sized droplets. Atomization occurs before
spraying and plays a significant role in increasing the surface area of the droplets,
leading to higher combustion and vaporization rates. The droplets are then
transferred to the burner for spraying using a syringe pump. The size of the droplets

is controlled by adjusting the liquid-to-gas mass ratio.

Figure 2.5 (Left): Pilot flame. (Middle): Dispersion. (Right): Precursor combustion
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2.1.4 FSP Nano-Film Fabrication

Figure 2.6 On the left the FSP atomizer, on the right the glass fiber filter in collection process.

e Collector: After the spray pyrolysis process, the resulting particles are collected
as powder. This collection is facilitated by a thin fiber filter, which captures the

particles, and a vacuum pump, which aids in the collection process (Figure 2.6).

2.1.4 FSP Nano-Film Fabrication

The advantages of the FSP (Flame Spray Pyrolysis) method have sparked extensive
research into developing FSP reactors and understanding the influence of precursor
chemistry on the morphology and structure of the final products. Furthermore, FSP has
been adapted to fabricate nano films composed of nanoparticles with adjustable
porosity, exhibiting exceptional performance in chemical sensors, photodetectors, and
solar cells’""® . FSP-made powders can also be used to create films by casting or
dropping, but these films tend to be relatively dense with uneven coverage resulting
from the wetting processes and solvent evaporation, lacking a three-dimensional

hierarchy.

In this thesis we have successfully directly fabricate robust transition metal oxide films
on solid substrates using FSP. These films exhibit promising performance as active
SERS sensors, detecting pesticides with high efficiency.

Figure 2.7 illustrates a schematic of the FSP (Flame Spray Pyrolysis) setup utilized for
the one-step production of transition metal oxide films. The equipment is the same with
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Figure 2.7 Schematic diagram of the experimental procedure to fabricate SERS sensing films
in one-step.
the powder FSP set up with the addition of a water-cooled holder for the substrate which

ensures the a large thermophoretic deposition rate.

The process involved the feeding of a solution containing precursors into a capillary,
followed by the atomization of the solution into small droplets using pure oxygen.
These fine droplets were then ignited by a pilot flame, leading to the formation of a
spray flame. Within this flame, a series of complex reactions occurred, including
droplet evaporation and combustion, particle nucleation, growth through coalescence
and sintering, as well as aggregation and agglomeration’®. As a result of these
processes, nanoparticles were generated. To achieve direct deposition of these freshly

formed nanoparticles onto a glass substrate, thermophoresis was employed.
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2.1.4 FSP Nano-Film Fabrication

In the context of nanoparticle deposition, thermophoresis is used to direct the motion
of nanoparticles towards a cooler substrate®®. The temperature difference between the
flame and the substrate creates a thermal gradient, and the nanoparticles, being hotter
in the flame, move towards the cooler substrate due to thermophoretic forces. This
selective migration allows for the direct deposition of nanoparticles onto the substrate,

enabling the formation of thin films or coatings.

The extent of thermophoretic deposition depends on various factors, including the
temperature gradient, particle size, particle-fluid interactions, and the properties of the
fluid medium. By controlling these factors, it is possible to manipulate the deposition
process and achieve desired film characteristics, such as thickness and nanoparticle

distribution.

Due to the highly exothermic nature of FSP liquid precursor combustion, the flame
temperature can reach temperatures of up to 1000°C. Therefore, to create FSP-made
porous films, an optimal height above the burner (HAB) is chosen to induce a certain
degree of nanoparticle sintering, and the substrate is water-cooled to prevent damage.
Under these experimental conditions, the porosity of the FSP-made films can be
adjusted. Films fabricated at HAB values of 10 cm and above exhibit high porosity and
large surface areas but suffer from poor mechanical adhesion to the underlying
substrate®. Although post-thermal treatments have been employed to mitigate this
issue, these films still struggle with enduring repeated measurements during gas
evolution reactions on their surface, as well as strong capillary forces acting on the

pores formed between the nanograin boundaries® .

However, the high porosity of the deposited films poses a significant challenge as it
limits their mechanical stability, thereby restricting the use of FSP-fabricated films in
liquid environments. To address this issue, Kiihne et al. and Tricoli et al. integrated FSP
with recent advancements in microtechnology®:, leading to the development of a new
generation of micromachined, smart, single-chip gas sensors. The FSP unit was
combined with a water-cooled substrate for synthesis, and a shadow mask was
employed for the direct deposition of thick layers of nanoparticles. The nanoparticles
were also deposited through the pores of the shadow mask onto micro-hotplates that
were micromachined on wafers. These micro-hotplates consisted of a sensitive area

measuring 300 x 300 um?, Pt-interdigitated electrodes, an embedded heater, and three
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temperature sensors. During deposition, the substrate was maintained at approximately
150 °C to ensure a high thermophoretic deposition rate. Subsequently, the layers were
annealed in situ by directing a particle-free xylene spray flame onto the shadow mask
for a duration of 30-60 seconds to achieve mechanically stable layers®?.. It is important
to note that the particle deposition in the initial step is characterized by a distinct "in-
flame-agglomeration™ control regime due to the low substrate temperature. However,
during the subsequent in situ annealing, an "on-substrate-sintering" regime takes place
at high flame temperatures®. This transition causes the lace-like layers to transform
into compact cauliflower-like structures, resulting in a significant reduction in specific
surface area (SSA). The separation of these two regimes at different stages of the FSP
fabrication process enables the production of novel micro-patterned stable functional

inorganic nanomaterial layers®,
2.1.5 FSP Film Set-Up

The Flame Spray Pyrolysis (FSP) Film Set-Up employed in this research is installed

within the Nanomaterials' Laboratory, situated in the Department of Physics at the

Figure 2.8 a) FSP Film Set-Up, b) Watercooled holder while FSP process in on-going, ¢) demonstration of successful

Film deposition
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2.1.5 FSP Film Set-Up

University of loannina. The schematic representation of this setup can be observed in
Figure 2.6. Additionally, a more detailed illustration of the water-cooled holder is

demonstrated in Figure 2.9, the metallic

Figure 2.9 Watercooled holder of FSP-FILM Set-Up with 10 spots available.

Raman Spectroscopy

More than 80 years have passed since the discovery of the Raman effect®, and
Raman spectroscopy has emerged as a crucial method in various analytical and
structural determination techniques. The advent of lasers in 1960 has revolutionized
Raman spectroscopy and introduced valuable new techniques. Among these, surface-
enhanced Raman scattering (SERS), discovered in 1977, stands out as a highly
significant and intriguing finding. Under specific conditions, molecules adsorbed onto
metal surfaces exhibit an unusually large interaction cross section for the Raman effect.
Despite its long history, the field of SERS continues to flourish with recent
advancements that have significantly increased the sensitivity of measurements and
unveiled new phenomena with practical applications. SERS measurements are expected
to play an increasingly vital role in chemistry, biochemistry, and biophysics®.

Laser Raman spectroscopy involves the measurement of radiation scattered from

various types of samples, including solids, liquids, and gases. While any light source
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2.2.1 Classical Description

can be used, the low intensity of Raman scattered radiation typically necessitates the
use of laser radiation for excitation.

The Raman effect refers to the inelastic scattering of light by matter. When a
molecule interacts with a photon of visible light that lacks sufficient energy to induce
electronic transitions, the photon can be scattered in three ways. It can be elastically
scattered, retaining its incident energy (known as Rayleigh scattering), or it can undergo
inelastic scattering by either transferring energy to or gaining energy from the molecule.
Inelastic loss of energy by photons results in Stokes scattering, while inelastic gain of
energy leads to anti-Stokes scattering (as depicted in Figure 2.10).

Electromagnetic radiation exhibits characteristics of both particles and waves.
Therefore, Raman scattering can be described from two perspectives: the classical
interpretation based on wave theory and the quantum interpretation based on

electromagnetic radiation as energetic particles®’.
2.2.1 Classical Description

In the classical interpretation of light scattering, it is assumed that a molecule behaves
as a vibrating dipole. When the molecule is subjected to an electric field, the electrons
and nuclei within it experience displacements, resulting in the development of an
electric dipole moment®. This induced dipole moment is directly proportional to the
applied electric field,

U=akE (2.1)

as represented by Equation 2.1 The polarizability of the molecule, denoted by ‘a,'
quantifies how easily the molecular orbitals can deform in response to an external
electric field.

The electric field (E) can be expressed as:

E = E, cos(2 mvyt) (2.2)

where Eo represents the amplitude of the electric component, vo is the frequency of

the wave, and t denotes time. By substituting Equation 2.1 into Equation 2.2,

U = aEy cos(2 myyt) (2.3)
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2.2.1 Classical Description

we obtain Equation 2.3, indicating that the induced dipole moment varies based on
the wave frequency. As a result, the molecule becomes a source of radiation at that
specific frequency, leading to Rayleigh scattering, which would be the sole form of
scattering if the molecule lacked its own internal vibrations.

During vibration, the molecule undergoes changes in size, shape, and consequently,
its polarizability (as represented by the polarizability ellipsoid). If the polarizability
varies throughout the vibration, every component of the polarizability tensor (aij) will
be expressed as Equation 2.4,

aai- (24)
a; = (i), + < an> Q
0

where (%"’) signifies the change in the a;;component during the specific
0

vibration characterized by the normal coordinate Q. The normal coordinate describes
the displacement of all the atom nuclei within the molecule from their equilibrium
positions, while (aij)o represents the value of «;; at the equilibrium position of the

nuclei.

The normal coordinate behaves in a periodic way:
Q, = A,cos (2mvt) (2.5)

with A,, the amplitude of the of the specific vibration occurring in the molecule.

Substituting the previous equations in the matrix form of polarization tensor we get:

da
a=ay+ (%) A, cos (2mvt)
0

(2.6)

By utilizing equation 2.3 we can rephrase the equation that represents the magnitude
of the induced moment in a molecule undergoing a vibration with frequency v when
interacting with an electromagnetic wave of frequency vo. Additionally, a trigonometric
identity is used to get the following equation.
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2.2.2 Quantum Description

1 d 2.7
U = agEycos (2mvyt) + EAVEO ( 7

a
%>0 {cos[2m(vy — V)t]

+ cos[2m(vy + V)t]

Consequently, the vibrating molecule can emit scattered radiation at three distinct
frequencies. The first term, with a frequency v, that remains unchanged compared to
the incident radiation, corresponds to Rayleigh scattering. The second term, with a
frequency (v, — v), corresponds to Stokes scattering. Lastly, the third term, with a
frequency (vO + v), corresponds to Raman anti-Stokes scattering. Additionally, it is
concluded that in Raman scattering it is for the polarizability of the molecule to undergo

modifications during the vibration®,
2.2.2 Quantum Description

Energy particles are commonly referred to as quanta, and when it comes to
electromagnetic radiation, they are known as photons®. The quantum theory
perspective of Raman scattering acknowledges that the energy associated with
molecular vibrations is quantized based on the principles defined by Planck's
relationship E,, = hv, with v being the frequency and h the Planck’s constant.

When a photon interacts with a molecule, three phenomena can occur. First,
absorption takes place if the energy of the photon matches the energy difference
between two stationary energy levels of the molecule. Second, emission occurs when
the excited molecule releases a photon, and the energy of the emitted photon
corresponds to the energy difference between two energy levels of the molecule.
Finally, scattering happens when the photon energy does not correspond to any energy
difference between two levels of the molecule.
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Figure 2.10 Diagram of scattering during illumination of the sample with monochromatic light (v: vibrational

Fundamental
electronic
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levels).

Scattering is a two-photon process and cannot be separated into individual steps of
absorption and emission. When identical molecules are exposed to monochromatic
light, three types of scattering are observed, as they are described in Figure 2.10.
Rayleigh scattering occurs when transitions start and end at the same vibrational energy
level. Stokes Raman scattering involves transitions starting from the ground state
vibrational level and ending at consecutive higher vibrational energy levels.
Conversely, anti-Stokes Raman scattering involves transitions from higher to lower
vibrational levels.

The frequency differences between the incident photon and the inelastically scattered
photons are equal to the molecular vibration frequency. These phenomena occur almost

instantaneously, within a very short timeframe of about 10" seconds.
2.2.3 Raman Spectrum

In Raman spectroscopy, the energy of the scattered photons is characterized using
wavenumbers in cm™. The Raman shift, which represents the energy difference
between the incident radiation and the scattered radiation, is used to describe the Raman

signals. The Raman shift can be calculated using the equation:

e = (5)- () -
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2.2.3 Raman Spectrum

The Raman vibrational fingerprint can be divided into approximate regions. The 0 to
500 cm™ range predominantly includes vibrations involving heavy atoms. The range
from 500 to 1800 cm™ is of interest for biological systems, while the 1800 to 2800 cm-
1 range mainly involves alkyne vibrations and fewer vibrations and overtones. In the
range of 2800 to 3500 cm™, lighter molecules like CH2 can be detected.

When characterizing a Raman spectrum, several factors should be considered. The
peak position depends on the environment and energy level of the vibrating molecules.
The full width at half maximum (FWHM) provides information about the dynamics
and motion of the molecule. The Raman intensity is influenced by various factors such
as the number of molecules and the intensity and wavelength of the laser. To compare
peaks between different spectra, the "relative intensity” is often used instead of the
"absolute intensity." The relative intensity compares the peaks within the same
spectrum rather than relying on the actual intensity counts.

In non-conventional Raman techniques, a strong Raman background may be present,
which depends on the specific technique and sample used. Background correction
methods vary, and sometimes the background contains valuable information and is not
subtracted. Further details on the Raman background can be found in the article by Pilz
and Kriegsmann.

Conventional Raman techniques may struggle to detect the Raman signal from low
amounts of adsorbed molecules, such as (sub)-monolayers. To enhance the Raman
signal, techniques have been developed based on the electromagnetic enhancement of

localized surface plasmons, which will be discussed in the next chapter.
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2.2.4 Measurement Set-Up

2.2.4 Measurement Set-Up

Figure 2.11 Illustration of Raman instrument assembly.

The basic configuration of a Raman spectrometer consists of three main components:
a radiation source, typically a laser with a specific wavelength; a spectrometer that
disperses the scattered light; and a detector that captures the scattered light. The choice
of laser wavelength depends on the intended application, ranging from UV to visible
and near-infrared. Commonly used lasers include the 514.5 nm Ar* ion laser, the 532
nm Nd:YAG laser, and the 785 nm laser, which offers a good balance between
scattering efficiency, fluorescence influence, and detector efficiency. The longer the
laser wavelength, the greater the laser intensity that can be used. Figure 2.11 illustrates
the overall setup and principle of a Raman microscope spectrometer, where the laser
beam interacts with the sample, and the scattered light passes through a filter to select
the Raman scattering light of different wavelengths. The dispersed light is then captured
by a CCD detector, which converts the photo current into an electric current to generate

the spectrum.

A Raman spectrum contains valuable information, with two main parameters
influencing its characteristics. Parameters related to vibration-induced charge transfers
determine the Raman scattering intensity, while parameters associated with bond
"dynamics" determine the peak positions. Peak position serving as a unique
"fingerprint” for each molecule or material. The bandwidth indicates the order of the

bonds, while shifts in peak positions can be attributed to external perturbations.
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2.2.5 SERS Enhancement Factor Calculation

2.2.5 SERS Enhancement Factor Calculation

Another critical parameter that defined the Enhancement Factor (EF) on SERS is
Raman Spot. In other words, the area that the lens is taking a measurement from. In our
case, we used 10x lens with Numerical Aperture (NA) of 0.25 and the Raman spot
radius calculated from eq. is 1.9um. So for a circular area we conclude that Araman=
11.3pm 2,

1.221 (2.9)
Rraman = m

Additionally, the depth that Raman can reach in a sample is given by (2.10) and is
estimated to be Draman=4.3pum.
1.41 (2.10)

Draman = m

Calculation of the enhancement factor®?:

Isgrs ) / (IBulk ) (2.11)

EF = (
NBulk

NSERS

the term Isers refers to the Raman scattering intensities observed from the Raman
reporter molecules attached to the nanoparticle films. On the other hand, Isuix represents
the Raman intensities obtained from the powdered form of Raman Reporters. The
variable Nyuik represents the average number of probe molecules present in the bulk
solid sample (Equation 2.12), while Nsers represents the average number of probe
molecules that are bonded to the surface of the nanoparticle film (Equation 2.13).

_ ARaman ph NA (2.12)
NBULK - M
r

M:; is the molecular weight (for 4-MBA is 154.19 g/mol), p is the Raman reporter
density ( for 4-MBA 1.405 g/cm®), Na is the Avogadro Number, h the Raman depth
and Araman the spot Raman takes data from per measurement.

N — ARaman VM (2-13)
SERS T Apim Ny

With V we refer to the Volume of the organic molecule that was dropcasted in the
nanofilm, M is the Molarity and Ariim the nanofilm full area (3.24 cm?).

2.2.6 Experimental Set-Up
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2.2.6 Experimental Set-Up

Raman spectroscopy measurements were taken using a Horiba XploRA Plus Raman
microscope coupled to an Olympus BX41 microscope and using a 785 nm laser as an
excitation source. The microscope is coupled to a CCD which helped using low laser
intensities of 1% in samples that were experiencing phase changes due to heating.
Spectrum were recorded and processed with Lab Spec software. An important

parameter is that in all measurements the 10x lens was used.

Figure 2.12 Horiba XploRA PLUS Raman microscope.

X-Ray Diffraction

X-ray powder diffraction (XRD) is a fundamental technique in materials
characterization, used to determine the crystal structure of powdered samples. By
exposing the sample to X-ray radiation, the XRD technique generates a diffraction
pattern that contains valuable information about the arrangement of atoms in the
material. Through careful analysis of the diffraction pattern, it can be determined crystal
symmetry, lattice parameters, phase composition, and the presence of defects or
impurities. XRD is widely employed in fields like materials science, chemistry,
geology, and pharmaceuticals, enabling a deep understanding of the structural
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2.3.1 Basic Principles

properties and behavior of diverse materials, crucial for various applications and

research advancements.
2.3.1 Basic Principles

The above technique has it foundations in some basic principles®2. First and foremost,
X-rays, are just like other electromagnetic waves, exhibit both wave and particle
properties. X-rays can be treated as a stream of photons, which have energy
proportional to their frequency. The wave nature of X-rays enables them to undergo
diffraction when they interact with a crystalline solid. When X-rays encounter a crystal,
they interact with the atomic planes and experience constructive and destructive
interference. This phenomenon is known as diffraction. The regular arrangement of
atoms in a crystal lattice acts as a three-dimensional diffraction grating, causing X-rays
to scatter in specific directions according to Bragg's law, formulated by Sir William
Henry Bragg and his son Sir William Lawrence Bragg in 1913, relates the angles at
which constructive interference occurs to the wavelength of X-rays and the spacing

between atomic planes in a crystal . Mathematically, it is expressed as

nd = 2d sin @ (2.14)

where n is the order of diffraction, A is the wavelength of X-rays, d is the interplanar
spacing, and 6 is the angle of incidence.

Finally, the interaction of X-rays with a crystal produces a diffraction pattern
consisting of a series of bright spots on a detector. Each spot corresponds to a specific
set of crystal planes that satisfy the conditions of Bragg's law. By measuring the angles
and intensities of these spots, valuable information about the crystal structure can be
obtained.

50



2.3.2 Scherrer Equation

Crystal

Figure 2.13 Illustration of Braggs Law.

2.3.2 Scherrer Equation

The Bragg peaks present in X-ray diffraction patterns hold valuable information
about the material being studied, including phase identification, crystallinity, and size
broadening effects. The width of a Bragg peak is associated with the size of the particles
within the sample. The relationship between the size of sub-micrometer particles and
the broadening of the peaks is described by the Scherrer equation. This equation
provides a mathematical expression for estimating the particle size based on the

observed broadening of the peaks. The equation nn has the following form:

J _ KA (2.15)
XRD p cos@

the parameter "d" represents the average crystal size of the sample, a dimensionless
constant "K" (typically 0.9) and the width of the Bragg peak at half of its maximum
intensity (FWHM) expressed in radians as "f," is used to estimate the crystal size. It
should be noted that the Scherrer equation is applicable primarily to nanoscale particles
and has limitations. It is not suitable for analyzing grains larger than approximately 0.1
micrometers, as the accuracy of the equation diminishes. This is due to the fact that

crystal lattice imperfections and strains contribute to the broadening of the FWHM.

2.3.3 Experimental Set-Up
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2.4.1 Basic Principles

XRD Diffraction Patterns of the nanofilms were obtained with a D8 Advance Bruker
Diffractometer (Fig. 2.4) using (40kV, 40mA) A=0.154 nm Cu Ka radiation with a

Lynxeye detector. The sample is placed in a silicon holder. All the parameters,

Figure 2.14 D8 Advance Bruker Diffractometer

including angles wide, angle step, residence time of sample holder, are defined by a

Bruker software.

Ultraviolet-Visible Spectroscopy

UV-Vis spectroscopy is a powerful analytical technique widely employed in various
scientific fields, including chemistry, materials science, and physics. It involves the
measurement of the absorption or transmission of ultraviolet (UV) and visible (Vis)
light by a sample, providing valuable information about its electronic structure and
molecular composition. UV-Vis spectroscopy offers insights into fundamental
properties such as electronic transitions, concentration analysis, and kinetics of
reactions. By analyzing the absorption spectrum it can be identified the functional
groups, determine compound purity, and quantify analyte concentrations in a non-

destructive way.

2.4.1 Basic Principles

UV-Vis spectroscopy is based on the fundamental principles of the interaction of

light with matter®®. When a sample is subjected to ultraviolet (UV) and visible (Vis)
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2.4.1 Basic Principles

light, it absorbs photons of specific energies corresponding to electronic transitions
within its molecular structure. UV-Vis spectrophotometry concerns the UV range
covering of 200-380 nm and the VIS range covering 380—770 nm.

Typically, in the UV-Vis spectra, the electrons involved in absorbing photons are 7-
electrons or non-bonding (n) electrons in molecules. When these electrons absorb
energy from photons, they transition to higher energy anti-bonding orbitals. In the case
of semiconductors, if the energy of the incident photons is comparable to the bandgap
energy, the light will be absorbed, resulting in the observation of a peak in the spectrum.
The bandgap energy represents the energy difference between the valence band (lower
energy) and the conduction band (higher energy) in semiconductors. When photons
with energies matching the bandgap are absorbed, electrons in the valence band are
excited to the conduction band, contributing to the observed absorption peak.

The absorption of light by the sample is governed by two basic principles. Firstly,
the Beer-Lambert Law®, which states that the absorbance (A) is directly proportional
to the concentration (c) of the absorbing species and the path length (I) through which

the light travels. Mathematically, it can be expressed as:
A=¢cl (2.16)

where ¢ is the molar absorptivity or extinction coefficient.

Secondly, Lambert's Law establishes that the absorption of incident light by a
transparent medium is unaffected by the light's intensity. As a result, consecutive layers
of uniform thickness will transmit an equal proportion of the initial energy. This

principle can be expressed through the following equation:

1
% T = — X100 (2.17)
Iy

where | represents the intensity of the transmitted light, lo signifies the intensity of
the incident light, and T denotes the transmittance. It is customary to express
transmittance as a percentage relative to the incident light.

Combining the above, we finally conclude in the equation that has the form:
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1 %T (2.18)
A = log]—0 = —log (100%> =¢e¢C¥

where A is the absorbance, which is unitless, € is the molar attenuation coefficient of
the medium (M cm®), C is the molar concentration (M), and | is the pathlength (cm).
It is important to note that the molar attenuation coefficient is a function of wavelength,
therefore Beer-Lambert’s law is only true at a single wavelength.

The absorption spectrum obtained from UV-Vis spectroscopy provides information
about the energy levels and electronic transitions within the sample. It typically consists
of a plot of absorbance versus wavelength or frequency, showing characteristic peaks

and valleys.

2.4.2 Experimental Set-Up

The PerkinElmer Lambda 35 Spectrometer (Figure 2.15) was used to collect UV-Vis
spectra. The particles were dispersed in aqueous solvents and placed in quartz cuvettes..
The monochromator employed a holographic grating and the optical system is
illustrated schematically in Figure 2.17.

The holographic concave grating in

the monochromator had 1053 )ttt

linessmm at its center. The — ' \
spectrometer utilized two radiation

sources, namely a deuterium lamp

and a halogen lamp, which covered [ =
the desired wavelength range. The

two lamps used in the setup emit

Figure 2.15 PerkinElmer Lambda 35

light at 380nm, which introduces

background noise into the spectra in the neighboring wavelengths. The combination of
mirrors and filters (in the system ensures that only a monochromatic beam of photons
is directed towards the sample surface. By measuring the intensity difference between
the incident light produced by the lamps and the reflected light detected by the detector,
a spectrum is generated.

For UV-Vis experiments, rectangular quartz-glass cuvettes with a fixed width of 1cm
are commonly used. The light passes through the material along this path. The cuvettes
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2.4.2 Experimental Set-Up

are made of quartz glass because it is transparent in the UV to near-infrared range,

ensuring that the container itself does not contribute to the signal.

Light
inputs

Cuvette

positions
Detectors

Figure 2.16 Top view of UV/Vis

holder

)

Mirror

\/

Tungsten D2 Lamp

Lamp

: Processing
Slit f Wavelength
§ e _ |/Beam i .j

In our experiment we use a double beam UV/Vis, meaning
that one beam has to pass through the reference sample,
while simultaneously the other beam has to pass the
material in question. The beam that passes the reference is
considered the 10 of the system.

In this particular experiment, ethanol will serve as the
reference sample. The sample, on the other hand, will
consist of a fixed concentration of ethanol, and the

nanoparticles.

Reference
Photodetector

Mirror
- | L) Output

Data
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Monochromator

/4 ' Splitter
Sample Photodetector

Figure 2.17 Schematic view of optical path for PerkinElmer Lambda 35

Spectrophotometer.
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2.4.2 Experimental Set-Up

Light Irradiance Set-up

Studying  the  Photo-Induced
Enhanced Raman  Spectroscopy
(PIERS) a UV light source was
needed in order to create the oxygen
vacancies in the semiconductor.

In our case we wused the
experimental set-up demonstrated in
FI and consisted of an Arc Xenon
Lamp (model: Oriel 6293, 1000 W)
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Figure 2.19 Oriel Lamp irradiance spectrum

that radiates through a pipe, and a beam

turning mirror holder (Figure 2.18) which bends the beam by 90 degrees, absorbing

most of the radiation.

For our experiments, we will adjust
the power of the arc xenon lamp to 450
W. The lamp's male flange end is
compatible with the output of an Oriel
Lamp Housing condenser (as shown in
Figure 3.32a). The majority of infrared
(IR) light passes through the dichroic
mirror, while the mirror housing
absorbs it and a heat sink dissipates the
generated heat. The optimal distance
between the lamp's surface and the lens
is approximately 0.5 m. In Figure 2.19,
the spectral irradiance of the lamp is
displayed with the wavelength (A) as
the spectral variable. By integrating the
area from 390 to 700 nm, the total

Beam turning
mirror holder

NI TR AR
l||lm|lllll‘|lllll|l||ll|I AT SRR
R IIIlIIIIIIIIIIIl‘IIII

Figure 2.18 Experimental illumination set-up,, consisting of the arc

xenon lamp and the beam turning mirror holder.

irradiance within the visible spectrum can be determined in units of W/m?.
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2.4.2 Experimental Set-Up

Spin Coater

In order to disperse the solution
of the organic raman reporter
in the nano-film we used the
6800 Spin Coater by Speciality
Coating Systems. The film was
placed in a special holder and
stayed in its place while
spinning due to the air pump
that was connected to the set-
up. All the parameters were set
by a software of SCS, in our

experiment we used maximum of 2000rpm in

all samples.
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3.1.1 AgSiO2 Synthesis

Chapter 3

Results - Discussion

Substrate Synthesis

In this Chapter taking advantage of
the Flame Spray Pyrolysis technique
that was described in Chapter 2, we
manage to synthesize the Plasmonic
Nanofilms that will be analyzed in the
sections that will follow. For the
purpose of this master thesis two king
of substrates were synthesized,
AgSiO2 and AgTiO.. The FSP set-up
that was used, as it is already
analyzed, is the one with the water
cooled film holder. Since the films are
for one use only, totally 80 nanofilms
were made but the ones with different
variables in the fabrication process

will be analyzed and characterized.

3.1.1 AgSiO2 Synthesis

Water Cooling System
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Figure 3.1: Schematic diagram of the experimental

procedure to fabricate SERS sensing films in one-step.

Firstly, in Table 3.1 are presented the FSP parameters of the AgSiO> nanofilms. The

precursor solution was prepared by dissolving silver acetate (Sigma-Aldrich, purity >
99%) and Hexamethyldisiloxane (HMDSO, Aldrich, purity 98%) in 2-ethylhexanoic
acid (EHA) and acetonitrile (ACN) (both Sigma-Aldrich, purity > 97%), at volume ratio

1:1.

58



3.1.1 AgSiO2 Synthesis

FSP Parameter

Precursor Silver Acetate/ HMDSO

Solvents 2-Ethylhexanoic acid/ Acetonitrile

Precursor Feed rate (mL min) / Dispersion | 5/5

(L min?)

Pilot Flame O2/CH4 (L mint) 3/1.5
Seath O2(L min™) 15
Molarity (M) 0.4
Pressure (barr) 1.8
Hight From Burner (HAB) (cm) 25 cm
Substrate Temperature (°C) 60

Table 3.1: FSP parameters for AgSiO; substrate fabrication.

The quantity of HMDSO in the mixture of the liquid precursors defined the wt% content
of SiO2 in the final product, in other words it influences the average distance that the
silver particles have between them and acts as dielectric spacer.

In this study we fabricated Ag@SiO substrates with 6%, 10% and 20% of SiO2 wt%.
The next important parameter that defines the thickness of the film is the deposition
time (tg) of the nanoparticles in the glass substrates. Three deposition times were
followed, 100s, 60s and 40s.

Deposited nanoparticle mass increased linearly with tyq but the glass substrate had a
brake limit around 120s for HAB 25cm. On the other hand, t4<40s was under the limit
for sufficient quantity of deposited nanoparticles on the substrate. For tq = 100s the
average mass of the deposited nanoparticles is 0.95mg, for 60s is 0.55mg and for 40s
is 0.35mg. The film samples that will be characterized on behalf of Ag@SiO> substrates
are summarized in Table 3.2.

Additionally, a sample was prepared without the addition of HMDSO resulting in a
substrate of Ag NPs.
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3.1.1 AgSiO2 Synthesis

Sample Number | SiO, wt% | Deposition Time (S) Mass (mg) Pictrure
Film 46 6 100 0.95 .
Film 47 6 60 0.52 -
Film 48 6 40 0.34 ';
: \
Film 49 10 100 0.91 ﬁ
Film 50 10 60 0.55
Film 51 10 40 0.31
Film 52 20 100 0.95 '
Film 53 20 60 0.53 '
Film 54 20 40 0.32 5 1
Film 58 0 100 0.85 ,

.

Table 3.2: List of FSP experimental parameters for all synthesized nanofilms with the

corresponding pictures.
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3.1.2 AgTiO2 Synthesis

3.1.2 AgTiO2 Synthesis

Ag/TiO2 nanofilms have been prepared by flame spray pyrolysis using a single
nozzle configuration shown in Figure @@. Precursor molarity, precursor fuel feed rate
to dispersion gas rate (P/D ratio) and the hight from burner distance was adjusted
accordingly and are presented in the Table 3@@. Specifically, titanium iso-propoxide
(TTIP, Sigma Aldrich) and silver acetate (sigma aldrich, >99%) were dissolved in
ethylhexanoic acid/acetonitrile (1:1). A O2/CH4 premixed gas (3.2/1.5 L min-1, Linde
>99.9%) provided the supporting flame and the initial ignition.

Two kinds of nanofilm batches were constructed, one with TTIP of molarity 0.6M
and another one of 0.3M. In both cases Ag content was 50% wt. Three deposition times
were followed 100s, 60s and 40s, giving accordingly nanofilms with mass of 0.95mg ,
0.5mg and 0.32mg.

Precursors Silver Acetate/ Titanium(IV)
isopropoxide
Solvents 2-Ethylhexanoic acid/ Acetonitrile

Precursor Feed rate (mL mint) / Dispersion
(L min?)

715

Pilot Flame O2/CH4 (L min‘t) 3.5/1.5
Seath Oz2(L min™) 15
Molarity (M) 0.3/0.6
Ag Content wt % 50
Pressure (barr) 1.8
Hight From Burner (HAB) (cm) 25cm
Substrate Temperature (°C) 60

Table 3.3: FSP parameters for AgTiO, substrate fabrication

Additionally, we fabricated a film with sequential deposition, meaning that the Ag
precursor was fed to the flame after the already formed, the molarity of TTIP precursor
was 0.6M and then deposited the Silver nanoparticles. The Ag particles deposition takes

place in cooler temperature gradients outside the hotter flame zone. The same
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3.1.2 AgTiO2 Synthesis

parameters of FSP were used again in order for the single nozzle substrate and

sequential substrate to be compared.

Sample Molarity Deposition Time | Mass Picture
Number (M) (s) (mg)

Film 66 0.6 100 0.95

Film 67 0.6 60 0.52

Film 68 0.6 40 0.34

Film 69 0.3 100 0.91

Film 70 0.3 60 0.55

Film 71 0.3 40 0.31

Film 72 0.6 100 0.95

Film 73 0.6 60 0.55

Table 3.4: List of FSP experimental parameters for all synthesized nanofilms with the corresponding

pictures.
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3.2 Substrate Characterization

3.2.1 X-Ray Diffraction Results

X-Ray Diffraction (XRD) was used to study the crystal structure of the Nanosensors.
XRD patterns were measured directly from the glass substrate that was placed in a
special holder.

In the AgSiO: substrates the XRD patterns are presented in Figure 3.2 and Figure 3.4.

The XRD peaks at 2-theta of 38.1°, 44.2°, 64.5° and 77.4°, corresponding to (111),

(111)

(i)
(311)
200
M& ( ) )dXRD=30nm {220) 1g05 ty- Ag

(iii) ™, |

™ oyt i

T e 100s t_- AgSiO,
‘ o oo st et -

60s t - AgSIO

2

(V) \ dXRD=20nm 4020' AQS|02

\ ‘ . Blank Glass

e fadid
3 - o » e et S

Intensity (arb. un.)

I ' | ' I ' I ¥ | X I 4 | 2 I

20 30 40 50 60 70 80 90
2theta (deg.)

Figure 3.2: XRD patterns of flame-made nanofilms. The black line corresponds to (i) Ag-NPs of 100s
to. The red, blue and purple lines correspond to AgSiO, 6% wt SiO2 of tp (ii) 100s (iii) 60s (iv) 40s,

and (v)of blank glass.

(200), (220), and (311) crystallographic planes of cubic silver crystals. As the
deposition time decreases, so as the thickness of the film, the peaks are less clear and
that occurs due to the insufficient quantity of NPs in the film. The broad peak that
appears at 2-theta of 24.4° is attributed to the borosilicate composition of the substrate

glass.
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Figure 3.4: XRD patterns of flame-made nanofilms. The (i) correspond to AgSiO2 10% wt SiO, with the tp
increasing from bottom to the top, the (ii) corresponds to 20% wt SiO, with the tp increasing from bottom to the top

and with green color is the blank glass XRD pattern.

The size of the NPs in the nanofilms varied depending on the deposition time. The
higher the tq the more growth the NPs can have in the glass substrate . In our case, the

AgSiO2 NPs sizes varied from 30nm to 19nm.

(101)

(103)(111)
(200)
100s t,- AgTIO, / Seq

100s t,- AGTIO,

dypp= 10nm

60s t - AgTIO,

Intensity (arb. un.)

40s t,- AgTIO,

Blank Glass

20 25 30 35 40 45 50
2theta (deg.)
Figure 3.3 XRD patterns of flame-made nanofilms. The black line corresponds to (i)

AgTiO2 sequential deposition of 100s tp. The red, blue and purple lines correspond to sungle
nozzle AgTiO,, 0.6M TiO, and 50% wt Ag of tp (ii) 100s (iii) 60s (iv) 40s, and (v)of blank
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3.2.1 X-Ray Diffraction Results

As we increased the SiO2 % the Ag NPs had more distance between them and the
XRD peaks don’t appear clear enough, especially in 20% SiO2 as shown in Figure 3.4
(ii).

In the AgTiO- substrates the XRD paterns are shown in Figure 3.3 and Figure 3.5 for TiO>
molarities of 0.6 M and 0.3M respectively. The XRD peak matching to that of anatase
is at 2-theta 25.3° corresponding to (101) crystallographic plane, the peak in 38.1°
corresponds to (103) crystallographic plane of TiO> but is convoluted with (101) Ag

(101)

(103)(111)
100s t - AgTIO

2

60s t - AgTIO,

Intensity (arb. un.)

40s t - AgTIO,

20I25I30I35I40I45I50
2theta (deg.)

Figure 3.5: Figure 3.6 XRD patterns of flame-made nanofilms. The red, black and blue lines
correspond to AgTiO, 0.3M TiO, and 50% wt Ag of tp (i) 100s (ii) 60s (iii) 40s respectively..

diffraction plane. For silver NPs the crystallographic planes (111) and (200) appear
again in 38.1° and 44.2° respectively. It is observed that the resolution of the peaks

drops as the molarity of TiO2 decreases.

The size of the TiO2 NPs in the 0.6M case fluctuates from 16nm to 10nm (Figure 3.3)
depending on the deposition time as discussed earlier. Unfortunately, for the molarity
of 0.3M the XRD patterns don’t have the needed resolution for determining the size of
TiO2 through Sherrer equation but in estimation the sizes are smaller and the

amorphicuty greater. Also, for the Ag NPs the only case in which the size can be

65



3.2.2 Ultraviolet-Visible Spectroscopy Results

calculated with XRD is the sequential deposition and is about 28nm, in agreement with
the AgSiO2 substrates of tg 100s.

3.2.2 Ultraviolet-Visible Spectroscopy Results

Extinction (arb.units)
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Mie 2 (Wt %)
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Figure 3.7: UV-VIS spectra of AgSiO; of 100s deposition time, with red is the 6% wt SiO-,
with black the 10%, with blue the 20% and with orange the theoretical Mie prediction..

The UV-Vis spectra for suspensions of Ag SiO2 nanofilms in ethanol are depicted in

Figure 3.7.

While the plasmonic resonance of individual Ag® nanoparticles usually takes place at

a specific wavelength of 390 nm, the resonance peak for the AgSiO; 20% wt is red-

shifted towards 420nm, due to the increased dielectric presence of the SiO2. The

AgSIO, 10% wt samples had greater shift as the peak was located in 456nm as the

distance between the Ag NPs was decreased. In the case of 6% wt SiO, the plasmonic

peak was detected in 543nm that additional enhanced red-shift of LSPR peak was due

to plasmonic coupling, where multipolar mode arise. In non-monodisperse ensembles,

the multiple LSPR peaks and band broadenings reflect the extent of particle
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3.2.2 Ultraviolet-Visible Spectroscopy Results

aggregation. This is conclusively proven for the AgSiO, 6% samples where a strong
plasmonic coupling is detected, allowed by the smollest inteparticle distance beetwen
Ag NPs. In contrast, the 20% wt SiO. displays a single plasmon resonance,

approaching the case of isolated Ag particles, as predicted by Mie theory.

This observation was further confirmed through TEM images of powder samples, as
presented in Figure 3.8, which revealed the presence of an amorphous nanostructured
SiO> dielectric spacer. This spacer served to separate the spherical silver nanoparticles

within each aggregate and effectively hindered their proximity.

The amorphous SiO2 performs a dual role:

e maintaining the cohesion of individual silver nanospheres within each nanoaggregate

e functioning as a dielectric spacer to precisely adjust the interparticle distance in a

controlled manner.

Figure 3.8: TEM images of single nozzle AgSiO2 NPs with different wt% SiO2 containts, left with 20% and right
with 6%.

Additionally, different amounts of SiO> content did not result in any noticeable
alteration in the size distribution of the colloidal suspensions something that agrees with
the XRD size results.
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Figure 3.9: AgTiO; spectrum of 0.3M and 1000s deposition time.

For AgTiO2 UV-VIS spectra wasn’t supporting us useful information as TiO> has an
3.2eV bandgap and UV-Vis had a flat like shape (Figure 3.9:).
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3.2.3 Raman Spectroscopy Results

3.2.3 Raman Spectroscopy Results

As far as Raman Measurements are considered, the two kind of substrates were
measured without the addition of any SERS probe.

Firstly, the AgSiO. measurements are shown in Figure 3.10. A highly distorted silica
formation is observed in the Raman spectrum. A baseline subtraction was needed for
further peak identification. Normally, the Raman spectrum of SiO-

substances exhibit distinctive patterns within the range of 400-600 cm™. These
patterns are associated with various arrangements of the siloxane rings. The 491 cm™
correspond to §(Si—O—Si) asymmetry. 4MR, 5MR, and 6MR breathing modes® .
Additional peaks emerge at lower frequencies, approximately below 400 cm, and they
are attributed to siloxane rings that are larger than four members in size. Additionally,
multiple downshifts of peaks are noticed, indicative of less strained lattices and high
lattice amorphisity®, potentially due to incomplete flame combustion or due to the
presence of Ag NPs. The 1060 cm™ peak is referring to vibrational mode of
v(Si—0—(Si)) asymmetry of nonbridging O atoms and the 935 cm™ peak is indicating

AgSIO, :
Baseline Substracted
—— Normal Spectra

(491)
(935)

(1060)

Raman Intensity (a.u)

—

Wiy

2&!0 | 4[|!O I 6£|]D | 860 I ‘lOlt]D I ‘12|DD | 14IOO | ‘16|DO I 1800
Raman Shift (cm)

I T T T T T T T T T T |
Figure 3.10: AgSiO, Raman Spectrum of 10% wt SiO; and 100s deposition time. With

red color is the Raman spectrum with the baseline subtracted and with black the original

spectrum. There is notation in the main Raman peaks.
Figure 3.11: AgTiO, Raman Spectrum of 0.6M TiO, and 100s deposition time. The main peaks

of the vibrational modes are marked.

the isolated v(Si—O(H)).
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3.2.3 Raman Spectroscopy Results

Next measurement was taken for AgTiO2 substrate, as shown in Figure 3.11. Highly
distorted anatase peaks are observed, broadened and shifted, revealing Ti-O bond
stretching, indicative of the distorted interface and the presence of suboxide phases®®
Also, B-phase TiO2 is observed in 231 and 272 cm™ peaks®"%8, the identification of this

phase is means the TiO- isn’t fully formed something that agrees with the XRD patterns.
Subsequently, Raman measurements were taken for the Raman Reporters that will
be used thoroughly in the SERS analysis.

Firstly, the 4-Mercaptobenzoic Acid was mostly used for SERS calibration as it is

700 - | —— MBA Powder|
(1101)

HO
600 - > < > o
b Q

] (1597)

Intensity (arb.units)

T T T T
1000 1200 1400 1600 1800

Raman Shift cm-)

Figure 3.12: 4-Mercaptobenzoic Acid powder Raman Spectrum and its corresponding peaks.
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3.2.3 Raman Spectroscopy Results

Raman Shift (cm™) Vibrational modes

804 v (CCC), out of plane ring
vibration
915 bending CS
1101 Aromatic ring breathing
1101 Symmetric C-H in-plane
bending
1101 C-S stretching
1139 Stretching g,
1184 Bending CH
1294 Stretching v,
1597 Ring C-C stretch
1597 Asymmetric C-H in plane
bending
1624 Stretching C=0
Table 3.5: Raman peaks of 4-MBA with it’s Figure 3.13: The molecular
corresponding Vibrational modes. representation of 4-MBA.

known for its adsorption prowess. With its sulfur-containing aromatic ring, it eagerly
binds to various surfaces, Harnessing its remarkable affinity for metals and solid
substrates.

4-MBA, as we will refer it from now on, was purchased from Sigma-Aldrich and
used without further purification. In Figure 3.12 the Raman Spectrum of 4-MBA is
displayed. There are 3 main peaks® are located in (804) cm™, (1101) cm™ and the
(1597) cm™ peak. All vibrational modes are concluded in Zedaipa! To apysio m

POEAEVGTG TG UVaQOPaC oev PpéOnke..

The other Raman reporter that was used is Rhodamine 6G ,due to its high fluorescent
thought it wasn’t as practical for SERS as it was the 4-MBA reporter. The R6G, as we
will refer it from now on has the Raman spectrum of Figure 3.14 and the corresponding
vibrational modes'® are summarized in Table 3.6. The strong fluorescence is a
property that all dyes have and the more benzoic rings contribute to enchantment of the

forementioned phenomenon. The structure of R6G is displayed in Figure 3.15
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3.2.3 Raman Spectroscopy Results

Rhodamine 6g Powder
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Figure 3.14: Rhodamine 6-G powder Raman Spectrum and its corresponding peaks.

612 C-C ring in-plane bending in
xanthene/phenyl rings

772 C-H out-of-plane bending
1186 C-H in-plane bending in xanthene ring
1310 hybrid mode (xanthene/phenyl rings

and NHC2HS group)

1364 C-C stretching in xanthene ring
1508 C-C stretching in xanthene ring
1651 C—C stretching in xanthene ring

Figure 3.15: The molecular

Table 3.6: Raman peaks of R6G with it’s

corresponding Vibrational modes. representation of RGG.
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3.2.3 Raman Spectroscopy Results

SERS Results

In this subchapter, the fabricated substrates will be analyzed via Raman Spectroscopy
after the addition of the Raman Reporter which in our case is 4-mercaptobenzoic Acid
(4-MBA) or Rhodamine 6G (R6G). In all 20

samples the same quantity of the Raman 15 Hot spot 2

18

Reporter (150ul) was added, but in 1

16

different concentrations. In this thesis two 114

kind of substrates were fabricated as 12

110

already mentioned, AgSiO2 and AgTiOz,

further from that other parameters were

changed in each nanofilm such as SiO>

wit%, deposition time and TiO, molarity.

. . -20 -15 -10 -5 0 5 10 15 20
For notation purposes before the kind of X (nm)

. Figure 3.16: Hot spot illustration between tho Ag NPs
substrate we are referring the other J P g

parameters and will be displayed in the Via Madab software.

following form: 60s-10% AgSiO2 , meaning deposition time 60s, SiO> wt% 10% of
AgSiO2 nanofilm. On the other hand, 40s-0.3M AgTiO: is interpreted as deposition
time 40s, TiO2 molarity 0.3M of AgTO> nanofilm. In Figure 3.16 and Figure 3.17 hot spot

illustration and SERS basic principle is displayed.

Glass substrate

Figure 3.17: Illustration of SERS mechanism in the AgSiO2 substrate.
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3.2.3 Raman Spectroscopy Results

Before moving on with the separate analysis of each substrate and the goal of finding

the optimum nanofilm with the highest SERS Enhancement factor, there will be

displayed some general results of SERS that apply in both of the substrates. In Figure
3.19 the SERS spectrum of 4AMBA-AgSiO2 NPs exhibits two strong peaks at 1.075 and

1,582 cm™t. These peaks correspond to the vibrations of the aromatic ring in the

—SERS
(1075) (1101) Normal Raman
——4-MBA Powder
E)
1)
S’
[
c
Q
el
=
600 800 1000 1200 1400 1600 1800

Raman Shift (cm™)

Figure 3.19: With black color is represented the SERS spectrum of 4-MBA in a AgSiO»

substrate, with red color is the Raman spectrum of powder 4-MBA and with blue is the

spectrum of the 4-MBA at low concentration without the presence of AgSiO2 NPs.

molecule. It is worth noting that
both peaks are shifted towards
longer wavelengths compared to
their Raman counterparts®®,
Under near-field illumination
and in the presence of a metal
surface, molecules experience a
relaxation of Raman selection
rules. Various factors influence
the adsorption of molecules on a

metal surface, and these factors

Intensity (a.u)

(370)

(525)

200

4(I]D
Raman Shift (cm™)

600

Figure 3.18: SERS signal of 4-MBA in lower wavenumbers.
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3.2.3 Raman Spectroscopy Results

encompass interactions between the substrate and the molecules, such as electrostatic
forces, van der Waals forces, and  — & stacking forces. As a result, certain bands that
are typically restricted or hindered in conventional Raman spectra can appear in the
SERS spectra. Similarly, molecule-metal charge transfer phenomena can lead to
frequency shifts, as observed in the case of successful functionalization through S-Ag
covalent binding. The presence of a band at 370 cm™ in Figure 3.18 signifies the Silver-
sulfur vibration, serving as evidence for the successful functionalization!®, Also, by
the concomitant vanishing of the band at 915 cm™, showed in the insets of Figure 3.19,

corresponding to the thiol S-H stretching vibration. Moreover, the absence of the latter

Figure 3.20: Illustration of the two ways that 4-MBA is connected with the Ag NPs . In the

upper case the COOH is connected and in the lower the S atom is connected.

peak confirms that all the molecules contributing to the SERS signal are securely
attached to the AgNPs through covalent bonds.

There are two main binding scenarios for the connection of 4-MBA with Ag NPs in
this context, an illustration is provided in Figure 3.20. First, the COOH can interact
with neighboring 4-MBA, leading to the formation of a chain on the Ag surface.
Alternatively, the absorption of 4-MBA can occur through via absorption of the S atom,
while the COOH forms hydrogen bonds with adjacent 4-MBA molecules, resulting in

a zigzag pattern of dimers on the surface®®. Another approach is pH dependent. Under

75



3.3.1 AgSiO2 Nanofilm

acidic conditions, 4-MBA adsorbs via the S atom, while under neutral to basic

conditions, adsorption occurs through both the COO- terminal and S atom.

3.3.1 AgSiO2 Nanofilm

Moving on, in the AgSiO> substrates the aim was to find the optimum parameters in

the fabrication process in order to have the highest Enhancement Factor.

Figure 3.21: On the left is a Ag-SiO, nanofilm with marked the axis in which the data

were collected. On the right is a photograph of Raman Microscope lens.

In every nanofilm 10 detection points were selected from one boundary of the substrate
to the other, with that procedure we minimize the factor of . A typical photo with Raman
microscope is presented in Figure 3.21. While SERS effect is not easy to have consistent
spectrum intensity, we have managed to produce a substrate with high uniformity and
controllable Ag-Ag interparticle distance. In Figure 3.22 left the Raman spectra from
the 10 Points on a 60s-10%-AgSiO2 nanofilm and in Figure 3.22 right the Average

Spectrum of the forementioned points.
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3.3.1 AgSiO2 Nanofilm
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Figure 3.22: On the left the spectra from the detected points of 60s-10%-AgSiO2 nanofilm with 4-MBA aw Raman probe. On the right the

average spectrum of the forementioned points.

It is obvious that the intensity in all of the peaks varies from spot to spot and that is
something that can explained through mainly 3 reasons:

e The near field doesn’t have the same intensity everywhere in the nanofilm.

e The adsorption of the 4-MBA isn’t a trivial process and the charge transfer phenomena
that we have already mentioned influence the vibrational modes of the Raman reporter.

e The 4-MBA aren’t equally distributed in the surface of the nanofilm and in some spots

higher concentrations of molecules lead to higher signals.

The Raman peak with the biggest intensity, in 1075 cm™, will be used for further
investigation of the SERS phenomenon. The Figure 3.23 is presenting the variation of
the forementioned peak and corresponds to the detection points of Figure 3.22. While
there is a notable deviation about 600 counts between the highest and lowest intensity

in the 10 measured points, the deviation from average spectrum isn’t more than 20%.
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3.3.1 AgSiO2 Nanofilm

Investigating a bit further the connection between concentration of the Raman reporter

and peak intensity, four different concentrations of 4-MBA were drop-casted into a
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Figure 3.23: Deviation of the peak intensity at 1075cm™.

nanofilm, starting with the smallest and finishing with the biggest one. As it is
illustrated in the Figure 3.24. the increase of the concentration has an almost linear
increase in the intensity of the Raman peaks. Additionally, the Limit of Detection in

our best substrate was 1pM of molar concentration of 4-MBA.
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Figure 3.24: On the left the SERS spectra for different 4-MBA concentrations and on the right the Raman
intensity at 1075cm plotted with Molarity of 4-MBA.
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3.3.1 AgSiO2 Nanofilm

For the rest of the analysis the previous model will be followed, in every nanofilm 10
points will be measured throughout its surface and only the average spectra will be
presented due to reasons of space economy.

Starting with the 6% wt SiO2 nanofilm (Figure 3.25:), its limit o detection (LOD) was
the region of micro moles 4-MBA per liter. That gave rise to an EF of 10* (the
calculation of EF has been analyzed in the 2.2 subchapter). In first glance it would be
expected that when the interparticle distance between Ag NPs is the smallest the SERS
phenomenon would be at its maximum. In contrast, the small interparticle distance that

correspond to SiO2 wt 6% can not result in strong hot-spot formation that generate high
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Figure 3.25: The average Raman spectra of 6% - AgSiO; are displayed, with red color tp 100s,

with black color tp 60s and with blue color tp 40s.

SERS intensity.

Additionally, the substrate with deposition time of 40s has the lowest intensity due to
lack of sufficient quantity of NPs deposited in the glass substrate, as it has the lowest
thickness. Also, the absence of the 849cm™* raman peak only in the 40s spectra justifies
the absence of COO"bending mode. The substrates with 100s and 60s deposition times
were significantly higher in spectrum intensities, up to 3 times more than the 40s tq
nanofilm, that meant higher film thickness is needed for sufficient hot-spot formation.
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Figure 3.26: The average Raman spectra of 10% - AgSiO; are displayed, with red color tp
100s, with black color tp 60s and with blue color tp 40s

Moving on to the next batch of nanofilms, the 10% wt SiO- (Figure 3.27) were the ones
with the highest LOD, the detected concentration was 1pico mole of 4-MBA per liter
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Figure 3.27: The average Raman spectra of 20% - AgSiO- are displayed, with red color tp
100s, with black color tp 60s and with blue color tp 40s
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3.3.1 AgSiO2 Nanofilm

giving rise to an Enhancement Factor of almost 10%*. Such a low concentration reaches
the limits of single molecule detection, meaning that it is about one molecule per Raman
Spot Area. As far as thickness of the film is concerned the optimum isn’t the 100s but
the 60s of deposited nanoparticles, that can interpreted with the fact that to thick films

are packed with Ag NPs and the SERS intensity can be harnessed with burning in that

way quantity of the 4-MBA.

Deposition Sio, wt. %
time(s)
100 6.E+04 6.E+10 2.E+10
60 5.E+04 8.E+10 5.E+10
40 2.E+04 3.E+10 1.E+10

Table 3.7: Enhancement Factors for AgSiO, nanofilms.

Finally the 20% wt SiO2 nanofilm had similar results with the 10% AgSiO- but with
lower intensities, EF ~ 10%°. Again, it is obvious that the 60s is preferable as far as
thickness is concerned.

Summarizing all the Enhancement Factors are displayed in Table 3.7 and plotted in
Figure 3.28.
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Figure 3.28: Enhancement Factors plotted with x-axis being the deposition time.
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3.3.1 AgSiO2 Nanofilm

It is noted that a “bell” shape curve tend to form in Figure 3.28 with the ty of 60s being
the optimum deposition time in both 10 and 20 % wt SiO2 and 10% SiO: is the most

effective substrate from FSP fabrication.

For further investigation another Raman Reporter was used, Rhodamine 6G. Its SERS

——R6G SERS
——R6G Powder

Intensity (arb.units)

1 ' 1 ' I ' I ' I 4 I ! 1 4 1 '
400 600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)
Figure 3.29: With black color is represented the SERS spectrum of R6G in a AgSiO;
substrate and with red color is the Raman spectrum of powder 4-MBA
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Figure 3.30: On the left the spectra from the detected points of 60s-10%-AgSiO2 nanofilm with R6G as Raman probe and on the right

the average spectrum of the forementioned points.

spectra compared to the powder Raman measurement is displayed in Figure 3.29 .No
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3.3.2 AgTiO2 Nanofilm

deviation is observed between the position of the SERS peaks and the powder spectra
of Rhodamine 6G (Table 3.6). The 10% wt SiO2 nanofilms were used in the following
analysis. Again, the same pattern was followed in the analysis, 10 point across the

nanofilm were measured and the results are presented in Figure 3.30.

The concentration of R6G that was drop casted into the nanofilms was 1 micro mole
per liter. That detection limit gave rise to an EF of 10° . Again, the 10% 60s AgSiO;

substrate was the most efficient making it clear that for best hotspot distribution and
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Figure 3.31: The average Raman spectra of 10% - AgSiO, , with R6G as Raman reporter, are

displaved. With red color tp of 100s, with aray color tp of 60s and with blue color tp of 40s.

optimum film thickness the 10% wt SiO> and tq60s is preferable. The average Raman

spectra of the three different deposition times is displayed in Figure 3.31.

3.3.2 AgTiO2 Nanofilm
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3.3.2 AgTiO2 Nanofilm

Moving on, the next for analysis substrate is AgTiO2. While, SiO- acted as a dielectric
spacer among the Ag NPs in this case we cannot assume that the TiO; acts the same.

The main reason for that claim is because the TiO2 is a semiconductor with a 3.2eV

Axis of Measurement Points |

Figure 3.32: On the left is a AgTiO2 nanofilm with marked the axis in which the

data were collected. On the right is a photograph of Raman Microscope lens.

bandgap and its electronic bands interfere with the adsorption process.

The procedure again that was followed remained the same, in a nanofilm 10 point
were measured by Raman spectrometer starting from one edge of the substrate and
finishing to the other (Figure 3.32).

In big contrast with the AgSiO> substrates the AgTiO2 weren’t as consistent in the

Raman intensity, as it is observed in Figure 3.33 there is a plethora of values starting

from 4132counts to 312 counts. The adsorption process is influenced by TiO-
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Figure 3.33: On the left the spectra from the detected points of 60s-10%-AgTiO2 nanofilm with 4-MBA as Raman

probe and on the right the deviation of the peak intensity at 1075¢cm™.
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3.3.2 AgTiO2 Nanofilm

electronic zones making the chemical factor of SERS contributing more in some
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Figure 3.35: The average Raman spectra of 0.6M - AgTiO; , with 4-MBA as Raman reporter,

are displaved. With red color tn of 100s. with black color tn of 60s and with blue color tn of 40s.
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Figure 3.34: The average Raman spectra of 0.3M - AgTiO; , with 4-MBA as Raman reporter, are
displayed. With red color tp of 100s, with black color tp of 60s and with blue color tp of 40s.

spots. The SERS spectra of the 0.6M AgTiO2 nanofilms in Figure 3.35 follows the
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3.3.2 AgTiO2 Nanofilm

same pattern as the AgSiO; substrates, meaning that 60s deposition time gives the
highest EF and 0.3M TiO> concentration is preferable, as is shown in Figure 3.34. The
0.6M concentration as we observe in Figure 3.35 is 3times less intense in SERS signal.
The plotted Enhancement Factrors (Figure 3.36) are in the region of 10° and are
forming a bell shape distribution, with the most preferable area near 60s tqand 0.3M

concentration of precursor. In all cases Ag was 50% wt compared to TiO».
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Figure 3.36: Enhancement Factors plotted with x-axis being the deposition time.
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SERS Detection on Pesticide Thiram

Thiram?

is a chemical compound that exists in a powdered form. Thiram is
commonly used as a pesticide in agricultural practices. It is primarily used as a
fungicide to protect crops from various fungal diseases. It is important to note that
thiram is intended for use as a pesticide and should not come into direct contact with
humans. SERS-active substrates that can detect Thiram in concentrations below 10°M
is a helpful analytical tool for food analysis and combined with the low cost of
plasmonic nanofilms has.

Initially, we gathered the Raman spectra of a large quantity of Thiram. Within this
spectrum, we observed a Raman peak at 565 cm ™, which indicates the stretching of S-

S bond, a peak at 444 cm™ which corresponds to bending CHsNC and stretching C=S,

5 = Thiram Powder
e _/( —— Thiram SERS
CHs §—s5 - CHs (138g)

(565)

(1152)

Intensity (arb.units)

200 | 4E|)O | 660 | 860 | 1000 | 12IOO | 14130 | 16|00 | 1800
Raman Shift cm-)

Figure 3.37: With black color is represented the SERS spectrum of Thiram in a AgSiO2

substrate and with red color is the Raman spectrum of powder Thiram..

and a weaker peak at 1388 cm™ which corresponded to CH3 bending and C-N
stretching. In Figure 3.37 the Powder thiram spectra is presented compared to it’s
SERS spectra.

While powder Thiram is easy to measure, when its concentration is in the order of
>10° M it is impossible and no significant spectra can be observed. Subsequently, we

used our best SERS-active substrate which is 10% -60s-AgSiO- in trying to enhance
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the Thiram signal. Figure 3.39
illustrates the detection of SERS
spectra for Thiram
concentrations 10° M. The
SERS signal has more peaks and
more significantly the peak in
1388 cm™ now is the stronger
one. Additionally, appear 2 new
peaks at 1152 and 1514 cm™
something that makes the
identification of Thiram even

easier. The peaks and the

Raman Shift (cm™) Vibrational modes

444 Bending CH;NC,
stretching C=S

565 stretching S-S

1152 rocking CH,, stretching C-

N
1388 Bending CH;, stretching
C-N
1514 stretching C-N

Table 3.8: Raman peaks of Thiram with it’s corresponding
Vibrational modes.

vibrational modes are summarized in Table 3.8. As far as the way Thiram connects to

the Ag NPs, again the Sulfur atom is the one that is connected in the Ag surface, an

illustration of that is presented in Figure 3.38

Consequently, 150ul of dissolved in ethanol Thiram was dropcasted into the

nanofilm while its concentration was 10®M. The 10points that were measured by

Figure 3.38: : lllustration of the ways that Thiram is connected with the Ag NPs ,

which is through S atoms.

Raman spectrometer and the average spectra are presented on the Figure 3.39.
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Figure 3.39: On the left the spectra from the detected points of 60s-10%-AgSiO2 nanofilm with Thiram

as Raman Reporter and on the right the average spectrum of the forementioned points.

Calculating the EF for the 566 cm™ peak the result is 107 while for the 1388 was 10%°.
Summarizing, the AgSiO> substrate we constructed is capable for measuring low
concentrations of organic molecules producing high EF. Additionally, the limit of
detection can be further exceeded in lower concentrations if the organic molecule stays
more time in the nanofilm before the measurement and the percentage of the adsorption

process is increased.
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3.5.1 Oxygen Vacancies as the main mechanism

3.5 PIERS Effect on AgTiO2 Nanofilm

In this Chapter, we will focus on the AgTiO: substrates. It is already obvious from
the previous chapters that AgTiO: isn’t as efficient as AgSiOz resulting in the thought
that titanium oxide isn’t the appropriate partner for silver in the nanofilm
heterostructure. However, with the addition of the step of illumination oxygen
vacancies are created in the TiO. grid enabling photo-induced charge-transfer

processest®.
3.5.1 Oxygen Vacancies as the main mechanism

The approach investigating PIERS had similar first steps with SERS. In the
beginning 150ul of 4-MBA were drop-casted into the single nozzle nanofilm. The
concentration of 4-MBA was 10° M and normal SERS spectra were gathered as is
presented in Figure 3.40 with red color. In the next step a UV lamb was placed above

800
| ——PIERS
700 — SERS

600

500
400 +
300

200

100

04

Intensity (arb.units)

-100

T
600 800

T T T T T
1000 1200 1400 1600 1800

Raman Shift (cm™)

Figure 3.40: 4-MBA Raman Spectra, with black color the PIERS signal and with red color the SERS
signal.

the nanofilm for 2.5 hours. After the end of illumination the Raman Spectra that was

gathered and presented with black color in Figure 3.40. It should be noted that due to
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3.5.1 Oxygen Vacancies as the main mechanism

the different location of the lamb and the Raman Spectrometer critical time, and
possibly even greater PIERS signal, was lost from the moment the UV radiation was

shutted down until the raman spectra was gathered.

o0
=
(==

750 4 —a—2.5h UV‘
—ea—No UV

700 4
650 -
600 -
550 -
500 -
450 -
400
350 4

Intensity at 1075 cm™(arb.units)

300

0 10 20 30 40 50 60
Time (min)

Figure 3.41: With black color the decrease in Intensity of peak at 1075cm with respect to time after

the UV illumination, with red color is the deviation of the same peak without the UV pre-illumination

Raman spectra were collected from the same spot every 3 minutes in the beginning
and then every 10 minutes until the intensity in the 1075 cm™ peak was fully retracted
to the SERS original intensity. The decrease in peak intensity is presented in Figure
3.41. Also the Raman response of the substrate without UV radiation (Figure 3.41 red
color) was measured in order to ensure that the photo enhancement was due to PIERS
effect ant not due to laser induced photo-bleaching. As it is observed, maximum
intensity was 750 counts in the strongest peak of 4-MBA and after UV irradiation,
the signal decayed back to the baseline SERS signal of 350 counts within almost
30min.

The mechanism behind than enhancement, which was 215% greater than original
SERS, is the surface of the material undergoes a process where high-energy photons
(specifically UVC) are utilized to remove oxygen atoms. This expulsion of oxygen
atoms is potentially facilitated by a photoreaction involving adsorbed H>O and Ox.

As a result, the concentration of Vo (vacancy-type defects) increases. The formation
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3.5.1 Oxygen Vacancies as the main mechanism

of these defects at the atomic level allows for improved Raman transitions due to

resonant conditions, an illustration of the Vo formation is presented in Figure 3.42.

When the UV irradiation ends, the PIERS signal decayed back to the baseline SERS
signal as a result of healing of the surface upon exposure to air. Summarizing, the

observed changes over time in the PIERS enhancement (P) are mainly influenced by

Ti*vo, f 1Yo,

Figure 3.42: Illustration of PIERS mechanism.

three factors: the formation (Vo+) and healing (Vo-) dynamics of vacancies (Vo), as
well as the laser-induced bleaching (L) of MBA molecules. The alterations in vacancy
concentration are determined by the properties of the substrate and its photocatalytic
activity. Therefore, the two factors, Vo™ and Vo', are considered to be unrelated to the
probe molecule. In our case, after the UV radiation there is not any further VO;
formation, so the corresponding term isn’t contributing and equation 1 is describing our
system.

P=V;+L (3.1)

The AgTiO2 nanofilm that was analyzed for PIERS effect was single flame made,
meaning precursors of TTIP and Silver acetate were burned in the same time creating

distortions in the TiO2grid as is is already noted in substrate analysis. In a second step,
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Figure 3.44: 4-MBA Raman Spectra in a AgTiO; nanofilm made sequentially, with black color the PIERS

signal and with red color the same signal after 35minutes.
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Figure 3.43: With black color the decrease in Intensity of peak at 1075cm* with respect to time after

the UV illumination.

a sequential nanoparticle film was fabricated meaning the TiO, was formatted first in
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the glass substrate and then the Ag NPs were deposited afterwards.

In the Sequential nanofilm we placed the UV lamp for 90 minutes but the PIERS
enhancement was significantly low, in the region of 110% from the original SERS
intensity. After 35 minutes from the illumination several Raman spectra were collectred
and the variation in 1075cm * peak are presented in Figure 3.44. While the decrease in
signal is observed the PIERS effect is blocked from two main reasons:

e The sequential deposition blocked the TiO** centers as the Ag NPs were deposited
after TiO2 on the glass substrate, the high-energy photons couldn’t form enough
Vo ‘s in the TiO grid so it is obvious the PIERS efficiency wasn’t as high as it was
expected.

e The other reason is in the amorphisity and the distortions which are made in the
single nozzle FSP that work as a boost as the electrons that can be stored in those

states help in the charge-transfer processes.

3.5.2 Enhancing Limit of Detection
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Figure 3.45: 4-MBA Raman Spectra, with black color the PIERS signal and with red color the SERS signal.
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3.5.2 Enhancing Limit of Detection

In the 60s-0.3M AgTiO, nanofilm that was used in PIERS experiments another
approach was followed in order to unveil the more applicable side of the effect.

In the nanofilm 150ul of 4-MBA were dropcasted while the concentration the Raman
reporter was 1nM, meaning that no SERS signal could be obtained from measurement
(Figure 3.45 red colour). The next step was to illuminate the nanofilm for 1.5h. After
that raman measurement was gathered from the same spot and 4-MBA peaks were
observed, as it is shown in Figure 3.45 with black color. It is a significant expansion in
the Limin of detection for AgTiO- substrate as only 1uM could be detected without the
addition of the light.

In the Figure 3.46 that follows, measurements were made in short periods of time and
again the intensity of the 1075cm™ peak dropped to the before UV counts as a result of
healing of the surface upon exposure to air (relaxation time).

For further explanation, in the spot that the measurements were conducted the near
field (electromagnetic factor) from the plasmonic NPs wasn’t strong enough in order to
give rise to the analogous SERS spectra. However, with the UV radiation the Vo
formation enhanced the chemical factor of SERS and the needed spectra could be

70 +

| u —a— 1h 30min UV
60 4 —
50 4 .
- . -
40 - \ .
- . -

30 - \ i
) . '

10 T .

Intensity at 1075 cm™(arb.units)

0 I 5 | 10 | 1% | 20
Time (min)

Figure 3.46: The decrease in Intensity of peak at 1075cm™ with respect to time after the UV

illumination.
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obtained. This expansion of the LOD opens up the possibility of really high EF and the
detection Single molecule SERS spectra which is the ultimate goal for every SERS

active substrate.
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Chapter 4

Conclusions

Summarizing the experimental results, in this M.Sc thesis:

[i]

[ii]

[iii]

[iv]

[V]

[vi]

[vii]

Successful assembly of nanoparticle films by Flame Spray Pyrolysis (FSP)
technology and deposition on glass substrates. The two nanofilms that were
fabricated were AgSiO2 and AgTiO2 with different variables changing in
each case, such as deposition time, SiO> wt% and TiO2 molarity.

By changing the deposition time of the NPs in the substrate, controllable
film thickness was achieved. Also, with different SiO2 wt% controllable Ag-
Ag distance was attained.

Surface-enhanced Raman scattering (SERS) study of AgSiO, and AgTiO-
nanosensors with MBA and Rhodamine 6G as Raman reporters, all the
nanofilms were SERS active with the optimum deposition time to be 60s for
both substrate categories. Additionally, the optimum Ag-Ag distance is
given from 10% wt SiOz .

SERS detection of the pesticide Thiram was achieves with a EF of is 107 for
566 cm™* peak and 10%° for the 1388 cm™ Raman peak.

Photo-induced enhanced Raman spectroscopy (PIERS) study, of AgTiO2 as
substrate, was conducted and an enhancement of factor 2 between PIERS
and SERS spectra was observed.

After the interaction of the illuminated nanofilm with ambient air the
PIERS signal subtracted to the SERS one. Confirming in that way that the
observed enhancement was due to that surface-active Vo that are formed
from UV illumination.

Comparison of PIERS effect on single nozzle made nanoparticle films
versus sequential deposition, showed that single nozzle AgTiO2 was
preferable. The interface distortions that are created by FSP in the single
nozzle case tent to create more Vo. Additionally, in the sequential deposition
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[viii]

firstly the TiO. were deposited and after than the Ag NPs, as a result the UV
illumination wasn’t absorbed from titania but was blocked via metallic NPs.
Expansion of Limit of Detection in 4-MBA. An AgTiO: nanofilm which
had a limit of detection 10°M, was able to detect 10°°M of 4-MBA after Uv
illumination of 90 minutes. Also, after 10minutes almost all the signal was

lost due to Vo interaction with air.
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Perspectives

In this section, we will discuss the final perspectives and potential advancements in
this master thesis. Firstly, while it was proven that FSP is able to fabricate successfully
nanofilms in one step development, it remains an open question how the particle
formation process is developed. By using the glass substrate certain differences exist
compared to the deposition on the glass-fiber filter. Subsequently, a more detailed
screening experiments about deposition time, height above the burner and P/D (pump
rate/ Dispersion rate) will provide us more details about the particle development.

Secondly, the scalability of FSP gives us the opportunity to fabricate nanofilms not
only in glass substrates. One case is the use of FTO (Fluorine-doped Tin Oxide) as a
substrate material. FTO possesses excellent electrical conductivity, transparency, and
stability, making it an ideal candidate for applications in optoelectronics, solar cells,
and sensors. By utilizing FTO as a substrate in conjunction with flame spray pyrolysis,
we will demonstrate the feasibility of fabricating high-quality nanofilms, showcasing
the potential for enhanced device performance and improved functionality.

Thirdly, the SERS effect could be explored in bigger depth. A “hot” research topic
in SERS is detection of small quantities of hydrogen. Alternative energy resources are
used more and more nowadays with Hx to have the first place. As a result, detection of
hydrogen in case of leaks is vital. Combining the FSP scaled up production with the
portability of Raman measurements a new need for specific Nanosensors is important.

Finally, we didn’t observe the expected enhancement in PIERS phenomena so certain
changes are on the next steps. To begin with the addition of new UV lambs that can be
adapted in the Raman set-up will reveal the full prospects of PIERS. Additionally, the

size of TiO2 could be altered inn order for UV illumination to be more effective.
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