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ABSTRACT

COMPARATIVE STUDY ON SURFACE ENHANCED RAMAN SCATTERING
ACTIVITY OF VARIOUS SILVER NANOSTRUCTURES

Demirtas, Ozge
M.S., Department of Physics
Supervisor: Assoc. Prof. Dr. Alpan Bek

Co-Supervisor: Assoc. Prof. Dr. Mehmet Emre Tasgin

January 2017, 75 pages

In this work, the effect of the strong field enhancement generated in the near field of
metal nanoparticles and nanowires was investigated by taking advantage of the
plasmon frequencies induced by Raman laser light stimulation of free conduction
electrons of these metal nanostructures. Small number of molecules that are either
bound to these nanostructures or located up to a few nanometers away from the
nanostructures can be detected easily through strong electromagnetic field
enhancement. The aim of this work was to investigate the surface enhanced Raman
scattering (SERS) effect of crystal violet (CV) and brilliant cresyl blue (BCB)
molecules interacting with silver nanoparticle (Ag NP) and silver nanowire (Ag NW)
that are deposited onto silicon surfaces. Statistical measurements on SERS effect,
which is an application of localized surface plasmon resonance (LSPR) were
acquired and corresponding enhancement factor (EF) ranges were revealed. The fact
that plasmon lifetime of polyol synthesized colloidal Ag NPs and Ag NWs are long
due to their smooth crystalline surfaces at the atomic level providing strong plasmon
interaction of these structures. In addition, the interaction between nanostructures
also depends on the number of hot spots between aggregated nanostructures, and the
LSPR wavelength. Although LSPR wavelengths of nanostructures and maximum
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absorption wavelength of the analytes used in this work are not in resonance with the

laser light, maximum EF values documented in the literature were obtained.

Keywords: Surface enhanced Raman scattering, Colloidal silver nanoparticle,

colloidal silver nanowire, Crystal violet, Brilliant cresyl blue.
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CESITLI GUMUS NANOYAPILARIN YUZEYDE GUCLENDIRILMiS RAMAN
SACILMASI AKTIFLIGI UZERINE KARSILASTIRMALI ARASTIRMASI

Demirtas, Ozge
Yiiksek Lisans, Fizik Bolimii
Tez Yoneticisi: Dog. Dr. Alpan Bek

Ortak Tez Yoneticisi: Dog. Dr. Mehmet Emre Tasgin

Ocak 2017, 75 sayfa

Bu ¢alismada, metal nanopargacik ve nanotellerin serbest iletim elektronlarinin lazer
1s181yla uyarilmasiyla meydana gelen plazmon frekanslarindan faydalanarak, bu
nanoyapilarin yakin alaninda olusan kuvvetli alan artirrminin etkisi incelenmistir. Bu
nanoyapilara tutunan ya da en fazla bir ka¢ nanometre kadar uzagina yerlesmis olan
az sayidaki molekiil yiiksek elektromanyetik alan artirimi sayesinde kolaylikla tespit
edilebilir. Lokalize olmus yiizey plazmon rezonansinin (LSPR) bir uygulanmasi olan
yiizey artirrmli Raman sag¢ilmasi (YARS) iizerindeki istatistiksel dlgiimler alinmis ve
bunlara karsilik gelen artirnm faktorii (AF) araliklart gosterilmistir. Bu ¢alismada
silikon ylizeyler iizerine kaplanmis giimiis nanopar¢acik (Ag NP) ve glimiis
nanotellerle (Ag NW) etkilesim halinde olan crystal violet (CV) ve brilliant cresyl
blue (BCB) molekiillerinin YARS etkisini incelemek hedeflenmistir. Polyol
yontemiyle sentezlenmis Ag NP ve Ag NW yapilarinin ylizeylerinin atomik seviyede
puriizsiiz kristal yapida olmasi sebebiyle plazmon Omiirlerinin uzun olmasi bu
yapilarin plazmon etkilesimlerini giiclii kilmaktadir. Buna ek olarak, nanoyapilar

arasindaki etkilesim ayni zamanda kiimelenmis nanoyapilar arasindaki etkin bolge
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sayisina ve LSPR dalga boyuna da baglidir. Bu ¢alismada kullanilan nanoyapilarin
LSPR dalgaboylart ve analitlerin maksimum sogurma dalga boylar lazer 15181 ile
rezonansta olmamasina ragmen, literatiirde belgelenmis maksimum AF degerleri elde

edilmistir.

Anahtar Kelimeler: Yiizey artirimli Raman sa¢ilmasi, Asiltili giimiis nanopargacik,

Asiltili glimiis nanotel, Crystal violet, Brilliant cresyl blue.
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CHAPTER 1

INTRODUCTION

The scope of this thesis is to obtain versatile statistical data for surface enhanced
Raman scattering (SERS) that is a localized surface plasmon (LSP) application.
SERS allows effective detection of analytes attached to the metal nanostructures
through an enhancement mechanism. Statistics of SERS intensities and
corresponding enhancement factors (EFs) of the same level as the highest values
recorded in the literature using polyol synthesized colloidal silver nanoparticles (Ag
NPs) and silver nanowires (Ag NWs) that have well-documented and promising

plasmonic properties are presented.

Molecular sensing, identification and quantification is essential for pathogen or
cancer discovery in biological liquids [1]. Several well-established test assays are in
use for decades based on fluorescence and surface plasmon resonance (SPR). Most
of these detection techniques rely on the use of labels/molecular markers specifically
designed for target molecules such as proteins, peptides, DNA and RNA [2]. So the
test kits must necessarily be fabricated for the set of target molecules and they cannot
be used in detection of other molecules that may exist in the biological analyte. In
fact existence of bystander molecules is not desired in the analyte in order to
minimize interference. As these techniques are based on secondary effects of the
target molecules presence, the information arrives indirectly from reporters rather
than the molecules themselves [3]. However, direct spectroscopic investigation of the
analyte can prove to provide much more detailed information both on the presence of
molecules and their relative amounts with chemical states. This is because the
information in this kind of label-free, spectroscopic technique arrive directly from
the target and bystander molecules in the analyte [4]. Despite the mentioned
advantage of using spectroscopic technique in molecular detection, its wide range
utilization has been limited because of the low signal levels. These levels can only be
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detected using high-cost and highly complex instrumentation, which are barely
portable [5]. An unexpected phenomenon called “surface enhancement”, of which
the physical mechanisms have only been partially understood, has come to the aid of
spectroscopy. By using surface enhancement effect of certain class of material
surfaces, molecular fluorescence and Raman spectroscopic signals had been boosted
to unprecedentedly high levels, almost to the standard microscopic signal levels. In
fact, we owe the discovery of surface enhancement effect to Raman spectroscopy
examinations of electrodeposited molecules on the metal electrode surfaces [1],
[6].[7], [8]. Afterwards, the effect was historically named as “surface enhanced

Raman scattering” [9].

In this thesis work, the SERS activity of adsorbed molecules on metal nanostructures
was demonstrated. It is possible to enhance the incident and scattering electric fields
by taking advantage of the roughness of the surface and near field effects. At this
stage, it is necessary to indicate the developments that make SERS a very effective

area, starting with the discovery of Raman effect.

In 1921, Chandrasekhara Venkata Raman discovered a new type of light scattering by
focusing a beam of sunlight with a telescope onto the samples and detecting the
modified scattered light through light-filters [10]. In 1930, he won the Nobel prize
for his discovery of phenomena that is today called as Raman scattering named after

him and his researches on the diffusion of gasses.

Raman spectroscopy was developed rapidly through the invention of lasers as intense
excitation sources. In the early 1970s infrared spectroscopy was proceeding to obtain
vibrational spectra from a monolayer of adsorbed molecules on solid surfaces.
Raman spectroscopy was not adequate to fill this need because of the weak signal
intensities after some confirmations of limited detections related to Raman
measurements using planar metal electrodes, in 1974 Fleishmann et al. revealed
Raman spectra of pyridine adsorbed at an electrochemically roughened silver (Ag)
electrode in an aqueous electrolyte solution. They increased the surface area by a
factor greater than 10 by cyclic linear potential sweeping for 15 minutes [11]. They
reached intensity values about 500-1000 counts per second using a 100 mW (514.5
nm) argon ion laser light. These unexpected strong Raman signals were attributed to



the increased number of adsorbed molecules as a result of increased surface area of
the electrodes [12].

Following this publication, some researchers investigated the relationship between
surface area and Raman signals to highlight the unanswered questions by adsorbing
pyridine on roughened Ag electrodes. It was revealed that such observed high Raman
signals can not be resulted from the increased surface area. In 1977 M. G. Albrecht
and Alan Creighton obtained enhanced signals by a factor of 10°-10° from pyridine
compared with the result in the absence of Ag. This enhancement was attributed to
increased molecular Raman scattering cross sections. They also emphasized the
resonant Raman scattering through the suggestions of Philpott [7]. Richard Van
Duyne and his graduate student David Jeanmaire introduced the increase of
electromagnetic field as the reason of enhancement that they observed in their similar
studies [12].
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Figure 1.1: Raman spectrum of (a) Ag electrode dipped into KCI solution, (b)
pyridine and KCI solution, (c) pyridine adsorbed on a Ag electrode [6].



In Figure 1.1, Raman spectrum of (a) Ag electrode dipped into potassium chloride
(KCI), (b) mixture of aqueous pyridine and KCI, (c) adsorbed pyrine on Ag electrode
from a bulk solution of pyridine and KCI are presented. It can be concluded that
peaks at (c) are more intense than that of (b) and some peaks that do not consist in
(b) are seen in (c) that are attributed to the consisting of active sites on electrode
surfaces [6]. In the following years, innovations in Raman instrumentation have
enabled the study of Raman to be interdisciplinary, where, physicists, chemists,
biologists and engineers utilize. Improvements in nanoscience and nanotechnology
enabled SERS effect to be investigated by plasmonics effectively [9]. In 1997 K.
Kneipp et al. observed influence of a single molecule in Raman scattering for the
first time by taking advantage of excessively large cross sections (1077 - 107
cm?molecule) [13].

In some researches, effect of polarization of the electromagnetic field on particles
that are located close to each other was investigated. It was explored that local
intensity enhancement is strongly dependent on the incident polarization due to the

surface plasmon mode coupling between closely located metal nanostructures.

ar ﬂ‘hT

Figure 1.2: Change of the local intensity enhancement in logarithmic scale with
respect to incident polarizations: a) 0°, b) 30°, ¢) 60° and d) 90° with the arrows
showing different polarizations in the case that plane of the dimers is perpendicular
to the incident field [14].



Maximum enhancement of electromagnetic field is obtained when polarization of
incident light is parallel to the axis of dimers, whereas perpendicular polarization
does not lead to an enhancement between dimers with radius 45 nm and distance 5
nm as shown in Figure 1.2 [14]. Investigations regarding fluorescence enhancement
also provides important contributions to the characteristic hot spots and field
enhancement. When the fluorescent sphere is located in the hot spot of a Ag dimer
so that all three are aligned within the same line as shown in atomic force
microscope (AFM) topographical image on the left and fluorescence image on the
lower of it in Figure 1.3, strong fluorescence enhancement is obtained that is
represented as solid red line on the graph. If this straight alignment is not provided
so that the dimer can not benefit from hot spot effect as shown in AFM
topographical image on the right and fluorescence image on the lower of it,
fluorescence enhancement decreases as compared to the previous case, as shown in

graph with dashed green line [15].
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Figure 1.3: Fluorescence enhancement for aligned (related to the solid red line on
graph and images on the left) and non-aligned (related to the dashed green line on
graph and images on the right) fluorescent sphere and Ag dimer, upper images
correspond to the AFM topographies with asterisks that are representing the
fluorescent spheres, and lower images relate to the fluorescence of these spheres
[15].
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In recent years, hot topics of SERS are electromagnetic enhancement at hot spots,
chemical enhancement mechanism, methods to fabrication of homogenous and

reproducible SERS substrates, resonance and polarization studies.

In the light of the introduced strong SERS activity at the hot-spots formed between
metal nanoparticles, Controlled experiments on solution synthesized Ag NPs and Ag
NWs were performed. The literature on use of Ag NPs in Raman enhancement is
already very rich [9]; however the chosen Ag nanostructures for this thesis have
several distinct properties that result in extremely strong field localization and

enhancement of Raman signals for the attached molecules.



CHAPTER 2

THEORY

2.1. Raman Scattering

In scattering process, an incident photon experiences simultaneous absorption and
another photon is emitted that is called as scattered photon. There are two types of
scattering processes that are elastic and inelastic scattering. Elastic scattering that is
also called as Rayleigh scattering corresponds with the same energy of the incoming
and scattered photons. In fact, after scattering process, the molecule remains at the
same energy level. However, if energy of the incoming and scattered photons is not
the same after the scattering process, this case is called as inelastic scattering, in the

concept of this study with being Raman scattering.

State |_

Rayleigh Stokes anti-Stokes

Figure 2.1: Schematic representation of Jablonski diagram illustrating Rayleigh,

Stokes and anti-Stokes processes.



In Figure 2.1, Jablonski energy diagram illustrates the quantum mechanical approach
of the Raman scattering. If molecule is excited from the vibrational ground state
v = 0to the first excited state v =1, this case is called as stokes process that
corresponds to the energy decrease of the molecule as much as hvg = hv;, — h; if
molecule relaxes from excited state to the ground state, this case is called as anti-
stokes process, with energy increase of the molecule being hv,; = hv;, + hy, [9],
[16].

Only a small fraction (1x107) of the photons is inelastically scattered and because
the probability of Stokes process at room temperature is higher compared to the anti-
Stokes process, intensity of stokes scattered photons is higher [17].

Electric field of the beam in the case of an interaction of a molecule and incident

light with vibrational frequency v, is defined as in the following form:
E=E, -cos(2m-vy-t) (2.1)
This electric field induces a dipole moment p that is defined as in the following form:
p=a-E+>-B-E* 4=y E+. . (2.2)

where a, 3, y are polarizability tensors. In most cases (3 and y are neglected due to

the small values of them compared to that of « [18].

In order to a molecule be Raman active, the polarizability tensor should change
during the vibration as a function of normal coordinate of the molecule as indicated

below:
Jda
a=a0+2k(a—Qk)0-Qk+... (2.3)

Where «, is the polarizability of the bonds where the distance between the nuclei in
equilibrium. Q, is normal coordinate of the k™ normal vibration related to the
vibrational frequency vy. If only v?" normal vibration is considered in this series and
other terms are neglected by harmonic oscillation approximation, polarizability is

defined as:



Jda

a, = ay+ 30, Q, (2.4)
Hence, induced dipole moment is obtained as:
p =p,) + Py +vp) + p(vo — ) (2.5)

where the first term is related to the Rayleigh scattering, second term is related to the
anti-Stokes scattering and the third term corresponds to the Stokes scattering.

The condition for observing Raman effect is that a,, is nonzero that means that
polarizability should change in the event of the normal vibration. If the polarizability
of the molecule changes, the vibration is Raman active and in case the dipole
moment changes, the vibration is infrared active. In the case of a homonuclear
diatomic molecule (i.e. H,), change in the internuclear distance contribute to the
change of the polarizability of the molecule and consequently the vibration is Raman
active. In a heteronuclear diatomic molecule (i.e. HCI), charge separation causes the
dipole moment to change and thus the vibration is infrared active. At the same time it
is infrared active due to the bond distance dependence of the polarizability. In
triatomic molecules, linear (CO;) and nonlinear (H,O) molecules should be
considered separately whereas in complex molecules determination of Raman or
infrared activity is not so straightforward; in fact quantum mechanics and group

theory is applied.

Incident
laser light

Detector

Figure 2.2: Schematic representation of Raman spectroscopy [19].
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In Raman spectroscopy as illustrated in Figure 2.2, generally a laser beam is focused
on the sample and scattered radiation and obtained spectrum represents Raman
intensity as a function of w that corresponds to the difference between the scattered
and incident radiation frequency:

WUy -ty = - (26)

where v,,, and v, (in units of cm™) correspond to the scattered and incident light
frequency, respectively and c is the speed of light. Raman shift is positive for stokes
process and negative for anti-stokes process.

To determine the vibrational frequency of the molecule, harmonic oscillation
approximation is used and thus the following relation is obtained as;

v, = Pyl u (2.7)
where k is the force constant of the bond and u is the reduced mass that is defined as
in the following form for a diatomic molecule;

1 1
-=—4+— (2.8)
u my  mp
where m,and m, are the masses of the atoms. It can be concluded that the Raman

band position is dependent on the force constant of the bond, the reduced mass and

also selection rules as mentioned before.

To obtain the Raman spectrum of the organic molecules, it is need to consider the
group frequencies that are regarding the vibrations of series of functional group by

neglecting the other vibrations in the molecule.

The intensity of scattered light is defined as the change in electromagnetic flux over

corresponding solid angle:

_dd _ n?cvtpdsin? 0
- aq o 2'80

I (2.9)
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where v is the absolute wavenumber of the electromagnetic radiation, p, is the
amplitude of the induced oscillating dipole moment, c is the speed of light, g, is the
permittivity of the vacuum and @ is the angle between the dipole moment and
measurement direction that is integrated over a solid angle centered around 6 [18].

In spontaneous Raman scattering that is a linear process, power of inelastically
scattered light (particularly for Stokes process) is defined as:

Ps(vs) = Nogsl(vy) (2.10)

where N is the number of scatterers within the probed volume, oz is the Raman

cross section and I(v;) is the intensity of incident beam of light [16], [20].

2.2. Enhancement Mechanism

SERS is an application of far-field detection through the use of near-field properties
of probed volume [9], therefore it is necessary to indicate the theoretical background

of these fields.

Heisenberg’s uncertainty relation indicates the following relation:

AX >

> (2.11)

where Ax and Ak; refer to the uncertainty in the position in a certain direction and

2w

wavevector of a photon, respectively, with k; = \/kZ + k% + k2 and k; = 2 A

i
similar representation to the Rayleigh diffraction limit is achieved by substituting k;
into the equation 2.11 [21]:
y)
AX = — (2.12)

4T

Freely propogating waves are considered in far-field applications. Positional

uncertainty for far-field is defined as:

==L (2.13)
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where k, is real.

On the other hand, evanescent fields provide opportunity to study the near-field in
virtue of imaginary part of the wavevector where exponentially decaying occurs.
Wavevector(s) in other direction(s) can be larger than the aforementioned
wavevector k;. As a result, positional uncertainty lose validity in this situation and

can be smaller than the value of 1/2m [22].
Diffraction limit in focusing objective point of view is expressed as follows:

0,611

sep = "7 (2.14)

where dgp is the distance between two points that can be resolved, A is the
wavelength and NA is the numerical aperture of the microscope objective. Far field
optical applications do not allow this limit to be exceeded [23]. The disadvantage of
this limit in terms of SERS is that the properties of the nanoparticles can not be

obtained in detail.

One of the most frequently addressed topics on nano-optics is to provide access
beyond the diffraction limit of the light by focusing the light into confined area that
allows for the characterization and modification in nanometer scale [21], [22]. In
1928, Synge came up with the idea of near-field optical microscopy. The idea was
putting a nontransparent plate in the vicinity of a substrate and trying for a high
spatial resolution of spot that is beyond the diffraction limit of light by illuminating it
from one side. It was indicated that resolution of acquired image had not been limited
by wavelength of light but the size of the aperture. In 1972, Ash and Nichols
acquired resolution of 1/60 by using 1.5 mm aperture. The discovery of scanning
probe microscopy was an important development for near-field studies. In 1984, a
significant development was achieved and International Business Machines revealed
sub-wavelength images for the first time. These developments in near-field provided
a basis for investigation of plasmonics [21].

Fraunhofer, called also as far-field, diffraction corresponds to the fact that the

incident plane wave is send through an aperture that is far away from the observation

12



plane. However, Fresnel, called also as near-field, diffraction is considered when

curvature nature of the diffracted wave is present as illustrated in Figure 2.3 [24].

Figure 2.3: (a) Schematic representation of Fresnel diffraction from a single slit, (b)

Diffraction pattern relating to Fresnel numbers Ng=10, 1, 0.5, and 0.1 [25].

Ng corresponds to the Fresnel number. If N is very large leading to the small
distance from the aperture, diffraction pattern is obtained as shadow of the slit. At

larger distances, Fraunhofer behavior is presented [25].

The field in the vicinity of an excited molecular dipole is inversely proportional to

the third power of the distance d as shown in Figure 2.4 [22].

EM.

Figure 2.4: Schematic representation for distance dependence of magnitude of the
near field [16].
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The exponentially decaying fields that will be discussed in more detail in the
following sections are an application of near-fields.

2.3. Surface Enhanced Raman Scattering

SERS is a technique that overcomes small scattering cross section of NRS through
taking advantage of the plasmonic properties of the metal nanostructures that are
excited by a monochromatic light source. Hence, it provides excessively low
concentration of molecules to be detected [26]. Figure 2.5 respresents the SERS
process by showing energy change of incident light through interaction of incoming

beam and the molecules adsorbed onto metal nanostructures.

Wy | s
N s
A
WAV
UV

Figure 2.5: Schematic representation of SERS from molecules (small-blue) adsorbed

on metal nanoparticles (large-orange) [16].

Two mechanisms are responsible for the enhancement mechanism in SERS, namely,

electromagnetic and chemical enhancement.

2.3.1. Electromagnetic-Field Enhancement

It is necessary to indicate the interaction of electromagnetic field with metals to form

a basis for understanding electromagnetic-field enhancement that correlates with
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plasmon resonances [9]. In fact, excitation of the localized surface plasmons (LSPR)
is the basis for this enhancement by increasing the intensity of incident and
inelastically scattered fields [16], [20].

The electromagnetic effect will be much stronger compared to the chemical effect
when the frequency of light does not correlate with the electronic transition of the
molecule [27].

When the incident field, scattered field and SP are in resonance with each other,
excessively strong field enhancement is observed in the close proximity of the metal
nanostructures. SPs that are excited by incident beam of light causes dipolar field
radiation. Interaction of incident and dipolar fields leads to enhancement of the
electric field in the vicinity of metal structures. Hence, inelastically scattered field is
also enhanced. [16]. Investigating optical properties of the noble metals is important

to interpretation of electromagnetic-field enhancement mechanism.

2.3.1.1. Optical Properties of Noble Metals

Macroscopic Maxwell equations should be indicated to reveal interaction of metals
and electromagnetic fields. This approximation is governed by averaging the

microscopic fields through the larger length scales than the lattice spacing[20], [9].

V'D = pext (2.15)
ZB=0 (2.16)
0B
VxE=-— (2.17)
oD
VX H :\Jext+§ (218)

D (dielectric displacement), E (electric field), H (magnetic field), and B (magnetic
induction or magnetic flux density) in these equations are related with polarization P

and magnetization M in the following form:

D = g E+P (2.19)
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1
H=—B-M, (2.20)

Ho
where &, is the electric permittivity and ., is the magnetic permeability of vacuum.
These relations take the following form when linear, isrotopic and non-magnetic

media conditions are considered:
D=¢, €E (2.21)
B= Ky H (2.22)

where dielectric constant is dependent on frequency ¢ = &(w) that will be

discussed later in detail.

Free conduction electrons of metals such as Ag, gold (Au), copper (Cu) and
aluminum (Al) ensure these noble metals that reflect light in the visible range of the
spectrum influentially. Unique properties of these metals that are different from other
dielectric materials might well explained by the concepts of free electron plasma or

solid plasma [9].

The optical properties of metals are achieved by free-electron gas model that can be
explained by motion of free electrons in a fixed positive ions background by not
taking into account the vibrations of ions. This model is valid up to the ultraviolet
range of the spectrum for alkali metals and at visible range of the spectrum for noble
metals [9], [20].

After the oscillation of electrons due to interaction with the electromagnetic field,
collisions cause their oscillation to damp with an inverse of the relaxation time of the
free electron gas called as characteristic collision frequency y = 1/.

When electric field is applied to the electrons in the x coordinate in equilibrium,

equation of motion is as follows [28] :
mx + myx + mwéx= -eE. (2.23)

Drude model provides us with describing optical response of atoms and molecules by

using Lorentz model through ignoring restoring force that is characterized by
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resonance frequency (wWp). The reason of taking wy= 0 is because of that conduction
electrons are not bound in a metal [9]. Then for an electron of the plasma sea,

equation of motion takes the form:
mx + myx = -eE. (2.24)

This equation can be solved by taking E(t):Eoe'th, oscillation of the electron is

described by:
X(t) = Xg e "Wt (2.25)

Xo 1S a complex amplitude and x(t) can therefore be written as:

x(t) = E). (2.26)

m(w2+ iyw)
Considering the macroscopic polarization P=-nex, the following form is obtained:

p=—— N o (2.27)
T omWw2+iyw) '

If this expression is put into equation D = ggE+P, D can be written as:

ne?

D =go(1— )E, (2.28)

mw2+ iyw)

2

nhe~ .

where w% = — s called as plasma frequency.
EoMm

Finally, the dielectric function of the free electron gas is given by:

ow) = 1— — (2.29)

w2+ iyw

Real and imaginary parts of the ¢ (w) are in the following forms:

2

Re(e (W) = 1— szfyz (2.30)
Im(e (W) = ﬁ (2.31)
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Figure 2.6: (a) Real part and (b) imaginary part of the (1) for Ag [29].

It is can be seen also from the Figure 2.6 (a) that when the frequency is limited as w
< Wy, Re(e (w)) becomes smaller than zero. Another significant property that can be
acquired from these expressions is that Im(e (w)) is small provided that w is not too
small as represented in Figure 2.6 (b). The metals that satisfy the conditions of
negativity of the Re(e (w)) and small value of the Im(e (w)) in the range of interest
ensure that they are appropriate for the study of plasmonics. Another interpretation
that can be gained from Figure 2.6 is that imaginary part of the dielectric function
gives information about the absorption of Ag [29], and real part of the dielectric

function relates to the reflection [30].

2.3.1.2. Surface Plasmons

Electromagnetic excitations that propagate along the metal/dielectric interface are
called as surface plasmon (SP) but they are called as surface plasmon polaritons in
the case of retardation effects should be considered due to plasmon and photon share
the energy [9], [20], [31]. SPs enable excitation light to focus and control in the sub-
wavelength scale [32].
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Shape of the metal nanostructure and dielectric function of the medium that are
indicated in previous section are essential contributors to establish the SPR frequency
[32], [30]. In resonance conditions, SPs propagate in the x and y directions as
illustrated in Figure 2.7 (a) and decay evanescently in z direction as illustared in
Figure 2.7 (b) [33]. ; and &,, correspond to the evanescent field length in the

dielectric and metal medium, respectively.

1 @ (b)
Dielectric E
S\@@@/[f - i,
Metal Tnl

Figure 2.7: Schematic diagrams of (a) SPPs at the metal/dielectric interface , (b)

evanescent fields in the metal and dielectric mediums [31].

2.3.1.3. Localized Surface Plasmons

In the case of the LSP, size of the nanoparticle is much smaller than the wavelength
of the incident field and plasmon oscillates locally around the nanoparticle as shown
in Figure 2.8. Frequency of this oscillation is called as LSPR. It is affected by
dielectric function of the medium as in SPR; however, sensing volume of LSPR is
confined in a much more smaller area than that of SPR [33]. In fact, it encloses up to
1-2 nanometers away from the surface [29].

Electric field

Figure 2.8: Schematic diagram of localized surface plasmon [33].
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Quasi-static approximation that corresponds to neglecting retardation effect is used
to electromagnetic mode analysis of nanoparticles and nanowires that are smaller
than wavelength of incident field in size. [21]. Electric field of an oscillating dipole
is

L ik

E(rn, ) :ﬁ [k2(n x ) x 0"+ Bn(n - ) — pl (5 -

r3  r2

)eikr] elwt (2.32)
Where p is the dipole moment and by assuming that kr << 1 in the near field zone,

the electrostatic field of a point dipole is obtained as follows;

elwt

E(rn, 1) = ﬁ [3n(n - ) — p] (2.33)

£0 r3

where €'’ corresponds to oscillation of point dipole solely in time. Analysis of
electromagnetic field also requires the Laplace equation and appropriate boundary

conditions.

It is crucial to determine how the resonance changes with respect to geometry, within
the scope of this study characteristic resonance behavior of a metal nanowire and a

nanoparticle is going to be investigated.

In the case of a wire whose length divided by radius a is much larger than 1 and
being impinged by an x-polarized electromagnetic wave that is illustrated in the
Figure 2.9, solution of the electric field E = —V® is obtained by applying cylindrical

coordinates (p cos ¢, p sin ¢, z) except z-dependence on the Laplace equation as

follows form;
282
B =By 21y, (2.34)
Ey = Eong+ o229 (1 2sin2 o) ny + 26, =2 L n,, (2.35)
2= BontBo —— 3 sin® ¢) ny 0C T e, pZinecosQny, (2

where &; and ¢, are the complex dielectric constants of the wire and the medium,
respectively. If the frequency dependence of ¢, is neglected, ¢, can be considered as
constant by this assumption, the fields diverge in the case of Re(ei(A)) = —&,. This
case is satisfied if the Im(ei(X)) is small at that wavelength [29], [21]. These
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conditions reveal LSPR of the wire that shifts with respect to the changes in the ¢,
and takes shape based on é;.

Ly
&

Figure 2.9: Schematic diagram of cross section of a wire and x-polarized plane

wave [21].

In the case of a spherical particle with radius a, the solution of the electric field E =
—V® that is determined by applying incident electric field along the x-direction and

using spherical coordinates (r, 9, ¢) is as follows:

3&2

3&2 .
(cosO n, —sinf ng) = Eo
81+ 282 81+ 282

E.=E Ny, (2.36)

€1— &2
€1+ 1)

3
E; =Ep (cosO n, —sinf ng) + 2—3 Eo(2cosfO n, +sinf ng). (2.37)
In this case resonance condition is satisfied when Re(e1(A)) = —2¢&, that causes the
field is enhanced relative to the incident field. Furthermore, resonance condition is
limited according to the value of the Im(e; (1)) [21], [29].

Electrostatic approximation does not present size dependent results due to the
complicated calculations necessary to solve the Maxwell’s equations. However,
LSPR is sensitive to the size of the metallic nanostructures. When the particle size
increases, multipolar resonances (especially quadrupole plasmon resonances) are
considered. In this case, dipole plasmon resonance shifts to the red and new

quadrupole resonance peak arises at a different wavelength [29], [34].

It can also be concluded that localization of the field near the surface for the particle
is stronger than that of the wire. It is also important to note that the external field Eo
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induces the dipole p = &,a(W)Eo, where a(w) corresponds to the polarizability, that is
at the center of the sphere and electrostatic field of this dipole is equivalent to the
second term of the E,. Aforementioned polarizability is expressed as:

_ 3 &~ &
a(w) = 4neya (@ ¥ 2¢, (2.38)
Absorption and scattering cross sections are in the following forms:
k
Tavs = Im[a(w)] (2.39)
k4 7
Tscatt = gz |a(@)] (2.40)

where k is the wavevector in the medium. Absorption cross section depends on third
power of radius of the particle while scattering cross section depends on sixth power
of it. It is obvious that absorption is dominated for the small particles whereas

scattering is dominated for large particles [21].

Ag NPs has a strong extinction (absorption + scattering) that corresponds to the LSP
band as shown in Figure 2.10 according to the UV-Visible spectrophotometry

measurements.

100 T T T T T T T T T

\ —aqueous Ag NP suspension \ .

Extinction (a.u.)

O 1 L 1 L 1 L 1 L 1 L 1 L
400 500 600 700 800 900 1000

Wavelength (nm)

Figure 2.10: UV-Vis extinction spectrum of colloidal Ag NPs in water.
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This peak is obtained in the case of frequency resonance between the incident field
and oscillating electrons in nanoparticle. Increase in the size of nanoparticles causes
this peak shift to the higher wavelengths [35].

In the extinction spectra of the Ag NWs, two or more peaks are exhibited in the UV
region through lack of cross-section symmetry [36]. Colloidal Ag NWs rule out to
obtain extinction spectrum in the NIR region. In Figure 2.11, extinction spectrum of
Ag NWs that are coated on pet substrate by spray coating is presented. Transverse
oscillations of electrons are represented in visible region of the spectrum with a peak
corresponds to the SPR mode and shoulder of it represents the shape dependent
resonance peak [35]. However, length/wide aspect ratio of Ag NWs is very high and
longitudinal mode peak does not observed in NIR region of the spectrum.

100 T T T T T T T
90 + "'1"' +

\ —Ag NW on PET substrate \ ]

Extinction (a.u.)

0 I 1 s 1 s 1 s 1 s 1 s 1

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2.11: UV-Vis extinction spectrum of spray coated Ag NWSs on pet substrate
and schematic representation of transverse (at shorter wavelengths) mod for Ag
NW and longitudinal (at higher wavelengths) surface plasmon mode for Ag

nanorods.

23



electronic oscillation charge and field
motion and amplitude Doy P2l -4

-\ » <.\|

7

@ (S
£ v S sl )
(b) e
Eg E
G ——l Z
® —
M
4 |— " N -
R
- -
N et

Figure 2.12: Schematic representation of transverse (a) and longitudinal (b)
plasmon modes of a nanowire and dipolar plasmon mode of a nanosphere

corresponding to the x- and y- polarized incoming light [37].

In Figure 2.12, coupling between plasmon modes of a nanowire and a nanosphere is
illustrated [37]. Explanations of factors causing EF of Ag NP and Ag NW are more

comprehensive than that of polarization property of the incoming light.

Electromagnetic enhancement is strongly dependent on extinction band or bands of
metal nanostructures [38]. EF reaches its maximum value when LSPR is between the

Stokes process and incoming light frequency [27], [39], [40].

2.3.2. Chemical Field Enhancement

Chemical enhancement originates from the interaction of the metallic structure and
the analyte molecule that is near-field of it and causes change of Raman polariability
tensor [9]. Enhanced Raman signals are proportional to the physical and chemical
interactions, orientation of the molecules and charge-transfer theory with a factor up
to 10% [18]. In most cases, orientations of the molecules according to the incident
beam polarization are random. Some proposals for charge transfer theory can be

24



summarized as the non existence of covalent bond between the adsorbate and the
metal resulting in the change of the electronic distribution of the adsorbate or
existence of covalent bond between the adsorbate and the metal resulting in the
change of polarizability of the molecule [9]. In addition, Raman cross sections for
non-resonant conditions ca. 10 — 10% cm?molecule for used scatterer molecule.
Larger cross sections as high as 10™® cm?molecule relating to EF of about 10* are
obtained due to the electronic interactions between adsorbate and metal and provides

single molecule to be detected [1], [16].
2.4. Enhancement Factor

Enhancement factor (EF) results from the sum of the contributions from the chemical
and the electromagnetic enhancement. It depends on the shape of the nanostructures,
gaps between aggregated nanostructures, polarization and LSPR wavelength [16],
[23].

When a nanoparticle is illuminated by a plane wave under resonant condition,
electric field lines concentrates near the nanoparticle as shown in Figure 2.13 [41].
Hence, effective cross section of nanoparticle increases and LSPR modes becomes

very impressive for molecule detection and investigation of the plasmonics.

Figure 2.13: Schematic representation of increase in cross section of a nanoparticle

under resonant condition [41].

Maximum value of EF is reached through molecules located in the regions, called as

hot spots, between two or more metal nanostructures that are coupled in the near
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field [29]. In Figure 2.14, a molecule (BCB) located between two Ag NPs is

represented.

= AN NN
:
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Figure 2.14: Schematic representation of a molecule (BCB) between hot spot of two
Ag NPs.

Edges of the cross-sections and ends of the Ag NWs are expected to be the maximum

EF resources [36].

In addition, because the surfaces of polyol synthesized Ag NP and Ag NWs are
smooth crystalline at atomic level, their plasmon lifetimes are longer when coupling
of these nanostructures are considered. This phenomenon was modeled in a research
by revealing second harmonic generation properties using two metal nanostructures.
It was concluded that enhancement of second harmonic signal is acquired compared

to the non-coupled nanostructures [42].

EF is defined as in the following form:

|Eout(W)2 | |Eout(W_Wv)2 |
Eg

EFsers(Wy) = (2.41)

where E,,;(w) and E,,;(w —w,) correspond to the incoming light and Stokes-
shifted Raman, respectively. Raman peaks are observed in the 100-3000 cm™ interval

by virtue of small difference between the energy of these fields [23]. Hence,
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difference between E,,.(w —w,) and E,,;(w) can be neglected by approximation

and more applicable relation at a desired point is obtained [33]:
EFSERS == 0— (242)

This expression is used to compare the experimental and theoretical results [29], and

does not involve the affect of the chemical contributions.

E. C. Le Ru at all. [43] classified the possible EF calculation methods as the single
molecule EF, the analytical chemistry point of view and the SERS substrate point of

view.

Single molecule enhancement factor is calculated as follows:

ISM
SMEF= SERS (2.43)

(IRs")
where I3mhs and (I3¥) correspond to the single molecule SERS intensity and the

average Raman intensity per molecule.
Analytical enhancement factor is calculated by:

ISERS/CSERS

AEF=
IRs/cRrs

(2.44)
where Isgrs and Ings correspond to the SERS and NRS intensities, respectively.
csgrs and cpg are concentration of molecules in SERS and Raman conditions,

respectively [43].

In SERS substrate point of view, EF of surface averaged structures is established by
calculating the ratio of SERS to normal Raman scattering (NRS) of analyte molecule

in the following form:

_ Isers/NsgRs

EF
INRS/NNRs

(2.45)
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where Iggrs and Iygrs represent SERS and NRS intensities in unit of [cts mW~1s71],
respectively, and Nggrs IS the total number of molecules adsorbed on metal

nanostructures. Nygs 1S defined as:
Nnrs= CnrsVprobe (2.46)

where Cyrs is the total number of molecules per mL and Ve COrresponds to the

probe volume for Raman scattering [44].
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1. Synthesis

10, 10®° and 10° M brilliant cresyl blue (BCB) and crystal violet (CV) dye
molecules were used for the Raman scattering measurements. A few properties of
these molecules are provided in table 3.1. Colloidal Ag NPs and Ag NWs were used

to enhance the Raman signal.

Table 3.1: Molecular structure of the dye molecules and their physical

characteristics [45].

) o r CH;\\F _~CHs 7
_ = P
Molecular wo” W o N E,\/L\ [//\ cr
Structure Hac) e CH;-.E;. N \.V.\E;..CHQ
BCB CVv
CA Index Phenoxazin-5-ium, 3-amino-7- | Methanaminium, N-[4-[bis[4-
Name (diethylamino)-2-methyl-, (dimethylamino)
chlorozincate (2:1) phenyl]methylene]-2,5-
cyclohexadien-1-ylidene]-
N-methyl-, chloride (1:1)
Chemical/ Phenoxazine Triphenylmethane
Dye Class
Molecular C17H20CIN30-0.5 ZnCl, Cy5H30CIN3
Formula
Molecular 385.96 407.98
Weight
Absorption 622 nm 590 nm
(xmax)
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Figure 3.1: UV-Visible absorption spectrum of CV solution.

Absorption maximum wavelength of CV solution corresponds to 590 nm according
to the UV-Visible spectrophotometry measurements as shown in Figure 3.1.
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Figure 3.2: UV-Visible absorption spectrum of BCB solution.

Absorption maximum wavelength of BCB solution corresponds to 622 nm as shown

in Figure 3.2.

Enhancement of Raman signal was acquired by adsorption of BCB and CV

molecules efficiently on the nanostructures. BCB and CV are soluble in water in
30



addition to the other liquids. Both of them are used in staining, biological and
industrial applications [45].

3.1.1. Polyol Synthesis of Ag NPs

100 mL round bottom flask was cleaned by deionized water, acetone and isopropyl
alcohol. 10 mL ethylene glycol (EG) solution of polyvinylpyrrolidone (PVP) was
poured into the beaker. 500 mg sodium chloride (NaCl) and a magnet were added
into the EG solution. Parafilm was placed over the beaker. The solution was heated
at 80 °C and stirred at a rate of 1000 rpm at a hot plate with magnetic stirrer and
waited until the dissolution of the PVP. After that, the solution was placed into the
silicon oil bath to be heated and stirred at 1000 rpm at the same time. This step was
conducted by the help of a hot plate with magnetic stirrer which is placed under the
distillation set up. While the first solution was heated and stirred, 10 mL of EG
solution and 200 mg silver nitrate (AgNO3) were added into a cleaned beaker. This
solution was stirred at 1000 rpm by a magnetic stirrer. Following dissolution, it was
added dropwise into the PVP solution by an injection pump (Top-5300 model
syringe pump) at a rate of 5 mL/h. Until the end of the synthesis, PVP solution was
heated and stirred. Upon cooling to room temperature, the solution was diluted with
acetone and centrifuged two times at 7000 rpm for 20 minutes. Nanoparticles were

then collected and dispersed in ethanol [46].

3.1.2. Polyol Synthesis of Ag NWs

Glassware were cleaned with deionized water, basic and acidic solutions, acetone,
isopropyl alcohol, and deionized water. 7 mg of NaCl was added into the 10 mL of
0.45 M EG solution of PVP. This solution was heated at 170 °C. At the same time,
0.12 M AgNO3 was added into the 5 mL of EG and distilled into the PVP solution by
an injection pump at a rate of 5 mL/h. This solution was stirred at 1000 rpm until the
end of the distillation process. By the addition of Ag” ions into the solution, Ag NPs
form in the nanometer scale due to the adsorption of PVP molecules onto these
structures. Larger Ag NPs form after some of the Ag NPs begin to dissolve through

Oswald ripening. Multitwin particle formation is another possibility due to the fact
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that PVP passivates some facets of these particles. Passivation of (100) faces of
formed multitwin particles and actively released (111) planes for the anisotropic
growth at [110] direction allowing the multitwin particles to become Ag NWs. Once
the distillation process is complete, solution was annealed at 170 °C for 30 minutes,
and then cooled to room temperature. Ag NWs were purified by acetone at a ratio of
1:5 and centrifuged at a rate of 7000 rpm for 20 minutes. Then, the Ag NWs were

dispersed in ethanol for further use [46].

3.2. Substrate Preparation

Steps in substrate preparation are illustrated in Figure 3.3. N-type, 1-3 ohm-cm single
side polished silicon wafers that are 500 pm thick were cut by diamond point pencil
in 1 cm 1 cm dimensions. They were cleaned with acetone, isopropyl alcohol, and
deionized water for 15 minutes, respectively, in an ultrasonic bath and dried under
nitrogen flow. To conduct the reference measurements for Raman scattering, a drop
of CV solution on a Si wafer was prepared. Three types of substrates were prepared

for the measurement of the SERS effect and these were:

1. CV/BCB solution drop casting on Si wafer for reference Raman
measurements;
2. Spray Coating of Colloidal Ag NP/Ag NW and Spin Coating of CV and BCB

on Si wafer;

3. Spray coating of in-solution mixed Ag NPs + CV/BCB on Si wafer.

Spin coating of CV

Spin coating of CV

AgNP spray coating AgNW spray coating

Spin coating of BCB Spin coating of BCB

Si wafer cutting and
cleaning

Spray coating of in-solution
mixed AgNP and CV

Spray coating of in-solution
mixed AgNW and CV

Spray coating of in-solution
mixed AgNP and BCB

Spray coating of in-solution
mixed AgNW and BCB

Figure 3.3: Concept map illustrating the substrate preperation steps.

Wafers were stuck by tape onto a hot plate at 80 °C to evaporate ethanol in colloidal

Ag NPs/Ag NWs. Spray coating was performed to deposit colloidal Ag NPs/Ag
32



NWs to wafers. It is crucial to keep the same distance between spray nozzle and
wafers during spray coating to obtain highly structured and reproducible surfaces.
Number of pass was conducted after about 20 seconds to enable evaporation of
ethanol. Surfaces were spray coated by 20, 30 and 40 number of passes for each
different molarities of dye molecules. The spray coated wafers were dried overnight
at room temperature. Depositions of dye molecules onto spray coated surfaces were
conducted via spin coating (Speciality Coating Systems Spincoat G3-8). A 600 ul of
dye molecule was dropped onto to the Ag NP/Ag NW spray coated wafers to cover
the surface as shown in Figure 3.4. After some tries to optimize the spread of the dye
molecules, 5 seconds of acceleration time, 30 seconds of spin time, 2000 rpm of spin

speed and 3 seconds of deceleration time were adjusted.

CV or BCB
AgNW
Si substrate

Figure 3.4: Experimental setup for spin coating of CV or BCB after spray coating of
Ag NW on Si substrates [47].
33



Wafers were also coated by in-solution mixed Ag NPs/Ag NWs and CV/BCB. The
ratio of colloidal Ag NP/Ag NW and dye molecules which were mixed was five to
three. The process of preparation of the wafers and spray coating was same as the

previous spray coating step.
3.3. Characterization

Prepared samples were characterized by Scanning Electron Microscope to evaluate
the surface coverage, reflection setup to obtain total and diffuse reflection spectra

and Raman spectroscopy to obtain normal Raman and SERS spectra.
3.3.1. SEM Analysis

Scanning electron microscope (SEM) was operated at 20 kV for substrates prepared
by spray coating of Ag NP and one image of all samples was acquired with
magnification of 5000 that represents the general surface coverage of the samples.
SEM images of different locations of these representative images were obtained with
magnification of 20000 in order to calculate surface coverage values. For substrates
prepared by spray coating of Ag NW, representative images were obtained with
magnification of 2000 and in order to calculate the surface coverage values of

different locations of these images, magnification of 10000 was adjusted.
3.3.2. Raman Measurements

Raman measurements were carried out by the experimental set-up represented in the
Figure 3.5. Sample was illuminated by an illumination source via integrated camera
inside the Raman head. 532 nm radiation with frequency doubled DPSS Nd-YAG
SLM laser (Laser Quantum torus) at power of 0.32 mW was transferred to the
Raman head through optical fiber cable. This transferred light was focused onto the
sample. 50 pm diameter focal spot size was acquired by a fiber coupled measurement
head with 50X objective lens. Rayleigh scattered photons were blocked by a band
gap filter that is at the exhaust port of the Raman head. Shorter wavelengths that are
shorter than 532 nm are also blocked to protect the CCD camera. Inelastically
scattered photons are collected by the Raman head and sent to the spectrometer with
another optical fiber cable. A /6.4 550 mm Raman spectrometer (Horiba Jobin-Yvon
IHR550) with a 1024x256 pixel CCD (Horiba Synapse) was used to diffract the
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collected light by a grating and dispersed to separate the wavelengths of it on the
CCD chip. The acquisitions were performed with 98 pm slit width and 600
grooves/mm blazed grating at 500 nm. Collected data was sent to the computer by

CCD camera and labspec software was used to analyze it.

spectrometer o
c%%gra Raman excitation
l laser (532 nm)

. ‘

fiber optic
cables

Raman signal

objective

sample
computer

Figure 3.5: Schematic diagram of the Raman setup.

3.3.3. Reflection Measurements

Total reflection and diffuse reflection measurements were carried out by reflection
set-up illustrated in Figure 3.6. Light was focused on the almost closed diaphragm by
a condenser lens. After the beam passed through the diaphragm, it was chopped at
the chopper and sent to the focusing lens to be collimated. The image of the
diaphragm opening was obtained as a spot on the reflection (R) port of the
integrating sphere. To measure the total reflection, dark background measurement
was carried out by leaving the R and transmission (T) ports empty, then reference
measurement was carried out by putting BaSO, calibration disk at R port. Finally,
sample was placed at the R port and T port was left empty. To measure the diffuse
reflection, specular R port was opened and same steps in reflection measurements
were repeated. The collected light was sent to the monochromator and detector.
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Furthermore, a reflectance dataset (Rgasos) Was used for reflectance calculations
because the total reflection of the owned BaSO, is below 100% [48], [49].

________________ A

__________________ computer

signal

]
I
]
]
]
]
I
]

detector

monochromator
focusing
lens diaphragm
& A
R port O II O
l condenser

integrating h lens
sphere _ .~ chopper

specular R port

Figure 3.6: Schematic diagram of the reflection measurement set-up [50].

Total reflection and diffuse reflection are calculated through the following relations:

Total Reflection= R-Dark 3.1
~ (Ref/Rpasoa)—Dark (1)

R*—Dark*
Diffuse Reflection= = (3.2)

(Ref*/RBaso4)—Dark*

where Dark and Ref correspond to the signals that are obtained from dark
background measurement and reference measurement, respectively. Dark* and Ref™
correspond to the signals that are obtained by same measurements but by opening

specular R port. In addition, haze is defined as follows:

Diffuse Reflection

Haze= Total Reflection x100 (3.3)
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CHAPTER 4

RESULTS and DISCUSSION

4.1. SEM Images and Reflection Results for Ag NPs

Analysis of SEM images was performed by using a software program named
Gwyddion. This analysis enabled number of grains, mean grain size and surface
coverage values to be obtained. Samples prepared with 10* M CV and BCB spin
coating on Ag NP spray coating were analyzed, and these results were used for the
samples prepared with 10° and 10° M CV and BCB as the preparation method was

the same.

denoising
—

A/arkmg by treshold

Figure 4.1: Image analysis steps for Ag NP SEM images showing application of
denoise filter and marking Ag NPs by threshold.
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This analysis procedure was also applied for samples that were prepared by 10* M
CV and BCB spin coating on Ag NW spray coating, and in-solution mixed Ag
NPs/Ag NWs + 10* M CV/BCB. The same analysis steps were applied for all
images. Denoise filter was applied to reduce the noise, and grains were marked by

threshold with the proper height and slope percentages as shown in Figure 4.1.

Number of grains:.104 ° Number of grains: 91 |

Surface coverage: 0.85 % 'Surfacg coverage: 0.69 %

Mean grain size:.90 nm - . Mean-grain size: 87 nm

EHT=20.00kv WD= 7.5mm Date:12Dec 2016 METU
Mag= 500KX SignalA=SE2 Time :15:05:27 GUNAM

" Number of grains; 149 Number of grains: 125
Surface coverage: 1.41 e Surface coverage: 0.97 %

‘Mean grain size: 200 nm  * Mean grain éize: 92 nmt

Figure 4.2: SEM image of 10 M BCB spin coating on Ag NP spray coating with 20

times pass (middle) and images taken from 4 different locations of it.
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Then, statistics of grains were acquired. In Figure 4.2, SEM image of Ag NP spray
coating with 20 times pass is presented in the middle and other 4 images that were
measured by focusing on the 4 different locations of this image for image analysis is
presented. Number of Ag NPs, surface coverage and mean Ag NP size were obtained

by image analysis steps.

Table 4.1: Surface coverage values of Ag NPs for different substrate preparation
techniques and 20, 30 and 40 times pass of Ag NP.

Ag NP spray | spray coating | Ag NP spray | spray coating
coating and | of in-solution | coatingand | of in-solution
CV spin mixed Ag NPs BCB spin mixed Ag NPs

coating and CV coating and BCB
20 times pass 0.5 0.6 1.0 0.7
30 times pass 0.9 2.2 1.2 1.4
40 times pass 1.1 2.6 1.4 1.5

Average of the mean grain size for all SEM images of Ag NPs was determined as
100 nm. In table 4.1, surface coverage values corresponding to the different number
of passes for substrates that are prepared with different methods are presented.

Total and diffuse reflection measurements were conducted for a bare silicon wafer to
be used as reference data and for the substrates prepared by spray coating of in-
solution mixed Ag NPs + 10* M CV for 20, 30 and 40 times pass numbers
correspond to 0.6 %, 2.2 %, and 2.6 % surface coverage values. Total reflection
measurements indicate that as the surface coverage increases, total reflection
decreases as shown in Figure 4.3 (a). Diffuse reflection measurements indicate
inverse relationship as compared to the total reflection measurements as presented in
Figure 4.3 (b).
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Figure 4.3: Total and diffuse reflection spectra of spray coating of in-solution mixed

Ag NPs + 10 M CV for different number of passes.
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Figure 4.4: Haze spectrum of spray coating of in-solution mixed Ag NPs + 10

M CV for different number of passes.

Haze measurement results indicate that plasmon resonances for Ag NPs are observed

around 400 nm as presented in Figure 4.4.

4.2. Reference Raman Measurement

Acquisition time for reference measurements was conducted in 250 seconds. The
peak 1614 cm™ corresponds to the in-plane aromatic C-C stretching vibration
according to the literature [51]. Therefore, 1616 cm™ as shown in Figure 4.5 was
assigned to this vibration and used for EF calculations. Because the characteristic
peaks of BCB could not been obtained in Raman measurement of a droplet of BCB
solution on Si wafer, this result was used for BCB molecule also by predicting the
results would not be affected considerably.
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Figure 4.5: Raman spectrum of 10 M CV liquid droplet on Si wafer.

4.3. SERS Measurements for Ag NPs and CVV/BCB

Figure 4.6 shows the normalized extinction spectra of Ag NP and Ag NW, and
normalized absorption spectra of CV and BCB.

Normalized Extinction
Normalized Absorption

460 560 6(30 760 860 A 960 A 1000
Wavelength (nm)
Figure 4.6: Normalized extinction spectra of Ag NP and Ag NW, and normalized
absorption spectra of CV and BCB, green line represents the 532 nm laser

wavelength and yellow line represents the scattered light wavelength.
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According to our experiment conditions, laser wavelength is between the maximum
LSPR wavelength of metal nanostructures and absorption wavelength of molecules.
This situation was investigated with an analytic model in a recent research [52].
Maximum EF is obtained when LSPR wavelength is between laser light and
scattered light wavelength. Hence, more enhancement is expected from Ag NWs due
to the fact that some plasmon modes of Ag NW is between the laser light and
scattered light wavelength. In addition, laser light is not in resonance with BCB,
however wavelength of laser light is close to the CV absorption wavelength

maximum. So, expected EF for CV is more as compared to that of BCB.

Acquisition time was set as 250 seconds for samples that had been prepared by spray
coating of colloidal Ag NP/Ag NW and spin coating of CVV/BCB and spray coating
of in-solution mixed Ag NPs and CV/BCB on substrates. SERS measurements were
acquired from 10 different selected spots on prepared surfaces. All spectra were

normalized for acquisition time.

22 . . . . . . . 1 peak(s) found

20+
18

16

Intensity (cts/s)

14+

12 B 1520 1540 1560 1580 16t 0

Wavenumber cm™)

10

Intensity (cts/s)

200 400 600 800 1000 1200 1400 1600

Wavenumber (cm™)
Figure 4.7: SERS intensity spectra of spray coating of in-solution mixed Ag NPs +
10™* M CV with 20 times pass obtained from 10 different selected spots of substrate

and peak area under a strong peak between the 1600 and 1630 cm™ to be used for
statistics of SERS.
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Peak area integrals of the characteristic Raman peaks of CV and BCB were presented
in box charts representing the statistics of all measurements. In Figure 4.7, SERS
intensity spectra of spray coating of in-solution mixed Ag NPs + 10* M CV with 20
times pass obtained from 10 different selected spots of substrate is presented. 10
strong peaks between 1600 and 1630 cm™ were baseline corrected and peak areas

were obtained from these intensity spectra.

In Figure 4.8, SERS intensity spectra of spray coating of in-solution mixed Ag NPs +
10 M BCB with 20 times pass obtained from 10 different selected spots of substrate
is shown. One of the characteristic peaks of BCB (1419 cm™) was chosen to
calculate EF. 1395 and 1430 cm™ intervals of 10 peaks were baseline corrected and

peak areas were obtained.

1 peak(s) found

1 peak(s) found

50| .
10 \ _ /\
30| —

1360 1380 1400
Wavenumber cm?)

Intensity (cts/s)

200 400 600 800 1000 1200 1400 1600

Wavenumber (cm™)

Figure 4.8: SERS intensity spectra of spray coating of in-solution mixed Ag NPs +
10" M BCB with 20 times pass obtained from 10 different selected spots of substrate
and peak area under a strong peak between the 1395 and 1430 cm™ to be used for
statistics of SERS.
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Calculated peak areas for all substrates prepared with colloidal Ag NPs were used to
present the statistics of SERS measurements with box charts that will be shown in

the following section.
4.4. Enhancement Factor Calculations and Results for Ag NPs

Area under the peak width between 1600 and 1630 cm™ for CV was found and
normalized for laser power in order to use this result as intensity of NRS in EF

calculation as follows:

5.18 cts

Ines = Sazmw s (4.1)

In Figure 4.9, schematic representation of Raman measurement from a droplet of 10

M CV molecule on a Si wafer is shown.

laser light
(532 nm)

L

----------- »10* M CV droplet

.. Si wafer

Figure 4.9: Schematic representation of Raman measurement from a droplet of 10
M CV molecule.

Volume of a prolate spheroid was considered to calculate the probe volume with
dimensions of ry= 25 um, ry = 25 um considering the spot size of laser light, and r, =

50 um as follows:

V,

robe = 4?" X 25 um X 25 pm X 50 pm = 1.3 x 107°L (4.2)

Total number of molecules in that volume for Raman measurement corresponds to:
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Nygs = 1074 2% x 6.02X10%3 BEE20 5 1.3 10710

= 7.9 x 10°molecules 4.3)
In Figure 4.10, SERS measurement of Ag NPs is presented.

Adsorbed
molecules

"

2nm

laser light
(532 nm)

1]

Siwafer

AgNPs

Figure 4.10: Schematic representation of SERS measurement for EF calculation.

SERS EF is acquired from the molecules that exist up to 1-2 nm away from the
surface of the metal nanostructure; therefore, this localized volume around one Ag

NP that is illustrated in Figure 4.10 was calculated as follows:
4 —
Vorobe(1ag NP) = ?n x [(52nm)3 — (50nm)3] = 6.5 x 1072°L (4.4)

Total number of 10 M CV molecules adsorbed on metal nanostructures was

calculated by:

mol molecules
Nggrs = 10‘4T X 6.02X10%3 — X 6.5 X 1072°L x 2000molecules
= 3.93molecules X 2000 molecules = 7860 molecules (4.5)

Then, EF values for surface averaged structures were acquired by using equations

I N
EF— SERS/NSERS

and NNRS= CNRsv be-
INRs/NNRs probe
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Before presenting the statistics of SERS measurements, it is beneficial to indicate the
corresponding values and ranges in a box chart that is drawn in OriginLab software
with a box as shown in Figure 4.11. Half of the data are under the median and half
are above it. 75th percentile corresponds to the median of data that is above the
median of all the data, whereas 25" percentile is median of data that is below the
median of all the data. Hence, 50 percent of the data range is presented in the box

and asterisks correspond to the maximum and minimum values.

*k maximum value

o<t :
-~ 95™ percentile

75 percentile

O mean

median

25t percentile

[

th .
5 percentile
*k minimum value

Figure 4.11: Corresponding values and ranges for box charts.

In addition, an example of distribution of data is presented in Figure 4.12 with

different cases.

Figure 4.12: An example of data distribution for box charts [53].
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In Figure 4.13, both the SERS measurements and EF values are represented in box
charts for Ag NP spray coating and 10 M CV solution spin coating, spray coating of
in-solution mixed Ag NPs + 10* M CV, Ag NP spray coating and 10* M BCB
solution spin coating and spray coating of in-solution mixed Ag NPs + 10* M BCB
in a, b, ¢, and d columns of the graph, respectively. In each column of the graph,
corresponding statistics are represented for 20, 30 and 40 times pass numbers as
indicated in table 4.1. For instance, 0.5, 0.9 and 1.1% surface coverage values
correspond respectively to the 20, 30 and 40 times pass numbers of spray coating of
colloidal Ag NP if it will be followed by spin coating of CV/BCB solutions, and that
of spray coating of in-solution of Ag NP and CV/BCB solutions.
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Figure 4.13: Box charts displaying the statistics of SERS measurements and
enhancement factor for (a) Ag NP spray coating and 10 M CV solution spin
coating, (b) spray coating of in-solution mixed Ag NPs + 10 M CV, (c) Ag NP
spray coating and 10 M BCB solution spin coating, (d) spray coating of in-
solution mixed Ag NPs + 10 M BCB.

Increase in the surface coverage values relates to the increase in the total number of
Ag NPs and this allows hot spots to be formed at a higher probability. Hence, it can

be deduced that when surface coverage increases, higher EF values are expected.
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According to the Figure 4.13, the box charts that are represented in 4.13 could be
considered as corresponding to this expectation. EF values range from 107 to 10°
such that are close to the highest EF values that are obtained by surface averaged

calculations in the literature.

SERS measurements and EF values of Ag NP spray coating and 10> M CV solution
spin coating in Figure 4.14 (a), spray coating of in-solution mixed Ag NPs + 10 M
CV in (b), Ag NP spray coating and 10° M BCB solution spin coating in (c), and
spray coating of in-solution mixed Ag NPs + 10° M BCB are presented in (d).
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Figure 4.14: Box charts displaying the statistics of SERS measurements and
enhancement factor for (a) Ag NP spray coating and 10> M CV solution spin
coating, (b) spray coating of in-solution mixed Ag NPs + 10° M CV, (c) Ag NP
spray coating and 10> M BCB solution spin coating, (d) spray coating of in-
solution mixed Ag NPs + 10> M BCB.

When compared to the previous experimental results, generally same trend is
observed; however, EF decreases because the total number of molecules adsorbed on
metal nanostructures (Nsgrs) decreases. Nevertheless, EF values are high enough to
be between 10° and 10”.
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In Figure 4.15, statistics of SERS measurements and EF are presented for substrates
prepared by using 10° M CV and BCB. EF values vary between 10° and 10°. EF
results of substrates prepared by Ag NP spray coating and 10° M CV solution spin
coating (a) as compared to the other substrates ranges in a wider range. This

corresponds to the low surface homogeneity of the samples.
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Figure 4.15: Box charts displaying the statistics of SERS measurements and
enhancement factor for (a) Ag NP spray coating and 10° M CV solution spin
coating, (b) spray coating of in-solution mixed Ag NPs + 10° M CV, (c) Ag NP
spray coating and 10° M BCB solution spin coating, (d) spray coating of in-
solution mixed Ag NPs + 10° M BCB.

In Figure 4.16, mean SERS intensity and linear fits of Ag NP spray coating and 10,
10, 10 M CV solution spin coating are presented. According to the mean SERS
intensity values, SERS intensity increases when surface coverage increases as
expected, except for result of substrate prepared by 10° M CV. In addition,
increasing molarity of the molecules leads to the increasing mean SERS intensity.
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Figure 4.16: Mean SERS intensity obtained from box charts and linear fit of Ag
NP spray coating and 10, 10, 10° M CV solution spin coating.

In Figure 4.17, mean SERS intensity and linear fits of spray coating of in-solution
mixed Ag NPs + 10, 10°°, 10°® M CV are presented.
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Figure 4.17: Mean SERS intensity obtained from box charts and linear fit of
spray coating of in-solution mixed Ag NPs + 10, 10°, 10° M CV.

It can be said that there is not a correlation between surface coverage and mean
SERS intensity values, however increasing molecule molarities provides mean SERS

intensity to increase.
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Figure 4.18: Mean SERS intensity obtained from box charts and linear fit of Ag

NP spray coating and 10, 10, 10 M BCB solution spin coating.
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Figure 4.19: Mean SERS intensity obtained from box charts and linear fit of
spray coating of in-solution mixed Ag NPs + 10, 10°°, 10° M BCB.

Figures 4.18 and 4.19 show mean SERS intensity and linear fit of Ag NP spray
coating and 10, 10®°, 10° M BCB solution spin coating, and spray coating of in-
solution mixed Ag NPs + 10™ 10°, 10® M BCB, respectively. Both increasing
molarity and increasing surface coverage values provide mean SERS intensities to

increase.
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4.5. SEM Images and Reflection Results for Ag NWs

Surface coverage values for substrates that are prepared by colloidal Ag NWs and
with 10* M CV and BCB were obtained by Gwyddion software as in the Ag NPs

case. These values also used for 10° and 10° M CV and BCB containing substrates.
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Figure 4.20: SEM image of 10 M CV spin coating on Ag NW spray coating with 20
times pass (middle) and images taken from 4 different locations of it.
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However, number of grains and mean grain sizes could not been acquired due to the
Ag NPs are contained in aqueous Ag NW suspensions as shown in Figure 4.20.
Figure 4.21 SEM image of spray coating of in-solution mixed Ag NWs and BCB
solution is represented. Surface coverage values are higher than that of previous

method.

Surface coverage: 52.5 % 4 Surface coverage: 57.1 %
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Figure 4.21: SEM image of spray coating of in-solution mixed Ag NWs with 20 times
pass + 10*M BCB (middle) and images taken from 4 different locations of it.
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Approximate lengths of the wires were detected by using distance measurement tool

of Gwyddion program as shown in Figure 4.22.

Distance - O >
Eﬂx[um]ﬁr[unﬂ p [deglR [pm] fz [pm]
1 -2.97 620 -1156] 6881 12.00
2 4.81 0.0 -0.4) 481 ) -46.00
3 -4.37 264 -14838] 510 27.75
4 -514  -1.32 1656 530 12.00
5 6.75 389 -3000 7.79] 1875
B 2.00 147 -104) 833) -5.75
7 1.3% -6.24 T4l 6391 1075
2] B35 213 1850 _669] -0.50

Figure 4.22: Approximated length of Ag NWs measured from SEM image of spray

coating of colloidal Ag NWs with 30 times pass number and 10 M BCB spin

coating.

Ag NW length range of selected 8 wires varies between 5-8 um. Surface coverage

values for corresponding substrate preparation methods are presented in table 4.2.

Table 4.2: Surface coverage values of Ag NWs for different substrate preparation

techniques and 20, 30 and 40 times pass of Ag NWs.

Ag NW spray | spray coating | Ag NW spray | spray coating
coating and | of in-solution | coating and | of in-solution
CV spin mixed Ag NW BCB spin mixed Ag NW
coating and CV coating and BCB
20 times pass 14 29.2 5.0 52.0
30 times pass 2.3 40.0 12.2 73.4
40 times pass 3.1 45.7 154 77.4

These results show that the substrates prepared by spray coating of in-solution mixed
structures have a higher tendency to coat than substrates prepared by nanowire spray
coating and molecule spin coating, which is why a large majority of some nanowires

migrate from the surface when the molecule is spin coated.
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Figure 4.23: Total and diffuse reflection spectra of spray coating of in-solution
mixed Ag NWs + 10 M CV for different number of passes.

Figure 4.23 (a) indicates that nanowires have different total reflection characteristics
below and above 650 nm. As surface coverage of substrates increases, total reflection
also increases at higher wavelengths than 650 nm; however, as surface coverage
increases, total reflection decreases at the wavelengths below 650 nm. In Figure 4.23
(b) it is observed that when surface coverage increases, diffuse reflection also

increases.
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Figure 4.24: Haze spectrum of spray coating of in-solution mixed Ag NWs + 10™

M CV for different number of passes.

Haze measurement results indicate that plasmon resonances for Ag NWs are

observed at 400 nm as shown in Figure 4.24.

4.6. SERS Measurements for Ag NW and CV/BCB

Acquisition time was set as 250 seconds for samples that had been prepared by spray
coating of colloidal Ag NW and spin coating of CVV/BCB. Because of the saturation
condition due to the high surface coverage of the samples, acquisition time for spray
coating of in-solution mixed Ag NWs and CV/BCB on substrates was set as 10
seconds. SERS measurements were acquired from 10 different selected spots on
prepared surfaces. Normalization for acquisition time and box chart representations

were acquired same as the procedure for colloidal Ag NPs.

In Figure 4.25, SERS intensity spectra of Ag NW spray coating with 20 times pass
and 10™ M CV spin coating obtained from 10 different selected spots of substrate are
presented. The selected peak and the area underneath are shown as in the case of Ag
NP.
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Figure 4.25: SERS intensity spectra of Ag NW spray coating with 20 times pass
and 10 M CV spin coating obtained from 10 different selected spots of substrate
and peak area under a strong peak between the 1600 and 1630 cm™ to be used for

statistics of SERS.

In Figure 4.26, Ag NW spray coating with 20 times pass number and 10* M BCB
spin coating obtained from 10 different selected spots of substrate. One of the
characteristic peaks of BCB was selected same as the Ag NP case and after baseline
correction, area under these peaks were determined, and used to reveal the statistics
of SERS measurements.

58



12

1 peak(s) found

10 g
@
2
A
% 8 > ;
o 5
O £
N
2 6r I
) |
C
9 1380 1400 1420 14 1460
£ 4+ Wavenumber cm™) i E

200 400 600 800 1000 1200 1400 1600

Wavenumber (cm™)

Figure 4.26: SERS intensity spectra of Ag NW spray coating with 20 times pass
number and 10 M BCB spin coating obtained from 10 different selected spots of
substrate and peak area under a strong peak between the 1395 and 1430 cm™ to

be used for statistics of SERS.

In Figure 4.27, statistics of SERS measurements for (a) Ag NW spray coating and
10" M CV solution spin coating and (b) Ag NW spray coating and 10* M BCB
solution spin coating are shown with box charts. There is an increasing trend with
increasing surface coverage for both methods. Although surface coverage of
substrate having surface coverage of 12.2 % decreases compared to the 15.4 %, the
increase in the EF can be attributed to the increase in the number of hot spots in the
laser spot. In addition, this sample has a lower surface homogeneity as compared to
the other substrates due to the higher difference between 75" and 25" percentage
values in the corresponding box. Maximum EF acquired in case molecules locate in
the Ag NP-Ag NW and Ag NW-Ag NW hot spots. Intensity range in column (a)
indicates that the homogeneity of the substrates is high such that there is a
proportional increase in the intensity range and there is not a huge difference

between minimum and maximum values.
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Figure 4.27: Box charts displaying the statistics of SERS measurements for (a)
Ag NW spray coating and 10 M CV solution spin coating, (b) Ag NW spray
coating and 10 M BCB solution spin coating.
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Figure 4.28: Box charts displaying the statistics of SERS measurements for (a)
spray coating of in-solution mixed Ag NWs + 10™ M CV, (b) spray coating of in-
solution mixed Ag NWs + 10 M BCB.

In Figure 4.28, statistics of SERS measurements for (a) spray coating of in-solution
mixed Ag NWs + 10 M CV, (b) spray coating of in-solution mixed Ag NWs + 10™*
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M BCB are shown. There is a huge increase in intensity range as compared to the
previous method. Spray coating of in-solution mixed nanoparticles and molecules
causes the surface to be highly coated. This allows a very high EF to be achieved
because much more Ag NWSs present in probe volume, and number of molecules

located at hot spot of nanostructures increases.

In Figure 4.29, (a) Ag NW spray coating and 10° M CV solution spin coating and
(b) Ag NW spray coating and 10° M BCB solution spin coating results are shown.
Although the total number of adsorbed molecules on Ag nanostructures decreases,
there is not a detectible trend in intensity range. However, intensity generally
increases with increasing surface coverage in column (b) that can be seen from the

mean values of the boxes.
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Figure 4.29: Box charts displaying the statistics of SERS measurements for (a) Ag
NW spray coating and 10 M CV solution spin coating, (b) Ag NW spray coating
and 10™° M BCB solution spin coating.

Figure 4.30 shows the spray coating of in-solution mixed Ag NWs + 10° M CV in
(a) and spray coating of in-solution mixed Ag NWs + 10° M BCB (b). Again
intensity values tremendously increases as compared to the previous case that is

prepared by spin coating of 10° M CV and BCB molecules due to high surface
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coverage. However, when compared to the spray coating of in-solution mixed Ag
NWs and 10 M CV/BCB, intensity range increases. This can be attributed to the
smaller number of molecules adsorbed on metal nanostructures at a higher rate. The
intensity range is increasing in accordance with the increase rate of the surface

coverage in both columns (a) and (b).
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Figure 4.30: Box charts displaying the statistics of SERS measurements for (a)
spray coating of in-solution mixed Ag NWs + 10 M CV, (b) spray coating of in-
solution mixed Ag NWs + 10 M BCB.

Statistics of SERS measurements are presented for Ag NW spray coating and 10° M
CV solution spin coating in Figure 4.31 (a), and Ag NW spray coating and 10° M
BCB solution spin coating in (b). Although surface coverage of Ag NW spray
coating and 10° M BCB solution spin coating is seems as 12.2 %, this value
corresponds to the substrate that is prepared by same method but with 10 M BCB
solution as indicated in SEM image results. It is obvious that surface coverage of Ag
NW spray coating and 10° M BCB solution spin coating is more than 15.4 % due to
the apparent increase in the mean value of intensity of this sample or molecules are

adsorbed on metal nanostructures at a higher rate.
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Figure 4.31: Box charts displaying the statistics of SERS measurements for (a)
Ag NW spray coating and 10® M CV solution spin coating, (b) Ag NW spray
coating and 10° M BCB solution spin coating.
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Figure 4.32 : Box charts displaying the statistics of SERS measurements for (a)
spray coating of in-solution mixed Ag NWs + 10°® M CV, (b) spray coating of in-
solution mixed Ag NWs + 10° M BCB.

In Figure 4.32, statistics of SERS measurements of spray coating of in-solution

mixed Ag NWs + 10° M CV and spray coating of in-solution mixed Ag NWs + 107
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M BCB are shown in (a) and (b), respectively. It can be concluded that intensity
range is much higher than that of the previous results and much lower than that of the
substrates that are prepared by the same method but with molecules of 10° M as

expected.

In Figures 4.33, 4.34, 4.35 and 4.36, mean SERS intensity obtained from box charts
and linear fit of all the methods that are prepared by Ag NWs are presented.
Generally, there is not a trend related to molarities of molecules and mean SERS

intensity relation.

20k

Mean SERS Intensity
)
T

15 2.0 2.5 3.0
Surface Coverage (%)

Figure 4.33: Mean SERS intensity obtained from box charts and linear fit of Ag
NW spray coating and 10, 10, 10 M CV solution spin coating.
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Figure 4.34: Mean SERS intensity obtained from box charts and linear fit of spray
coating of in-solution mixed Ag NWs + 10, 10°, 10° M CV.

Only linear fit of Ag NW spray coating and 10 10°, 10°® M BCB solution spin
coating substrates reveals that increasing molarity provides SERS intensity range to

increase as shown in Figure 4.35.

100 F .

10" M

1 L 1 L 1

e 10°M

A 10°M

Mean SERS Intensity
5
T
1

4 6 8

10

12

14

16

Surface Coverage (%)

Figure 4.35: Mean SERS intensity obtained from box charts and linear fit of Ag
NW spray coating and 10, 10, 10 M BCB solution spin coating.
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Figure 4.36: Mean SERS intensity obtained from box charts and linear fit of spray
coating of in-solution mixed Ag NWs + 10, 10, 10° M BCB.

In addition, it could be said that increasing surface coverage provides mean SERS

intensity obtained from box charts to increase in general.
4.7. Simulation

To compare the experimental and theoretical EF values, some simulations were
conducted by MNP-BEM simulation program. Maxwell’s equations were solved in
3D with boundary element method. By this method, surface charge densities are
calculated and these values are converted to the field amplitudes over the surface by
using Green’s function. Simulations were prepared by placing dimer nanoparticles
radius of 50 nm located on a 400 x 400 mesh grid. The distances between these
dimers were set as 2, 5, 10 and 20 nm. Then, x-polarized and 532 nm incident light
was used to investigate the electric field distribution, and compare how the EF
changes with distance between dimers. In Figure 4.37, electric field distribution
between and around the nanoparticles are presented according to the simulation
results. When the distance between nanoparticles decreases, field amplitudes
increase. In the case of hot spot between the nanoparticles, EF strongly increases. In
Figure 4.37 (c) and (d) distances between the nanoparticles are 5 and 2 nm that

correspond to the distances that allow hot spots to be achieved.
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Figure 4.37: Electric field distribution of a 100 nm dimer obtained by locating (a)

20, (b) 10, (c) 5, (d) 2 nm away from each other.
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Theoretical EF was calculated by EFsgrs = |E(7)]*/|Eo(r)|* as indicated in section
2.4, EF is proportional to the fourth power of the electric field amplitude at a point

with respect to that of incident electric field.

Amplitude of E,(r) was determined as 1.3 by locating dimer far away from each
other with ensuring that this value does not change after that point. EF was calculated

using the maximum electric field amplitude taken from the surface above 50 nm.
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Figure 4.38: Enhancement factor graph for dimers (radius of 50 nm) located on
a 400 x 400 mesh grid at a distance of 2, 5, 10, 20 and 50 nm from each other.

EF tremendously increases when the gap size between the nanoparticles is 2 nm and

reduces when the inter-particle distance increases as shown in Figure 4.38.
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CHAPTER 5

CONCLUSIONS

In this thesis study, SERS activity of polyol synthesized colloidal Ag NPs and Ag
NWs were investigated by interacting these nanostructures with CV and BCB
analytes. Experimental procedure consists of two type of substrate preparation. One
method is decorating Si wafers with colloidal Ag NP/Ag NW by spray coating, and
then spin coating of CV/BCB molecules on them. Other method is spray coating of
in-solution mixed colloidal Ag NP/Ag NW and CV/BCB solutions. Spray coating
was carried out as 20, 30 and 40 times passing for each substrate. These different
numbers of passes were characterized by SEM image analysis revealing generally
increasing surface coverage values with increasing passing numbers. Although the
expected surface homogeneity could not been obtained, generally the effect of
increasing number of nanostructures that are obtained from SEM images could be
analyzed from the statistics of EF values that are presented by box charts for
substrates that are prepared by colloidal Ag NPs. Due to the fact that mean grain size
and number of grains could not been analyzed properly, corresponding EF values for

colloidal Ag NWs could not been calculated.

As indicated in section 2.3.1.3, Ag NP has strong extinction and Ag NW has two
peaks corresponding to transverse oscillations corresponding LSPR bands. Extinction
spectrum for metal nanostructures gives idea about enhancement effect. When Ag
NPs and Ag NWs interact with CV and BCB molecules, these bands red shift owing
to dipole—dipole interactions and surface plasmon coupling between aggregated
nanostructures. In addition, absorption maximum wavelengths of CV and BCB
solutions correspond to 590 and 622 nm, respectively. Absorption peaks of aqueous
solutions of CVV/BCB molecules and extinction peaks of colloidal Ag NP/Ag NW are

not resonance with Raman laser light. Laser light wavelength is
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between the LSP bands and absorption peak maximums of CV and BCB. Hence,
highly strong EF values are obtained in this study. In addition, wavelength of laser
light is close to the absorption peak of CV, so more EF values are expected from
substrates that are prepared by using CV. However, this trend generally can not be

observed within the scope of this study.

Longer plasmon lifetimes can be obtained via smooth crystalline surfaces of polyol
synthesized Ag NPs and Ag NWs when coupling of these nanostructures are
considered. In the scope of this study, it can be concluded that increase in the lifetime

of plasmons provide nanostructures to interact strongly.

By the help of box charts we have gained statistics of SERS measurements and we
could compare them with the corresponding surface coverage of the samples. In
addition, we have analyzed the surface homogeneity and hot spot generation through
spray coating of Ag NP and Ag NW on Si wafers. We used Si Raman peak at 521
cm™ to calibrate the spectra that we obtained from Raman and SERS measurements.
One of the strongest Raman peaks of CV (1614 cm™) and BCB (1419 cm™) were
used to reveal statistics of SERS measurements by baseline correction and
calculation of area under corresponding bands of these sharp peaks. Mean SERS
intensity increases with increasing Ag NP surface coverage and molarity of CV and
BCB as expected. The data that deviate from this trend is caused as a result of poor
surface homogeneity. However, this kind of trend for molarity could not been
achieved from the linear fits of mean SERS intensity values for Ag NWs.

Literature review indicates that average SERS EF could be between 10 and 10° for
poor experimental conditions. Range of 10°-10° could be achieved often. EF between
10" and 10 can be obtained through very well prepared substrates and in the suitable
experimental conditions. In this study we have achieved as high as maximum values
indicated at SERS literature. Furthermore, EFs for substrates prepared by Ag NWs
are more promising than Ag NPs when intensity range of them is compared to the Ag
NPs.

Simulation results suggest that when the nanoparticles are positioned at a distance of
at most a few nanometers from each other, EF has indicated to be tremendously high.
Hence, maximum EF is obtained from molecules that are located at the hot spots.
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According to the simulation results, maximum achievable EF is as high as 1.8x10.
This value obtained by considering the maximum electric field amplitude at the hot
spot of two perfect spherical nanoparticles. However, experimental setup measures
the signal from randomly adsorbed molecules on metal nanostructures and averages
over the probe volume. So, EF about 10° that we achieved from the calculations is
not as high as the simulation results.
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