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ABSTRACT

Surface enhanced Raman scattering (SERS) has received considerable attention in
recent years because of its ability to detect chemical and biological analytes at very low
concentrations. The Raman scattering is enormously enhanced when the analytes are
adsorbed on a roughed metal surface or located nearby metal nanoparticles. Therefore,
there is great interest in developing SERS active substrates. In this thesis, Ag/SiO2/Ag
SERS active multilayer thin films were prepared using e-beam evaporation method on
quartz support to investigate the effect of dielectric SiO, spacer on the enhancement
factor (EF) of SERS substrates. The thickness of the SiO2 layer was varied (20nm,
40nm, 60nm and 120 nm), while keeping the Ag thickness constant at 30 nm. The
prepared discontinuous metallic silver films were characterized through SEM, AFM,
XRD and UV-VIS measurements. The XRD study revealed the Ag nanoparticles on the
surface of the films represented face-centered cubic crystal structures. The average grain
size of silver nanoparticles was found to be around 21.5 nm. The surface plasmon
resonance peak positions were shifted as SiO, thickness varied. The SERS enhancement
factors of multilayer films were investigated using Rhodamine 6G (R6G) molecule. It
was found that the SiO2 layer greatly altered the Raman intensity. The SERS EF of the
Ag/SIO,/Ag thin films increased 4-20 folds compared to the single Ag film. The highest
enhancement factor was found to be 5.69 x 10° for the multilayer film with 120 nm SiO,
gap. The multilayer films were also annealed at 450°C for 30 min. The thermal
annealing affected the surface plasmon resonance absorptions and SERS EF values.
After annealing, the SERS EF of the Ag/SiO,/Ag multilayer films increased about 25
times.

Keywords: SERS, Ag/SIO,/Ag, R6G, Enhancement Factor, Surface Plasmon, E-Beam.
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Son  yillarda  Yiizeyde  artmihus Raman  Sacimast  (SERS)  diistik
konsantrasyonlarda kimyasal ve biyolojik analitlerin tespit edilmesi yetenegine sahip
oldugu icin dikkate defer bir Oonem kazanmugtr. Analitlerin pliriizlii metal ylizeylerine
absorbe olmasi veya metal nanopargaciklarmm yakmnma yerlesmeleri sonucu Raman
saciimas1 ¢ok miktarda artmustr. Bu nedenle SERS aktif alttaslarmm gelistiriimesine
olan ilgi onemli Olglide artmustr. Bu tezde, SERS aktif alttaglarmda kullanidlan dielektrik
SiOy’nin  Giiglendirme Carpam (EF)’ne olan etkisini incelemek i¢in elektron buhar
birktrme (EBB) teknigi kullamlarak Ag/SiOz/Ag (giimiis/silika/ glimiis) c¢ok katmanh
SERS aktif alttaglart hazrlanmistr. Ag katmanlarmn kalnhg 30 nm tutularak SiO»
katmanmmn kalnhg swasiyla 20 nm, 40 nm, 60 nm ve 120 nm olarak degistirimistir.
Hazirlanan siireksiz metalk giimiis filmleri SEM, AFM, XRD ve UV dlclimleriyle
karakterize edilmisti. Film yiizeyindeki Ag nanopargaciklarm fcc kristal yapisinda
oldugu XRD c¢ahsmasiyla ortaya ¢ikarimistr. Ag nanopargaciklarmm ortalama
boyutlar1 21,5 nm olarak bulunmustur. Yiizey plazmon rezonans pik konumlari, degisen
SiO, kalnhgyla kaymustr. Cok katmanh ince filmlerin SERS Giiglendirme Carpam
Rodamin 6G (R6G) molekiili kullamlarak aragtribmustr.  SiO, katmanmmn Raman
siddetini biiyilkk Olciide degistirdigi  belirlenmistir. Cok katmanh Ag/SiO,/Ag ince
filmlerinin SERS Giiglendirme Carpam tek katmanh Ag filmleri ile karsiastirildiginda
4-20 kat artmustr. Cok katmanh filmler i¢in Giiglendirme Carpam en fazla 120 nm SiO»
kalmh@ icin 5.69 x 10° bulunmustur. Cok katmanh fimler 450 derecede 30 dakika
boyunca tavlanmustr. Termal tavlama, yiizey plazmon rezonans absorbsiyonunu ve
Giglendirme Carpanm etkilemistir. Tavlama sonunda Ag/SiO2/Ag ¢ok katmanh
filmlerin Giiglendirme Carpanlar1 25 kat artmstir.

Anahtar Kelimeler: SERS, Ag/SiO,/Ag, R6G, Giglendirme Carpani, Yiizey Plazmon,
E-beam.
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CHAPTER 1

INTRODUCTION

Surface enhanced Raman scattering (SERS) is a powerful surface-sensitive
technique that enhances Raman scattering by molecules adsorbed on rough
metal surfaces or by nearby plasmonic nanostructures. The enhanced Raman signals
allow detection of analytes at very low concentration down to single molecules [1-3].
Surface Enhanced Raman Scattering (SERS) was revealed first approximately thirty
years ago. Both theoretical and experimental studies have tried to understand the SERS
mechanisms. Its application has steadily increased in physics, chemistry and
biosciences. SERS transformed the conventional Raman spectroscopy into a high-
sensitive analytical device by increasing the intensity of vibration signals of molecule as
10%-10* times [1-5].

The enhancement of Raman Scattering is represented by two mechanisms;
electromagnetic and chemical mechanisms [5-8]. First, the electromagnetic theory is
related to signal enhancement that is provided by plasmon resonances in the metal
substrates. Plasmon resonances are occurred when the electromagnetic radiation
interacts with metal substrates. This theory is observed on the local surface plasmon
resonance of metallic nanostructures. Second, the chemical theory, there is a charge
transition between absorbed species and the metal surface. When the molecule is in
contact with the surface, the charge transition starts. So, the cross section of absorbed
molecules is increased. Thus, the chemical enhancement is observed [7-12]. Preparation
of SERS-active surface which is about the enhancement of the Raman scattering on the
metallic surfaces has become increasingly important in different research areas for
SERS applications. For this purpose, the SERS-active surfaces or substrates which have
different morphological features are developed by using the lithography, chemical

etching, chemical vapor deposition, and electron radiation methods [4-9].



The SERS-active substrates are also obtained by spreading the colloidal metal
nanoparticles on surfaces or by mixing analyte which will be investigated [10].The
molecules absorbed on metallic surface are useful for SERS measurements when they
have large cross-section under certain conditions. The intensity of Raman scattering or
Raman enhancement directly depends on chemical nature of molecules that are
absorbed on metal surface, the type of used metal surface and metal structure.
Generally, metals such as Au, Ag and Cu provide the activity of SERS. The rough
surfaces made of this metal or colloidal nanoparticles cause the SERS effect [1]. In the
applications of obtained SERS active substrates, “sensitivity” and "reproducibility”
emerge as the two important parameters [1-3]. Up to now, different methods have been
developed to produce a cost-effective and high amount of substrate using in the SERS
applications [4-6]. In these methods, hot spots which are related to enhance the electric
field around the metal are tried to be obtained. For example, Ag-coated silicon
nanotubes [8], Ag or Au nanoparticles embedded in the polycarbonate [9], the
membranes were made. Sensitivity and reproducibility of these substrates or colloidal

nanoparticles are less because of having low amount of hot spots and clustering.

SERS has important applications in many areas of chemistry, like chemical
analysis, [14, 15] catalysis [15, 16] and biological systems [17-20] to characterize
proteins, enzymes at interfaces. SERS can be used to determine functional groups of the
adsorbed species that are responsible for the interaction with the surface and the

compatibility of adsorbed molecule on the surface [21].

The roughened metallic electrodes are also used as SERS active substrates [10-
13]. But they have lower SERS EF than metallic nanoparticles. Kyoung et al suggested
that considering the SPR interaction in bimetallic systems and using dielectric gap
between metallic multilayer systems remarkably changed the SERS EF [13]. For the
periodic metallic structure allow reproducibility and long-term stability while the
dielectric interlayer can enhance the sensitivity [13]. The enhancement factor of
Ag/SiO,/Au multi-segment layer was found as approximately 10°. The Qiao Min and
coworkers produced the AQ/TiO2/Au multilayer films. According to this study, the
effect of insulator layer thickness variation that was 40 nm and 200 nm changed the
peak enhancement 45.4 and 51.6 times respectively [23]. So the enhancement factor

was increased while the insulating layer thickness was increased.



There is also an increasing research interest in literature in metal-insulator-metal
film structures recently because of their plasmonic features and high signal
enhancement properties. They can serve as models sub-wavelength waveguides, for
understanding the plasmon resonance frequencies arising from LSPR-surface plasmon
polariton (SPP) interactions, and as a robust and easy to fabricate SERS substrates with

high signal amplification [13].

Ag
Si05
Ag

Figure 1.1 Schematic of the Ag/SiO,/Ag multilayer SERS substrate on Quartz substrate.

The aim of this thesis is to prepare and investigate the plasmonic effects of
multilayer films in the form of Ag / SiO, / Ag with different SiO, thickness. In this
thesis, Metal/lnsulator/Metal (M/I/M) thin films as shown in Fig. 1.1 were produced by
E-Beam evaporation technique. The thickness of insulator layer SiO, was varied as 20
nm, 40 nm, 60 nm and 120 nm. The thickness of the metal (Ag) layers was kept
constant at 30 nm. The produced thin films were characterized by using characterization
techniques such as Raman Spectroscopy, Atomic Force Microscopy, Scanning Electron
Microscopy, X-Ray Diffractometer and UV-Vis Spectroscopy. These characterization
techniques were explained in Chapter 2. The results of the characterization methods
were given in detail in Chapter 3. The surface enhancement of Raman scattering
(SERS) effects were investigated for the Ag single layer and Ag/SIO»/Ag multilayer
plasmonic thin films and their results were discussed comparatively in Chapter 3.



CHAPTER 2

MATERIALS AND METHODS

2.1 MATERIALS

Rhodamine 6G dye was purchased from Sigma Aldrich to determine the SERS
enhancement factor of the Ag/SIO2/Ag films. Ag (99.9 % purity) and SiO, targets were
purchased from Kurt J. Lesker Company to produce multilayer thin films. All the

products were used as their received.

2.2 E-BEAM EVAPORATION TECHNIQUE

E-Beam evaporation technique is a type of physical vapor deposition (PVD)
technique. The aim of this technique is the using the phase change of a material from
the condensed to the vapor phase. The E-Beam evaporation technique is mainly related
to both dielectric and metal depositions. A common variety of materials that can be
evaporated consist of refractor metals (tungsten, etc.), low vapor pressure metals
(platinum, etc.) and alloys [24].

The schematic of evaporation system is shown in Fig. 2.1 [25]. The magnetic field
is applied perpendicular to the propagation direction of the electron beam and the
magnetic field is used to bend and shape the electron beam. This is a precaution to
protect the source of e-beam from the vapors during the evaporation process. The
evaporation process is started in vacuum under the 107 mbar or less than this pressure.

Since, the high vacuum is needed to keep up with a large mean free path of evaporant



material. According to e-beam evaporation technique, the electron beam gun has the
filament inside must be sufficiently heated to emit electron. Electron emission occurs

from a hot filament cathode made up of tungsten.
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Figure 2.1 Schematic diagram of E-Beam Evaporation system.

The electron beam which is deflected and accelerated by the electric field and
magnetic field is focused on the target material so as to evaporate it. When the electron
beam hits the target surface, the Kinetic energy of motion is converted into thermal
energy. The emitted energy by a single electron is quite small and the heating is
performed simply through the numerous numbers of electrons which are stroked to the
evaporant surface. This energy is the energy which evaporates the target material. The
material heats with time and causes clusters of material atoms to sublime [24].
Effectively, the material becomes hotter than the focused electron beam. Because the
intensity of heat is formed by electron beam, being a crucible made of carbon has high
melting temperature, the evaporant holder has to be water cooled to prevent it from the
damage of melting. The deflection apparatus are designed by using permanent magnets
or electromagnets to form a field which is related to shape and path of the electrons.

This is required for the electrons which are emitted in a random manner and must be all



directed to the very small area where the evaporation is occurred. A magnetic field is
used, since it can attract or repel the negatively charged electrons directly. The material
can cover to the surfaces of the chamber included region with the sample. Typically, the
sample can be protected by a shutter. When the stable deposition rate is established, the
deposited sample is related to flux of atoms which can hit to target surface with respect
to time which is related to deposition rate. Therefore the amount of deposited material

can be estimated correctly [24].

In this thesis, Mantis E-beam evaporations system was used. The system includes
two single pocket high energy (6 kW maximum powers) electron beam evaporators and
a RF ion source for dry etching purposes. Base chamber was pumped by a turbo
molecular pump until 10 Torr vacuum level reached. The thickness of the films was
monitored with QCM.

Figure 2.2 Mantis E-Beam Evaporation systems.

2.3 AFM (ATOMIC FORCE MICROSCOPY)

Atomic Force Microscope (AFM) is an important technique for imaging surface
morphology. AFM devices operate in two different modes in general. In static (contact)

mode, the needle tip is fixed at a certain height. However, the downward force applied



to the tip of the needle may damage the sample surface when the applied force is more
than necessary. In the dynamic (non-contact) mode which is applied to prevent the
surface to damage; the needle tip is contacted and removed in very short periods with
oscillation movement. In this mode that is also known as vibration mode, the oscillation
amplitude of needle tip changes with respect to forces between tip and sample. The
tapping mode AFM images of the films were acquired using a Park AFM (XE-100, Park
AFM, Korea), supported on a Minus-K (25BM-6, Minus-K, Inglewood, CA) vibration

isolation base.

2.4 XRD (X-RAY DIFFRACTION)

X-Ray Powder Diffraction (XRD) technique is an analytical technique that is used
to get information about the crystalline material especially its phase identification and
the dimension of its unit cells. X-ray powder diffraction is most widely used for the

identification of crystalline structure of materials.

Mainly, X-ray diffraction is based on constructive interference of monochromatic
X-rays and a crystalline sample. X-rays which are formed by a cathode ray tube is
filtered to get a monochromatic radiation and parallelized to concentrate and fell
directly upon the sample. The interaction between the incident rays and the sample
occur constructive interference and a diffracted ray. If the conditions satisfy for Bragg’s
Law (nA=2dsin 0) which is related to diffraction angle and the lattice spacing n a
crystalline sample. Then, the diffracted X-rays are detected, processed and counted.
With scanning the sample among a range of 20 angles, all diffraction directions of the
lattice should be obtained through the random orientation of the material which is
powered. A key component of all diffraction is the angle (0) between the incident and
diffracted rays.

X-ray diffraction pattern of the samples were recorded using a Rigaku Smart Lab
SEA 107 X-Ray diffractometer shown in Fig. 2.3 with Copper K, (A=1.54056 A°)

radiation.



Figure 2.3 X-ray Diffraction systems.

2.5 UV-VIS SPECTROSCOPY

UV-Vis spectroscopy is a study about how a sample responds to light. When a
light beam passes through a substance or a solution, some of the light beam may be
absorbed and the transmitted by the sample [26-29]. The ratio of the intensity of the
light which is entered the sample (lp) to that exciting the sample (l;) at a particular
wawvelength is defined as the transmittance (T). This is usually represented as the

percentage transmittance (%T) which is multiply by 100.
%T = () x100 .1)
t

The absorbance (A) of a sample is calculated by taking the negative logarithm of

the transmittance Eq. (2.1).
A= —log(T) (2.2)

A surface plasmon (SP) is an electro-magnetic wave propagating along the
surface of a thin metal layer. When the metals are stimulated by incident light, the
collective  oscillation of electrons in ametal is «called as surface plasmon

resonance (SPR). When the frequency of light photons is appropriate the natural



frequency of surface electrons which are oscillated against the restoring force of
positive nuclei [30]. These oscillations are very sensitive to any change of this
boundary, such as the adsorption of molecules to the metal surface. The surface
plasmon resonance curves of the Ag/SIO,/Ag films were determined using a UV-VIS
spectrometer in transmission mode. UV-VIS spectra of thin films were recorded using
Thermo Scientific EVO 300 spectrophotometer. The measurements were taken between
300 nm and 1100 nm.

2.6 RAMAN SPECTROSCOPY

In 1928, Indian physicist C.V. Raman found that a large part of wavelength of
scattered light which is interacted with molecules has same wavelength of incident light,
a very small part of wawvelength of the scattered light shifts different wavelengths and
this shift depends on chemical structure of molecules caused by scattering [31]. In 1931
this study was earned the Nobel Prize to him. The shift of light in different wavelengths
is called Raman scattering and the physical basis of Raman scattering is inelastic
scattering which occurs the result of collision between particles that make up the beam
of light and molecules in the environment. Inelastic scattering is a change of the photon
energy due to photon wavelength the result of collision between photon and molecules.
During the scattering of light, if the energy of scattered light and energy of light which
interacts with molecules are equal each other, this scattering is elastic scattering and
known as Rayleigh scattering. In Rayleigh scattering, more than 10%-10° times intense
light occurs from than Raman scattering. For the total energy is preserved during the
Raman scattering, the energy that photon gains or losses must be equal to energy that is
among vibration energy levels of molecules [32]. By the determining the amount of
gained or lost energy of photon, information about the vibration energy levels of
molecules can be obtained and this type of spectroscopy is called as Raman

Spectroscopy.

Raman spectroscopy is a type of vibration spectroscopy like IR (infrared)
spectroscopy. When a sample is irradiated through the monochromatic laser source
which has hvy energy in visible region or near-infrared region, a part of energy of

photon is transferred to the molecules or energy of molecules are transferred to a little
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number of photon. As a result of this transfer, the energy of molecule can take any value
among the infinite values which are called virtual states located between the ground
state and first excited state. As shown in Fig. 2.4 [33] the emitted radiation which is
from excited virtual state of molecule may be three types [34]. First, as mentioned
earlier Rayleigh scattering that has the same energy as excitation energy and there is no
energy lost for Rayleigh scattering. Therefore the collisions between the photon and the
molecule is said to be elastic. The other two types are actually type of Raman scattering
as called Stokes scattering and Anti-Stokes scattering. The energy changes in the Stokes
and Anti-Stokes scattering is equal to AE which is the difference between vibration
energy levels. For the Stokes scattering, the energy of emitted light is smaller than
excitation energy. For Anti-Stokes scattering, this energy is bigger than the excitation
energy. According to, Boltzmann Distribution Law the number of molecules which is in
the excited states before the interaction with a photon is much less than the number of
molecules which is in the ground state levels. So, the probability of occurrence of Anti-
Stokes scattering is less than Stokes scattering. Furthermore, the Rayleigh scattering has
bigger probability of occurrence than the Raman scatters. Because, the transfer of
energy to molecules to the ground state and return of molecules to the ground state are

most likely event.

First >
Excited 4
Electronic
State
Rayleigh Stokes Anti-Stokes
scattering scattering scattering
E = hv E=hv-AE E=hv+ AE
Mithial Eehy sogmesesamasnsg e B fa e
DE
State E = hv ...I ...... S~ Ml e vl s
Ground 2
Electronic 1
HRE
State 8} i h_4

Figure 2.4 Molecular energy diagrams of Rayleigh and Raman scattering.
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2.7 SERS (SURFACE ENHANCED RAMAN SPECTROSCOPY)

Surface Enhanced Raman Spectroscopy is a surface-sensitive the vibrational
spectroscopy that measures the scattering process of the inelastic light. SERS is a more
precise method than traditional Raman method, since it allows the determination of low
concentrations of substances. SERS was first observed in 1974 by Martin Fleischman et
al. [35]. Basically, it is an event that is enhanced Raman scattering by the absorbed

molecules on the rough metal surfaces.

Generally, the metals such as gold (Au), silver (Ag) and copper (Cu) that are
ending with d10 electron arrangement of their basic level is used in event of SERS on
account of behavior of the free electron in their last orbits. The surface roughness is
required for SERS and usually can be achieved by ways of electrochemical lithography
or chemical etching. Furthermore, colloidal gold or silver nanoparticles in glass, mica
and so on are widely used in the recent years in terms of ease of preparation. Raman
scattering is enhanced as a result of the adsorbed molecules on the metal nanoparticle

surface when the getting closer to the metal surface.

Theoretical and experimental studies have revealed that the intensity of SERS is
directly proportional to amount of nanoparticles [35-40]. Raman scattering mainly
associated with polarizability of molecule. However, SERS related with both intensity

of electric field and strengthening of polarizability.

A mechanism of SERS which mechanism influences to enhancement of the
Raman spectroscopy of a molecule that is adsorbed near the metal surfaces is not known
completely. This topic has been discussed in a great deal of theoretical and experimental
works lately. SERS effect, with increasing Raman scattering is generally caused by two

different mechanisms:

(@ Electromagnetic Enhancement; in which the enhancement is caused by the
surface plasmon resonance generated on the roughened metal surface,
(b) Chemical Enhancement; which involves changes to the adsorbate electronic

states due to chemisorptions of the analyte.
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These increases occur between molecules and metal structures. Where the
enhancement factor (EF) can be up to 10 -10'? [41], this shows that SERS is ultra-

sensitive technique and can be sensed even in a molecule [42].
2.7.1 Electromagnetic Enhancement Mechanism

The Raman intensity of a molecule is directly proportional to magnitude of
incident electromagnetic field. So, both the oscillation frequency of electrons which
provides the conductivity in nano-structure of metals and reduced light on the metal is
achieved resonances. These consisting of surface plasmons are electromagnetic waves.
Fig. 2.5 [43] shows the plasmon oscillation of small metallic spheres. Coherent
oscillation due to the light scattering ends to the transmission electron of small spherical
metallic nanoparticles. The oscillation of electron cloud causes by the Coulomb’s

attraction force the between electrons and nuclei [44].

Electron Cloud

e .
n

al Bphpre

Eloctric Fleld

Figure 2.5 Plasmon oscillations for small metallic sphere.

Possible increase in the local electric field is calculated from sum of contribution
of all dipoles which are located in the particle and electromagnetic field. This leads to
stronger enhancement of Raman scattering on metal surface or molecule which is
located very close to surface. The surface plasmon of particles which is very close to

together coincide each other and this leads to a very severe enhancement in the Raman
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scattering. Therefore, the Raman scattering enhanced and this enhancement may be
approximately 10**. This kind of nanometric regions is called “hot spots” [45]. Settled

between these hot spots, the Raman scattering of molecules are intense.

The enhancement factor is directly depended on the gap and shape of
nanoparticles on the surface. When the gap reduces electric field increases as it shown
in Fig. 2.6 [46]. The electric field intensity (|E/Eo|?) goes from 2 orders to 4 orders of

magnitude driving Raman enhancement factors (|E/Eo|*) from 4 orders to 8 orders.

M 729

Me T

Figure 2.6 Shape and distance dependency of EM enhancement.

2.7.2 Chemical Enhancement Mechanism

Chemical enhancement is the other mechanism of SERS effect. Basically, this
mechanism is related to enhance the Raman polarizability of molecule absorbed on
metal surface [47]. For instance, although CO and N, have the same cross-section, the
Raman intensity of molecules can be different from each other 200 times [48]. When a
photon influences on a metal, electron in metal reacts. The electrons of molecules

adsorbed on the metal surface move into the interiors of molecule and the negatively
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charged excited molecule occurs. The geometry of this molecule is different than the
geometry of neutral molecule. Even if the excited electron move to the metal, the
molecule remains at new excited vibration energy level and makes the Raman scattering
[49]. Thus, the SERS effect differences between CO and N can be explained by
different adsorption levels of CO and N, on the surface [33]. For Co is adsorbed on the
silver surface better than the N, the charge transfer changes between metal and
adsorbate. Therefore, the dependence of chemical enhancement on SERS is observed

[50] and the enhancement may be only about 107 times.

For providing enhancement at Raman scattering, SERS active metal electrodes,
SERS active metal nanoparticle colloids and metallic nano-structures developed based
on SERS active substrates are used. SERS active substrates are used to biosensors,
diagnostic purposes, and for the purpose of determination of low concentrations of
substances.

Today, the studies with respect to surface enhancement are increasing not only the
basic sciences as physics and chemistry but also applied field as bioengineering. In
general, SERS is used widely in chemical bonding, genomics, proteomics, protein
interactions, solid-phase synthesis studies with DNA, protein analysis, and the study of
intracellular events and cancer studies. SERS leads to develop new, rapid, inexpensive
methods [35-42]. Also, it provides bacterial assays in food and biomedical fields,
enzyme assays, pathogen detection and even detection of bioanalyte in a range of

single-molecule by using its high-sensitive property.

The Raman and SERS studies were performed using DXR Raman system. The
SERS and Raman spectra of Rhodamine 6G molecules were recorded in the range 500-
3500 cm® at room temperature. A 50X/0.75NA objective was used to collect back
scattered photons from the samples. The laser wavelength is 532 nm and the laser power
is set to 4mW. The spectra were collected in 3s.






CHAPTER 3

EXPERIMENTAL RESULTS AND DISCUSSION

3.1 PREPARATION OF Ag/SiO,/Ag THIN FILMS

Electron beam (E-Beam Evaporation) deposition technique was applied to deposit
Ag/SiO,/Ag films on quartz substrates that have 1 cm? area and 1 mm thickness. The E-
beam deposition was performed on a custom design deposition system by Mantis
Deposition LTD. The SiO, substrates were cleaned with isopropanol and ethanol

mixture in an ultra-sonic cleaner for 10 minutes.

The base chamber was evacuated, using a roughing and a turbo molecular pump, to
a pressure of 3x10”" mbar. The pressure during the deposition process was about 5x10°°
mbar. The substrates were not heated. However, a thermo-couple (K-type Chromel-
Alumel) placed in contact with the substrate was used to monitor the substrate

temperature. The temperature was raised from room temperature to maximum 35 °C.

We measured the deposition rate and thickness of the films with quartz crystal
monitor (QCM). The Ag seed and capping layers were deposited at a constant rate of
0.40 A/s while SiO, layer at a range fiom 0.20 to 0.45 A/s with respect to increasing
thickness. The thickness of each layer was also justified by a NanoMap 500LS
profilometer. The substrates were rotated at a frequency of 12 rev/imin have better
uniformity. So in our work, a 30 nm Ag was deposited on the both sided SiO, substrate
to form the initial SIO, substrate surface. Next, 20 nm SiO, layer was deposited as an
interlayer. Finally, an Ag layer 30 nm was deposited on the SiO,/Ag/glass substrate.
Namely, Ag thicknesses are constant at 30 nm. SiO» thickness was changed as 20 nm 40
nm, 60 nm and 120 nm.

15
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3.2 SURFACE CHARACTERIZATION OF THIN FILMS

3.2.1 SEM Measurements

The SEM images of Ag nanoparticles on the surface of Ag/SiO./Ag multilayer
plasmonic thin films were shown in Fig. 3.1. The cross sectional view of multilayer film
was given in Fig. 3.2. The Ag/SiO,/Ag multilayer plasmonic thin films were annealed at
450 °C during the 30 minutes in order to examine the effect of temperature on particle
size. The SEM images of Ag/SiO,/Ag multilayer thin films that have 60 nm SiO;
thicknesses at 20 °C and 450°C and Ag/SiO./Ag multilayer thin films at 450 °C for SiO,
thicknesses as 20 nm and 40 nm were shown in Fig. 3.3 and Fig. 3.4. As it was seen
from the SEM images, the particle size of Ag nanoparticles was not uniform and the
films were discontinuous. After annealing, the Ag nanoparticles seemed as slightly
separated because of the thermal effect.

I 100nm JEOL 8/9/2012
X 230,000 10.0kV SEI SEM WD 8.5mm 3:34:53

Figue 3.1 The SEM image of surface of the multilayer film. Non-uniform Ag
nanoparticles are visible.
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- 100nm JEOL 8/9/2012
X 30,000 10.0kV SEI SEM WD 8.5mm 3:37:32

Figure 3.2 The SEM images of Ag/SiO»/Ag multilayer thin films a) Ag surface of the
Ag/SiO,/Ag thin films b) cross-sectional view of layers of the Ag/SiO,/Ag thin films.
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Figure 3.3 The SEM images of Ag/SiO,/Ag multilayer thin films that have 60 nm SiO,
thickness at a) 20 °C and b) 450 °C.
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Figure 3.4 The SEM images of Ag/SiO,/Ag muttilayer thin films at 450 °C for a) 20 nm

and b) 40 nm of SiO, thickness.
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3.2.2 AFM Measurements

The AFM parameters to obtain the images were carefully set to minimize the
pressure of tip on the membranes. A commercial Si tip was used with the nominal
radius <10 nm, resonant frequency nominal of 330 kHz, a nominal spring constant of 42
N/m (Contact Cantilever, Nanosensors, Switzerland). 2020 pm images were acquired
at a resolution of 512x512 points within the range of 0.8-1.0 Hz scan rate and were
subjected to first-order flattening. Surface roughness was calculated by using the Root
Mean Square (RMS), that is, the standard deviation of the Z values within a given area,
defined by,

N Ppe—
RMS = |Ziz1izZave)® 3.1)
N

Where Z,ye Is the average, Z; is the current Z value, and N is the number of points
within the analyzed area [51]. It was noted that the surface roughness depends on the
tortuosity and size of the AFM tip and on the image processing [52] therefore we

applied the same procedure for each image.

The surface topography was examined for Ag/SiO,/Ag multilayer thin films at
different SiO, thicknesses (20 nm, 40 nm, 60 nm and 120 nm). Hence, Ag clusters were
observed on the thin films surface at 20 °C and 450 °C. These clusters were shown in
Fig. 3.5, Fig. 3.6, Fig. 3.7 and Fig. 3.8.
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Figure 3.5 AFM images of Ag/SIO»/Ag thin films that have different SiO, thickness at
20°C a) 20nm and b) 40 nm.
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Figure 3.6 AFM images of Ag/SIO»/Ag thin films that have different SiO, thickness at
20°C a) 60 nm and b) 120 nm.
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Figure 3.7 AFM images of Ag/SiO,/Ag thin films at different SiO; thickness at 450 °C

a) 20 nm and b) 40 nm.
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Figure 3.8 AFM images of Ag/SiO,/Ag thin films at different SiO, thickness at 450 °C
a) 60 nm and b) 120 nm.
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In these clusters, the roughness of the Ag surface was changed with increasing
temperature. When the total thickness of thin film is increased, the grains on the surface
have large surface energy. The grains tend to aggregate so as to reduce surface energy
but increase the surface roughness [53]. For AgQ/SIO»/Ag muliilayer thin films, the
increase in the roughness of surface was seen uniformly without 20 nm SiO; thickness

of multilayer thin films.

Table 3.1 Roughness of Ag/SIOo/Ag multilayer thin film with changing SiO;
thicknesses of thin films at 20 °C.

SiO; Thickness of Thin Film Roughness
(nm) (hm)
20 16.17
40 4.72
60 6.79
120 14.62

3.3 XRD ANALYSIS

The XRD pattern of the films and annealed films were shown in Fig. 3.9. The
annealing treatments were accomplished by using EBD system. Deposited films were
annealed for 30 min at 450 °C. Before and after the annealing process, the films are

characterized using XRD.
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Figure 3.9 XRD spectra of Ag/SiO»/Ag multilayer substrates for 20 nm, 40 nm, 60 nm

and 120 nm of SiO, thickness at 20 °C and 450 °C.

Indexing process of powder diffraction pattern was done, Miller indices (h k )
to each peak assigned in first step and the results were shown in Table 3.1. The high
intense peak for fcc films is usually (111) reflection, which is observed for the films.
The intensity of peaks reflected the high degree of crystalline of the silver multilayer
films. However, the diffraction peaks are broad which indicating that the crystallite
size is very small. The XRD spectrum confirmed the crystalline structure of silver is

face centered cubic (fcc) structure.

The size of Ag nanoparticles was slightly changed with the increasing SiO»
thicknesses as shown in Table 3.1. The standard strongest peak of silver is observed

at 20 value of 38.3182, this degree corresponds to (111) plane of silver. The
experimental diffraction angle (26) for (111) plane was observed at 26 of 38.14. The
particle size was determined with two methods: Scherrer Method and Williamson
Hall Method.
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3.3.1 Scherrer Method

For this thesis, the average particle size was estimated by using Debye-Scherrer
Formula [54, 55]:

KA (3.2)

o BcosO

Where K is a constant equal to 0.94, A is wavelength of X-Ray CuK, (0.154 nm),
B is FWHM (full width at half maximum), © is the diffraction angle and D is particle
size. The calculated particle size, Ilattice parameter, FWHM results for different
temperatures and SiO, thicknesses were shown in Table 3.2. The value of d (the

interplanar spacing between the atoms) was calculated using Bragg’s Law [56].
2dsin® = n\ (3.3)

Where n = 1, 2, 3..is the degree of the maximum of the total number of
diffraction. In most done experiments, n > 1 case to the maxima was observed in very

weak intensity and generally, n =1 case becomes important.

Table 3.2 Crystalline properties calculating by Scherrer method.

Film 20 of the FWHM of | Sizeof | dspacing | Lattice
thickness Temperature intense | hkl intense the (nm) parameter
(nm) (‘O peak peak | particle D a (nm)
(nm) (nm)
20 3815 | (11D | 0.0069 2191 0,236 0,408
20
450 3815 | (1) | 0.0066 23.21 0,236 0,408
20 3814 | (111) | 0.0069 2223 0,236 0,408
40
450 3815 | (11D | 0.0066 2321 0,236 0,408
20 315 (111) | 0.0078 19.73 0.236 0.408
60
450 3815 | (1) [ 00072 20,27 0,236 0,408
20 L4 (1D | 00071 2,7 0.236 0,408
120
450 814 | (1) | 0.0067 22.36 0,236 0.408




28

3.3.2 Williamson-Hall Method

Strain induced broadening arising from the crystal imperfections and distortions
are related by € ~ B /tanf. The dependency on the diffraction angle 6 is a remarkable
property for Scherrer equation. Size and strain broadening are related with total integral
breadth of a Bragg peak represented by different approaches [57]. In addition Scherrer

equation and € = [ /tanf results in following equations:

KA
B cosO

D=

+ 4etan0 (3.4)

B cosO = %}‘ + 4&sind (3.5

In this thesis, Williamson-Hall method was also used to find the crystallite size of
Ag nanoparticles on thin films. The Williamson-Hall method may be assumed as three
different models which are uniform deformation model (UDM), uniform deformation
stress model (USDM) and uniform deformation energy density model (UDEDM). In the
Eq. (3.5), the using method represents the UDM, where the strain was assumed to be
uniform in all crystallographic directions. This means that all material properties are
independent of the direction through the done experiment. The term (Bcosf) was plotted
with respect to (4sinf) for Ag nanorods. From providing this graph, the slope and y-
intersect of the fitted line represent strain and BcosO which is used to calculate crystallite
size, respectively. The results of the UDM analysis for the Ag nanorods at 20°C and
annealed 450°C were shown in Fig. 3.10 and Fig. 3.11.
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Figure 3.10 The W-H analyses of multilayer films with different SiO, thicknesses a) 20

nm and b) 40 nm at 20°C and annealed 450°C for UDM.
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Figure 3.11 The W-H analyses of multilayer films with different SiO, thicknesses a) 60
nm and b) 120 nm at 20°C and annealed 450°C for UDM.
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In the USDM, according to Hooke’s law, the relation which has linear
proportionality between strain and stress as given by 6 = Ye where o is the stress of the
crystal and Y is the modulus of elasticity (Young’s modulus). This equation is an
approximation that is only valid for an importantly small strain. If the small strain is
present in the Ag nanoparticles, the Hooke’s law can be used. The particles deviate from
this linear proportionality with a more increase in strain. Eg. (3.6) is derived with

applying the Hooke’s law approximation to Eq. (3.5):

KA 40sin0
B cosb=—+
D Yhki

(3.6)

Young’s modulus (Yhk) IS assumed as uniform in all crystallographic directions
for fcc Ag nanorods which have isotropic nature of crystal was calculated as 83 GPa
[58]. Plots were drawn with (4 sinB)/Yhk on the x-axis and Brhkicos® on the y-axis for the
Ag nanorods annealed at different temperatures. The USDM plots for Ag-nanorods at
20°C and annealed 450 °C was shown in Fig. 3.12 and Fig. 3.13.
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Figure 3.12 The W-H analyses of multilayer films with different SiO, thicknesses a) 20
nm and b) 40 nm at 20 °C and annealed 450°C for USDM.
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Figure 3.13 The W-H analyses of multilayer films with different SiO, thicknesses a) 60
nm and b) 120 nm at 20 °C and annealed 450°C for USDM.
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The other method is UDEDM that can be used to determine the energy density of
a crystal. In Eq. (3.6), the crystals are assumed to have an isotropic nature. However, in
many cases, the assumption of homogeneity and isotropy is sometimes not justified.
Moreover, the constants of proportionality associated with the stress-strain relation are
no longer independent when the strain energy density u is considered. For an elastic
system, the energy density u can be calculated from u = (62 Yh)/2 by using Hooke’s
Law. Then Eq. (3.6) which is related to the energy and strain relation can be rewritten

as:

1/2
B cos6= KF}‘ + 4sinb (%) (3.7)

Plots of B(hkl)cos® versus 4sind(2u/Yni)® were constructed and the data fitted to
lines. The anisotropic energy density (u) was calculated from the slope of these lines,
and Pcosd which is used to calculate crystallite size from the y-intercept. The UDEDM
plots for Ag- nanorods were at 20 °C and annealed 450 °C was shown in Fig. 3.14 and
Fig. 3.15.
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Figure 3.14 The W-H analyses of multilayer films with different SiO, thicknesses a) 20
nm and b) 40 nm at 20 °C and annealed at 450°C for UDEDM.
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Figure 3.15 The W-H analyses of multilayer films with different SiO, thicknesses a) 60

nm and b) 120 nm at 20 °C and annealed at 450°C for UDEDM.
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The results obtained from the UDM, USDM and UDEDM were summarized in
Table 3.3.

Table 3.3 Geometric parameters of multilayer Ag films with different SiO, thicknesses
before (at 20 °C) and after annealing (at 450 °C).

Thic | Temp Williams on-Hall Method
k| CQ
(nm)
DM USDM UDEDM
exlo?| o D | exi0? g D ex10? g U D
(MPa) | (nm) (MPa) | (nm) (MPa) | (kJm™)| (nm)
20 0,604 | 50,13 | 1956 | 0.604 | 50,13 | 1936 0.604 | 30.12 15,13 | 19,36
20 450 0570 | 4731 | 2074 | 0570 | 4734 | 2074| 0570 4729 1347 | 2074
20 0505 | 4939 | 1083 | 0595 | 4942 | 1083 | 059 | 4948 1475 | 19.83
40
450 0570 | 4731 | 2074 | 0570 | 4734 | 2074| 0570 47129 1347 | 2074
20 0.671 | 5560 | 17.63 | 0.670 | 55.65 |17.63| 0.670 | 55.64 18.65 | 17.63
60 450 0,622 | 51,63 | 19.05| 0622 | 51.64 | 19.05| 0621 51.54 16.00 | 19.05
20 0,609 | 5055 | 1943 | 0600 | 5057 | 1943 | 0,605 50,25 1521 | 1943
120
450 0579 | 4806 | 2045 | 0579 | 48,05 | 2045 0577 | 47.93 13.84 | 2045

3.4 OPTICAL PROPERTIES OF THIN FILMS

3.4.1 UV-Vis Spectroscopic Measurements

There is an effect as called conjugation that causes the absorption. For this effect,
there are two cases: In the first case, the energy level of bonding electrons (main energy
level) is more stable than energy level of nonbonding electrons (excited energy level)
and their energy level drops more with respect to nonbonding electrons energy. This
leads to shift the absorption in the high energy region (low A value). This is called as
blue shift. For the second case, if the energy level of nonbonding electrons (excited
energy level) is more stable than energy level of bonding electrons (main energy level).

The energy level of nonbonding electrons drops more according to bonding electrons
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energy. This effect leads to shift the absorption in the low energy region (high A value).
This is called as red shift [25-29]. The UV-Vis spectra of Ag/SiO,/Ag multilayer thin

films were shown in Fig. 3.16.
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Figure 3.16 UV-Vis spectra of Ag/SiO,/Ag thin films for changing SiO thickness as 20
nm, 40 nm, 60 nm and 120 nm at a) 20 °C and b) 450 °C.

In this thesis; the surface plasmon peaks of produced thin films shifted to the high

wavelengths  (red-shifts). The UV-Vis spectroscopy results were appropriate to the



39

literature values. Increasing SiO, thicknesses contribute to retardation effect. The red-
shift was shown in the UV-Vis spectra of Ag/SiO,/Ag thin films that have the different

SiO» thicknesses as 20 nm, 40 nm, 60 nm and 120 nm.

The UV-Vis spectra for the Ag/SiO»/Ag multilayer thin films have a plasmon
band at 445 nm, 446 nm, 455 nm and 473 nm as shown in Fig. 3.16 a) at 20 °C for 20
nm, 40 nm, 60 nm and 120 nm of SiO, thickness. The plasmon band of Ag/SiO,/Ag thin
films belonged to transverse plasmon band at 364 nm, 365 nm, 367 nm, 368 nm and
second plasmon band belonged to longitudinal plasmon band at 443 nm, 438 nm, 436
nm and 424 nm as shown in Fig. 3.16 b) for different SiO, thickness as 20 nm, 40 nm,
60 nm and 120 nm, respectively at 20 °C. The interband transition of multilayer thin

films was at 324 nm.

3.5 SERS MEASUREMENTS

The SERS activities were tested with Rhodamine 6G (R6G) molecule which was

a commonly used SERS probe [59-63]. The structural formula was displayed in Fig.
3.17.

The different concentration of Rhodamine 6G (R6G) molecules as 10° M, 10°®
M, 107 M, 10® M and 10° M were prepared for SERS measurements. Initially, 107 M
of R6G was prepared by solving 0.0479 g of R6G that has molecular weight as 479,01
g/mol in 100 ml distilled water. The other concentration of R6G solutions were prepared
by diluting of 10°3M of R6G solution. R6G dye molecules were absorbed on the surface
of multilayer SERS-active substrate that was Ag/SiO,/Ag thin film.
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Figure 3.17 Chemical structure of R6G molecule.

The R6G solution was prepared in concentration of 0.1 uM. This solution was
dropped onto the prepared SERS active substrates and their Raman spectra of R6G on
each film were recorded using Raman microscope. The Raman intensity of R6G on
SERS substrate is drastically bigger than its Raman intensity on glass substrate. The
SERS and Non SERS spectra of R6G were shown in Fig. 3.18. The increase in intensity
was in agreement with the reported SERS spectra recorded on various rough metals [64-

66]. Table 3.4 lists the characteristic Raman band and their assignments.
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Figure 3.18 Raman and SERS spectrum of R6G.

The Raman spectra of the 107 M R6G molecules on the Ag/SiO2/Ag multilayer
plasmonic substrates that have different SiO, thicknesses at 20 °C and 450 °C were
shown in the Fig. 3.19 and Fig.3.20.

Table 3.4 Vibration modes and their Raman shifts.

Raman Shift Location (cm™) Assignments
609 C-C-C rng m-plane vibration mode
769 C-H out-of-plane bendng mode
1121 C-H m-plane bendng mode
1182 C-H m-plane bendmg mode
1307 N-H m-plane bendmg mode
1360 C-C stretching mode
1503 C-C stretchmg mode
1569 N-H m-plane bendmng mode
1645 C-C stretchmg mode
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Figure 3.19 The Raman spectra of 10" M R6G molecules on the Ag/SiO2/Ag multilayer
thin films that have different SiO, thicknesses as 20 nm and 40 nm at 20 °C and 450 °C.
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Figure 3.20 The Raman spectra of 107 M R6G molecules on the Ag/SiO,/Ag multilayer
thin films that have different SiO, thicknesses as 60 nm and 120 nm at 20 °C and 450

oc.
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According to Fig. 3.19 and Fig. 3.20, the Raman intensities of the 107" M R6G
molecules on the Ag/SIO,/Ag multilayer thin films that have different SiO, thicknesses
were increased after annealing the films at 450 °C. In order to investigate the
repeatability of SERS measurements, 11 spectra on the SERS substrate which has 120
nm thickness of SiO, were recorded from different locations on the substrate. The image
of R6G on the SERS substrate was shown in the Fig. 3.21 (a). The spectra of R6G taken
different points were shown in Fig. 3.21 (b).
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Figure 3.21 The Raman image and Raman spectra of multilayer plasmonic thin films
taken at different points a) Bright field image of a multilayer plasmonic film surface.
The red line shows the points at where Raman spectra were recorded. b) SERS spectra
of R6G recorded at different points shown in (a).
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Fig. 3.21 shows the uniformity and repeatability test results for the patterned
Ag/SIO»/Ag multilayer thin films. The SERS measurements were taken from eleven
different points shown in Fig. 3.21 (a). It was found that SERS spectra that were taken
these points show identical intensities and shapes, indicating that the multilayer thin
films provide uniform signal enhancement over the entire substrate surface because of
homogeneous structure. The standard deviation of the enhancement factors at 1645 cm™

was calculated to be around 10 % [67].
3.5.1 Enhancement Factor Calculation

In general, the enhancement factor (EF) for Rhodamine 6G (R6G) molecules is

calculated by using given formula [68, 69]:

EF = (ISERS / Ibulk) X (Nbulk / Nsurface) (38)

In this formula; lsers represents the vibration intensity in the SERS spectrum of
R6G molecule and Ipykx represent the vibration intensity in Raman spectra of R6G
molecule. Npyk represents the number of molecules under laser light for the bulk
sample, and Nsyrface represents the number of molecules in the self-assembled monolayer
(SAMS), The Ngyface and Npyk Values can be calculated on the basis of the prediction of
the concentration of kinds of surface or bulk sample and the corresponding sampling
areas. It is reported that the average surface density of R6G molecules in intensive
packed monolayer is approximately one R6G molecule per 4nm? [70]. We used this
approximation and assumed the average surface density of R6G monolayer is 4 nmt.
Then the surface coverage area of R6G monolayer on Ag/SiO2/Ag multilayer thin films

was calculated as 4.15x107!* molcm2.

1
T (4x10~1%)x(6.02x1023)

= 4.15x107* molcm™2 (3.9

Nourface = I T ger? = (4.15x107* molem™2) 1 (0.09 um?) (3.10)

Taking the sampling area (about 0.6 um in diameter) into account value, Ngyface has a
value of 3.735x10°%° mol.

For the high numerical apertures of the Raman microscope, depth of field is

determined initially through wave optics, while at lower numerical apertures; the
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geometrical optical circle of complexity dominates the phenomenon. Using diverse of
different conditions for determining when the image becomes inadmissible sharp, a
number of authors have proposed different formulas to define the depth of field in a
microscope. For the solid sample, the sampling volume is the product of the area of the
laser spot (about 0.6um diameter) and the total depth of field is given by the sum of the
wave and geometrical optical depths of fields as the following [71], the penetration
depth (~ 1.319 um) of the focused laser beam.

Agn n __532nm 14pm

dioral = NAZ2 + MNAC (0.75)%2  (50)(0.75)

= 1319 um (3.11)

Where diotal represents the depth of field, 4 is the wavelength of illuminating light,
n represents the refractive index of the medium (air 1.000 or immersion oil 1.515)
between the cover slip and the objective front lens element and NA is equal to the
objective numerical aperture. The variable e is the smallest distance that can be resolved
through a detector which is placed in the image plane of the microscope objective,
whose lateral magnification is M.
(1.319um)(0.79gcm ~3) 1t (0.09um?)

d mr?
Nbulk — tot:/[l P T Naser — e = (312)
weight -Ulgmo

The density of bulk R6G is nearly equal to 0.79 g cm™ and Npux can be calculated
to be 6.15x107*® mol. For 120 nm thickness of SiO- layer at 20 °C at the peak value of
1505 cm?, the ratio of lsuface and lpuk intensities are 34.58. Thus, the enhancement
factor was calculated to 5.69x10° [72].

EF = (16287, 471) (6.15x107%6 / 3.735x1072°) = 5.69x10° (3.13)

The SERS spectra of R6G adsorbed on different SERS substrates were shown in
Fig. 3.14. The other calculations were done with this process for the 20 nm, 40 nm, 60
nm and 120 nm at 20 °C and 450 °C in Table 3.5.
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Table 3.5 Enhancement factor of different SiO, thickness of 1505 cmt Raman shift.

SiO; Thickness Enhancement Factor
(nm) 20°C 450°C
0 1.48x10° 3.83x10°
20 8.40 x 10° 3.40 x 10°
40 1.45 x 10° 3.77 x 10°
60 1.89 x 10° 5.01x 10°
120 5.69 x 10° 8.41 x 10°

The enhancement factor of 107 M R6G on the annealed multilayer plasmonic
SERS substrates was observed as bigger than the enhancement factor of the
enhancement factor of 107 M R6G on the multilayer plasmonic SERS substrates. The
enhancement factor of the 107 M R6G molecules on the Ag/SiO2/Ag multilayer
plasmonic substrates that have different SiO, thicknesses at 20 °C and 450 °C were
increased when the temperature was increased. The enhancement factor of 107 M R6G
on the multilayer plasmonic SERS substrates annealed at 450 °C was bigger about 25
times than the enhancement factor of 107 M R6G on the multilayer plasmonic SERS
substrates at 20 °C. The Raman intensities of 10" M R6G on the multilayer plasmonic
SERS substrates for different SiO, thicknesses were shown in the Fig. 3.22.

The enhancement factor of 107 M R6G molecules on the multilayer plasmonic
substrates was different for the different peak values. The relationship between

enhancement factor and the thickness of SiO, was shown in Fig. 3.23.

It was observed that the SiO, layer greatly affected the Raman intensity. The
SERS EF of the Ag/SiO2/Ag thin films increased 4-20 folds compared to the single Ag
film. The highest enhancement factor was found to be 5.69 x 10° for the multilayer film
with 120 nm SiO, gap. After annealing, the SERS EF of the Ag/SiO2/Ag multilayer
films increased about 25 times. The AgQ/SIO2/Ag multilayer substrate has Ag-air and
Ag-SiO; interfaces, thus the excited surface plasmons from the Ag surface can be
transferred to the top Ag surface through the dielectric SiO, spacers. Hence, the
conduction electrons on the silver surface were further localized. As a result, the SiO;

interlayer plays an important role in enhancing the Raman signals for multilayer films
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[13]. Lian C. T. Shoute prepared AQ/SIO,/AgIF SERS active multilayer films and
suggested that optical interference effect was the predominant contributor to the SPR
absorption by multilayer substrates. Coupling between LSPR and Surface plasmon

polaritons (SPPs) were negligible at larger dielectric layers [22].

25000
—20 nm
20000 - 40 nm
60 nm
> — 120 nm
= — 0 nm
2 15000 4
)
wid
£
c _
& 10000
£
©
(04
5000
04
T T T T T T
750 1000 1250 1500 1750
- -1
Raman Shift (cm )

Figure 3.22 SERS spectra of R6G molecules on the multilayer plasmonic surface.
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CHAPTER 4

CONCLUSION

The Ag/SiIO,/Ag multilayer thin films were deposited in sequence on glass by E-
Beam Evaporation. After deposition, sample films with different thicknesses of SiO;
layer (20 nm, 40 nm, 60 nm and 120 nm) were annealed at 450 °C. This annealing
resulted in different enhancement factor of Ag nanoparticles on SiO; surface. The SERS
results confirmed that thicker deposited Ag layer resulted in larger Ag enhancement
factor with enhancement factor from 8.40 x 10* to 8.41 x 10°.

For the optical analysis, the optical absorbance of Ag nanoparticles on SiO, was
experimentally investigated. With the increased enhancement factor of Ag films, the
surface plasmon resonance was enhanced along the metal/dielectric/metal interface,

leading to a broader optical absorption as observed by UV-Vis spectrophotometer.

For the surface analysis, the surface roughness of Ag/SIO,/Ag multilayer thin
films was determined using AFM and the dependency of roughness value on increasing
total thickness of multilayer thin films was investigated. The surface topography of Ag
nanoparticles was examined by using SEM image. The crystallite size of deposited Ag
nanoparticles on SiO, was determined by using two different calculation methods such
as Scherrer and Williamson- Hall methods at 20 °C and annealed at 450 °C. The basis
of these methods is to calculate the FWHM (Full Width at Half Maximum) of strong
peak (111) of XRD pattern. The crystallite size of Ag nanoparticles increased with
increasing temperature. Also, strain, stress and energy density values were determined.

These values were decreased with increasing temperature.

This thesis study showed that the existence of SiO; layer between Ag metal films

leaded to higher scattering intensity and more regions of strong field enhancement

49
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compared to single layer Ag film. The fabricated Ag/SiO,/Ag thin films hold a great
potential in the applications of surface-enhanced Raman scattering and in the

development of SERS active substrates.
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