
 

 

PREPARATION AND CHARACTERIZATION OF SILVER-PESeE FILM 

DEPOSITED ON ITO GLASS SURFACE AS A SURFACE ENHANCED 

RAMAN SCATTERING SUBSTRATE 

 

 

A THESIS SUBMITTED TO 

THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

 

OF 

 

ATILIM UNIVERSITY 

 

 

 

BY 

 

 

RAISAN KADHIM TARESH ALSHUWAILI 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF MASTER OF SCIENCE 

IN  

APPLIED CHEMISTRY  

 

 

AT 

 

THE DEPARTMENT OF CHEMICAL ENGINEERING AND  

APPLIED CHEMISTRY 

 

JULY 2015 

 

 



Approval of the Graduate School of Natural and Applied Sciences, Atılım 

University. 

                                               _____________________ 

   Prof. Dr. İbrahim AKMAN 

    Director 

I certify that this thesis satisfies all the requirements as a thesis for the degree of 

Master of Science. 

                                               _____________________ 

                                                 Prof. Dr. Atilla CİHANER 

                                              Head of Department 

This is to certify that we have read the thesis ― Preparation and Characterization of 

Silver-PESeE Film Deposited on ITO Glass Surface as a Surface Enhanced 

Raman Scattering Substrate‖ submitted by ―Raisan Kadhim Taresh Alshuwaili‖ 

and that in our opinion it is fully adequate, in scope and quality, as a thesis for the 

degree of Master of Science. 

____________________                                                    ____________________  

Prof. Dr. Atilla CİHANER                                         Asst. Prof. Dr. Murat KAYA      

      Co-Supervisor                                             Supervisor 

 

Examining Committee Members  

Asst. Prof. Dr. Seha TİRKEŞ                     _____________________  

Asst. Prof. Dr. Ferdi KARADAŞ               _____________________  

Asst. Prof. Dr. Murat KAYA                             _____________________  

 

                                                                                               Date: 13.07.2015 

       

 



 

 

 

 

 

 

 

I declare and guarantee that all data, knowledge and information in this document 

has been obtained, processed and presented in accordance with academic rules 

and ethical conduct. Based on these rules and conduct, I have fully cited and 

referenced all material and results that are not original to this work. 

 

       

 

   Name, Last name: Raisan Kadhim Taresh Alshuwaili 

 

    Signature: 

 

 

 

 

 

 

 

 



iv 
 

 

 

 

ABSTRACT 

 

 

PREPARATION AND CHARACTERIZATION OF SILVER-PESeE FILM 

DEPOSITED ON ITO GLASS SURFACE AS A SURFACE ENHANCED 

RAMAN SCATTERING SUBSTRATE 

KADHİM Taresh Alshuwaili, Raisan 

M.Sc., Chemical Engineering and Applied Chemistry 

Supervisor: Asst. Prof. Dr. Murat KAYA 

Co-Supervisor: Prof. Dr. Atilla CİHANER       

July 2015, 56 pages 

 

 

Surface enhanced Raman scattering (SERS) is known as a very attractive technique 

for the characterization and detection of a variety of chemical and biological 

molecules due to their impressive characteristics such as giving spectral fingerprint 

of vibrations, high sensitivity and insensitivity to water. One of the most important 

points of the SERS technique is the requirement for producing a substrate having an 

ideal surface morphology to facilitate the achievement of the most favorable 

enhancement. 

 

Here a novel, simple, reliable, and reproducible one-step electrochemical method for 

the preparation of surface enhanced Raman-active polymer-mediated silver 

nanoparticles (Ag NPs) on planar indium tin oxide (ITO) coated glass substrates was 

reported. Poly (4,7-di-2,3-dihydrothieno [3,4-b] [1,4] dioxin-5-yl-2,1,3 benzoselena 

diazole) (PESeE) film was used as a support material for dispersing silver 

nanostructures on the surface homogeneously.  

 



v 
 

The morphologies of the prepared substrates have been investigated by field 

emission scanning electron microscopy (FE-SEM). The effect of the thickness of 

PESeE polymer film and the amount of silver particles on the polymer film on the 

SERS response were studied as well as repeatability and stability of prepared 

substrates. Brilliant cresyl blue (BCB) has been used as Raman probes to evaluate 

the properties of the new SERS substrates. 

 

Keywords: Raman spectroscopy, SERS, polymer film, silver nanoparticles, 

electrochemically prepared SERS substrate 
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ÖZ 

 

 

YÜZEYDE GÜÇLENDİRİLMİŞ RAMAN SAÇILMASI SUBSTRATI 

OLARAK İTO CAM YÜZEYİNE KAPLANMIŞ GÜMÜŞ-PESeE FİLMİNİN 

HAZIRLANMASI VE KARAKTERİZE EDİLMESİ  

KADHİM Taresh Alshuwaili, Raisan 

Yüksek Lisans, Kimya Mühendisliği ve Uygulamalı Kimya Bölümü 

Tez Yöneticisi: Yrd. Doç. Dr. Murat KAYA 

Ortak Tez Yöneticisi: Prof. Dr. Atilla CİHANER 

Temmuz 2015, 56 sayfa 

 

 

Yüzeyde Güçlendirilmiş Raman Saçılması (SERS), vibrasyonların spektral 

parmakizlerini vermesi, yüksek hassasiyeti ve suya karşı düşük hassasiyeti gibi 

etkileyici özellikleri sebebiyle, pekçok kimyasal ve biyolojik molekülün tespiti ve 

karakterizasyonunda kullanılan, oldukça ilgi çeken bir tekniktir. SERS tekniğinin en 

önemli noktalarından biri, en iyi güçlendirmeyi sağlayabilmek için, ideal bir yüzey 

morfolojisine sahip substratları hazırlama gerekliliğidir. 

 

Bu çalışmada, indiyum kalay oksit (İTO) kaplı camın uzerine yüzeyde güçlendirilmiş 

Raman aktif polimer ortamlı gümüş nanoparçacıksubstratın, yeni, kolay, guvenilir ve 

tekrarlanabilir, tek aşamalı elektrokimyasal yöntemle hazırlanışı sunulmaktadır. 

Gümüş nanoyapıların, yüzeyde homojen dağılımını sağlamak için, poli(4,7-di-2,3-

dihidrotieno [3,4-b][1,4]dioksin-5-il-2,1,3- benzo selenadiazol) (PESeE), 

destekleyici madde olarak kullanılmıştır. Hazırlanan substratların morfolojileri, Alan 

Salım Taramalı Elektron Mikroskobu (FE-SEM) ile incelenmiştir. PESeE polimer 

filminin kalınlığının ve polimer film üzerindeki gümüş parçacıkların miktarının, 

SERS sinyallerine olan etkisinin yanısıra, hazırlanan substratların tekrarlanabilirliği 
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ve kararlılığı da çalışılmıştır. Yeni SERS substratlarının özelliklerinin 

geliştirilmesinde, Raman probu olarak, parlak kresil mavisi (BCB) kullanılmıştır. 

 

Anahtar kelimeler: Raman spektroskopisi, YGRS, gümüş nanoparçacıklar, polimer 

film, elektrokimyasal yöntemle hazırlanmış YGRS yüzeyi 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

1.1. Raman Spectroscopy 

 

Raman is the one of most useful spectroscopic techniques which detects the 

electromagnetic radiation of molecules that inelastically scattered. It provides 

information about the rotational, vibrational, and other modes of the molecules 

and so it gives an idea about the chemical or physical properties of the structure. 

Raman spectroscopy has many benefits compared with other methods such as it 

can be used nondestructively without damaging the structure and it does not 

require long sample preparation procedures. Moreover, highly selective Raman 

spectroscopy gives both qualitative and quantitative information in a very short 

analysis time
1–3

. 

 

1.1.1. History of Raman Scattering 

 

Inelastic scattering of light was firstly proposed by Austrian physicist Adolf 

Smekalin 1923. A few years later, in 1928, the first experimental studies were 

performed by Chandrasekhara Venkata Raman and Kariamanickam Srinivasa 

Krishnan. In the studies, sunlight was focused by a telescope on the liquid or 

vapor sample and then the scattered radiation was collected with a second lens. 

They used optical filters in order to determine the inelastic scattering with 

changed frequency which has been called Raman Effect and with this discovery, 

Raman was rewarded with Nobel Prize in 1930
3,4

. 
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1.1.2. Theory of Raman Scattering 

 

Raman spectroscopy interprets the wave-particle duality character of light. In the 

wave behavior of the light, electric field produced by electromagnetic radiation 

interacts with the molecules by the force of the polarizability of them and results 

in strong Raman scattering for soft molecules while weak scattering for the hard 

ones. In the particle behavior of the light, when the photons collide inelastically 

with the sample molecules, they lose some of their energies depending on the 

electronic size of the molecules
1,4

. 

 

Raman scattering directly depends on the vibrational modes of the molecules. The 

relationship between the size of the vibrations with mass and bond strength can be 

summarized as larger mass causes lower vibrations accompanied by larger bond 

strength. If the light hits the sample, the electric field affects the vibrations of 

molecules and results in dipole moment
1,4

. 

 

Two different types of scattering can be observed when the laser interacts with the 

sample which is Rayleigh and Raman (Figure 1.1). In the Rayleigh, elastic 

scattering occurs and the frequency of the incident light does not change. An 

electron is promoted from the ground vibrational state to the virtual state and then 

goes back to the initial state with the same frequency. In the Raman scattering, on 

the other hand, the frequency changes as Stokes or anti-Stokes scattering. For the 

Stoke scattering, an electron again promotes to the virtual state followed by 

relaxation having lower energy while for the anti-Stokes, the relaxation has higher 

energy than the promotion
1
.  
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Figure 1.1 Energy diagram of Rayleigh and Raman scattering
3
. 

 

In the Raman analyses, based on the Boltzmann equation, Stokes scattering is 

mostly occurred due to the reason that, most of the electrons occupy in their 

ground vibrational states at room temperature
3
.  

 

The energy that is absorbed by the sample and results in the excitation of an 

electron to the virtual state can be separated into different degrees of freedom. For 

instance, a molecule having N number of atoms has 3N-6 number of possible 

vibrations except linear ones where it is 3N-5. In an oxygen molecule, the 

stretching of O-O bond changes the polarizability of the molecule but does not 

change the dipole due to the symmetrical structure. So it can be accepted that 

oxygen gas is Raman active but IR inactive. For a nonlinear, triatomic molecule 

such as water, symmetric and asymmetric stretching and bending or deformation 

modes can be observed
4
. 
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Figure 1.2 Types of vibration modes
4
. 

 

In order to obtain better Raman signals having higher intensity, radiation 

frequency and the polarizability can be tuned. Since the polarizability is directly 

related with the vibrational modes of the structure, signals obtained from highly 

polar groups such as water are very weak. As a result, the insensitivity of Raman 

toward water highlights the importance of Raman spectroscopy for the aqueous 

solutions
4,5

.
 

 

1.1.3. Surface Enhanced Raman Scattering 

 

The main problem about the Raman scattering is its very low sensitivity and the 

detectability of the molecules.  This obstacle can be overcome with the surface 

enhanced Raman scattering (SERS) method. In SERS, Raman signals having low 

intensity can be improved by the metal nanoparticles bounded to the molecules. In 

this technique, the vibrational spectroscopy is converted into spectroscopy of 

single molecule detection
6,7

.  

 

The first developments on the Raman spectroscopy was performed by 

Fleischmann
8
. For the pyridine detection on the silver electrolyte surface, he 

suggested that, roughening the surface of the electrolyte leads to more adsorption 

by the pyridine molecules and so increased surface area results in higher intensity. 

The explanations were detailed by two other research groups by claiming both 

electromagnetic (EM) and chemical (CE) enhancement mechanisms (Figure 

1.3)
9,10

. In the former one, local electromagnetic field was generated by the 

surface of metal substrate and the surface plasmon created on the rough surface is 

transferred through the local electric field providing the detection of inaccessible 
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vibrations whereas in the latter one, resonance Raman scattering is obtained by the 

charge transfer that effects the polarizability of the molecule between the metal 

surface and the sample
6,11

.  

 

 

Figure 1.3 Suggested enhancement mechanisms of SERS
11

. 

 

If the both mechanisms are compared, the electromagnetic enhancement has more 

contribution than the chemical enhancement. Now, SERS process uses these two 

complementary strategies for the improvement of the Raman intensity
11–13

. 

 

1.1.3.1. Electromagnetic Enhancement Mechanism 

 

When a light interacts with a metal nanoparticle, the electron cloud conduction 

displaces. At the near of a conductor surface, the electron cloud excites 

collectively which is called as surface plasmon and it was firstly studied by Rufus 

Ritchie in 1957. Localized surface plasmon resonance (LSPR) means the 

excitation of these surface plasmons by the incident light around the metallic 

nanoparticles and so if a molecule is in LSPR field, then it has a higher Raman 

scattering compared with the molecules that are not in the field. Oscillations of the 

conduction electrons that are affected by the external electric field creates the 

surface plasmon resonance
11,14

. 
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The electromagnetic enhancement is affected by the particle size, shape and 

organization and also the frequency of light. If the wavelengths of the incident 

light and the LSPR of the metal surface are very close to each other, the 

electromagnetic field of the molecules on the surface becomes larger and finally 

results in the enhancement of the Raman signal. 

 

The electromagnetic enhancement in SERS can summarized in following steps: 

 

1. Surface plasmon excitation occurs, 

2. Polarization of the electrons on the surface affected by the electric field of 

the plasmons and the creation of dipole moment, 

3. Formation of new surface plasmon depending on the polarization change, 

4. Coupling of the surface plasmon with Raman scattering photon. 

 

The mechanism of electromagnetic enhancement covers the formation of a surface 

plasmon on the surface of substrate and the energy transfer through the electric 

field which provides to detect the unaccessable vibrational modes of the 

molecules
14–16

. 

 

1.1.3.2. Chemical Enhancement 

 

Chemical enhancement mechanism is based on the bond formation between the 

molecule and the metal surface which provides charge transfer from metal to 

sample. New electronic states are obtained by the bond formation and these states 

act as resonance intermediates in Raman. The main difference between the 

electromagnetic and chemical enhancement routes is in the former one, surface 

plasmon excitation occurs by the absorption of the incident light, in the later one, 

radiation is absorbed by the metal. When the metal atoms excite, re-radiation is 

generated from the surface of the metal
11

. 
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For the both types of enhancement to access higher Raman scattering, monolayer 

form of the metal nanoparticles is required. Since the bond formation is obtained 

on the surface for the chemical enhancement and the highest effect is provided 

close to the surface for the electromagnetic one. Electromagnetic route gives 10
6
-

10
8 

higher intensity compared with the Raman whereas the chemical one gives 

10
1
-10

2
 enhancement

11,14
. 

 

Whether SERS uses the both mechanisms, then the total enhancement factor (EF) 

can be calculated by using the following equation
17

. 

 

𝑬𝑭 =  
𝐼𝑆𝐸𝑅𝑆 𝑁𝑆𝐸𝑅𝑆 

𝐼𝑁𝑅𝑆 𝑁𝑁𝑅𝑆 
 

 

where the ISERS is the intensity of SERS and INRS is the intensity of normal Raman 

scattering and NSERS and NNRS are the number of molecules in SERS and normal 

Raman scattering, respectively.  

 

In order to calculate the EF, integration times should also be considered. Since the 

incident beam dimensions and the surface power are directly related with the 

number of excited molecules, the variables should be compared with the 

intensities of SERS and Raman and so SERS surface enhancement factor 

(SSERS) can be determined by the following formula
18

. 

 

𝑺𝑺𝑬𝑭 =  
𝐼𝑆𝐸𝑅𝑆(𝑐𝑅𝑆𝐻𝑒𝑓𝑓 )

𝐼𝑅𝑆(µ𝑀µ𝑆𝐴𝑀)
 

 

where ISERS and IRS are again SERS and normal Raman intensities. μM and μS are 

the surface densities of nanoparticles and molecules on the surface of substrate, 

respectively.  
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AM is the area of metal surface, cRS is the solution concentration and Heff is the 

effective scattering volume height. Studies on this subject shows that even a 

single molecule can be detected on its SERS spectra under appropriate 

conditions
16,19

. 

 

1.1.4. SERS Substrates 

 

In the surface enhanced Raman scattering, SERS active substrates are used. SERS 

substrates are prepared by metal nanomaterials such as gold, silver and copper. 

When the intensities of the signals are compared, the highest enhancement is 

provided by the silver nanostructures according to the studies in the literature
20

.  

 

Many different methods are used for the preparation of the SERS substrates. 

Some of them are colloidal metal nanoparticle solution preparation, metal 

nanoparticle deposition onto a solid surface by different techniques, metal foil 

etching by acid treatment, preparation of metal surfaces by electrochemical 

techniques, and metal plate laser ablation. Among all the mentioned procedures, 

the metal nanoparticle colloid solution preparation is the easiest and the most 

effective one
21

. The enhancement of the signals can be varied with the change in 

the properties which are size, shape, alignment, and orientation of the 

nanomaterials. The main problems of this approach are related with the absence of 

reproducibility of the obtained signals and the aggregation of the nanostructures. 

The aggregation problem can be overcome by attachment of the nanomaterials 

onto the substrate surface while the reproducibility can be improved with the 

usage of the ordered templates. 

 

Metal nanoparticle deposition is another reasonable route which is mostly used to 

prepare reproducible and uniform substrates, although the instrumentation for the 

deposition procedures is quite expensive
22

.  
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Metal foil etching by acid treatment in the preparation of SERS active substrates 

can be problematic again the reproducibility issues. Moreover, the obtained 

enhancement factor is relatively low in this technique compared with the others
23

.  

 

Another SERS substrate preparation method is the laser ablation which is an 

inadequate way due to the laser requirement and the practicability of the method
24

. 

Lastly, the electrochemical preparation has been using after the exploration of the 

enhancement of rough surface of silver electrode in a reproducible and controlled 

way by electrochemical redox cycles
25–27

. Eventually, all the mentioned SERS 

active substrate preparation routes are mainly preferred according to desired 

specific application since there is no a perfect substrate in order to use in all SERS 

studies. 

 

1.1.5. Instrumentation of Raman Spectroscopy 

 

A standard Raman spectrometer consists of three main components which are 

illumination system containing one or more lasers, a wavelength selector and 

finally a transducer and a readout system. Figure1.4 represents a schematic of a 

Raman spectrometer
28

. 

 

Figure 1.4 Schematic representation of Raman Instrument
29

.  
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1.1.5.1. Source 

 

Lasers are mostly used in the Raman spectrometers as source since they provide 

high intensity that is enough for the Raman scattering. The laser types vary from 

the Argon ion to the Nd-YAG with different wavelengths. The commonly used 

laser types are represented in Table 1.1. 

 

Table 1.1 Types of lasers commonly used in Raman Spectroscopy
30

. 

 

Laser Type Wavelength (nm) 

Argon ion 488.0 or 514.5 

Krypton ion 530.9 or 647.1 

Helium-neon 632.8 

Diode 785 or 830 

Nd-YAG 1064 

 

As it is shown in the table, argon ion source emits light at 488.0 and 514.5 nm and 

krypton ion source emits at 530.9 and 647.1 nm which correspond to the blue and 

green regions of the spectrum. Since the Raman scattering intensity is directly 

proportional with the laser frequency, the sources having lower wavelengths 

provide higher Raman signals compared with the others. However, diode and 

Nd/YAG sources are used if a high power is needed and they prevents sample 

photodecomposition and fluorescence interference
30

. As a result, while choosing 

an ideal laser source, the balance between intensity and the photodecomposition 

or fluorescence interference should be taken into consideration. 
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1.1.5.2. Sample Illumination System 

 

Sample illumination is performed by laser beam. After the scattering of light from 

the sample, they are collected with lenses and then, they are sent through 

spectrometer or interference filter to access Raman spectrum of the analyte
31

.  

 

In the Raman measurements, glass can be used as sample holder and so laser can 

be focused onto very narrow area of sample. The sample holders can be varied for 

the analysis of solid, liquid or gaseous samples. 

 

1.1.5.3. Wavelength Selector 

 

Since the main problem related with the Raman spectrometry is the excessive 

intensity of the Rayleigh scattering compared with the useful Raman scattering 

which has very close proximity to the wavelength of the laser, interference (notch) 

filters or a monochrometer are used to overcome this difficulty by blocking the 

spectral range from the laser line, although it prevents the low frequency Raman 

mode detection
31

. In order to increase the resolution of the spectrum, multiple 

monochromators should be used.  

 

1.1.5.4. Transducer with Readout System 

 

In the past, Photomultiplier Tubes (PMT) were used as single point detectors in 

Raman measurements
32

. Since obtaining a single Raman spectrum in wavenumber 

scanning mode is a time consuming way, today, Photodiode Arrays (PDA) or 

Charge-Coupled Devices (CCD) are used as multi-channel detectors. The most 

important factor for the preference of the detector is the fluorescence interference 

of the sample. Due to higher sensitivity and performance of CCD type detectors, 

they are commonly used in the Raman spectrometers. 
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1.1.6. Applications of Raman Spectroscopy 

 

Raman spectroscopy has a great potential for the use of many applications to 

analyze biological and chemical materials such as proteins and nucleic acids, 

inorganic substances, polymers, pharmaceutics, etc. due to its selectivity and 

sensitivity. For instance, antibody-antigen interaction
33,34

 or streptavidin-biotin
35

 

are some of the examples as the use of Raman in the biological detection. Another 

common example as the application of the Raman measurement is toxic ions like 

lead
36

 or mercury
37,38

detection with ligand based nanomaterials. 

 

Raman analysis is one of the favorable analytical techniques that can allow 

characterizing and identifying both the molecules and also elements. In addition to 

that, Raman measurement can be done with very small amount of analyte. For the 

polymeric materials, Raman spectrometry was restrained by thermal absorption or 

fluorescence in the former studies. However today, with the help of NIR, visible, 

FT and UV dispersive excitations, these problems can be handled, although for 

some of the commercial polymers, plasticizers or anti-oxidants cause 

interferences. So, especially for the polymeric materials, the morphology, thermal 

properties or physical state which may affect the Raman spectra of the material 

should be identified
39

.  

 

The main opportunity of Raman spectroscopy is the capability to study with 

aqueous samples for the biological applications. However, some biological 

materials can be damaged due to highly focused beams
4
.
 

 

1.1.7. Advantages of Raman Spectroscopy 

 

Raman spectrometry has much superiority over the other analytical measurement 

techniques. Firstly, Raman analysis can be performed with either solid or liquid 

samples without any requirement of sample preparation procedures. It is a 

nondestructive method which allows using the same sample for other analysis.  
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Raman is not a time consuming technique that gives spectra of very small amount 

of sample within seconds. It provides specific chemical information as a 

fingerprint of the material. Moreover, since the light that is used in Raman 

spectroscopy is in the visible and NIR range, analytes can be measured through 

glass. Finally and the most importantly, water or any other polar solvents can be 

used in Raman measurements because they do not appear in the spectra
30

.  

 

1.2. Conducting Polymers 

 

Very common use of the polymers in many applications increases the importance 

of them for the researchers. Especially, conducting polymers have a great 

attraction for the technological applications such as molecular electronics, 

photovoltaics or polymer solar cells, polymer light emitting diodes and polymer 

field effect transistors
40,41

. 

 

Beside the use of the polymers as insulators, in 1977, Heeger, MacDiarmid and 

Shirakawa brought a new approach with the conductive iodine doped 

polyacetylene which has conductivity almost such a metal and they get a Nobel 

prize in chemistry. The oxidation of polyacetylene with halogens which is called 

‗doping‘ made it more conductive than the original polyacetylene
42

. 

 

Right after the discovery of the first conducting polymer, the synthesis of new 

ones, their properties, stability and processability have been improved by the 

researchers. Some of the examples of alternative conducting polymers such as 

polypyrrole
43–45

, polyfuran
46

, polythiophene
47

, poly(3,4-ethylenedioxythiophene) 

(PEDOT)
48,49

, polyaniline
50

, poly(p-phenylenevinylene)
51

 and polycarbazole
52

are 

represented in Figure 1.5. 
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Figure 1.5 Examples of conducting polymers. 

 

As it can be seen from the Figure 1.5, the major property for the conductivity is 

the existence of conjugated double bonds, which means alternately single and 

double bonds between the carbon atoms along the polymer backbone. While each 

single bond consists of stronger, localized sigma () bond, double bonds contain 

weaker pi () bonds. The conjugation may not be sufficient for the conductivity 

and so charge carriers should be added to the material. The charge carriers may be 

extra electrons or holes which are the positions of electron absence. The creation 

of the new holes by the electron jumping between the neighboring positions 

allows moving of the charge through long distances.  

 

Conductivity is directly related with the number density of charge carriers 

(number of electrons n), mobility of them which means how fast they can move in 

the material and the temperature. The temperature dependency can be summarized 

as for the metals, the conductivity is inversely proportional with temperature 

while for semiconductors and insulators, it increases with the increasing 

temperature
53

. 

 

Polypyrrole Polyfuran 
 

Polythiophene 
 

PEDOT 
 

Polyaniline 
 

Poly(p-phenylenevinylene) 
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Frequently, the structures and the corresponding physical and optical properties 

such as band gap and molecular energy level should be modified according to 

desired efficiency
54,55

. 

 

1.2.1. Synthesis of Conducting Polymers 

 

Conducting polymers can be synthesized by chemical and electrochemical 

polymerization. The preference of the polymerization method can be changed 

depending on the usage of the polymeric material. If the quantity of the polymer is 

not critical, electrochemical polymerization has superiority due to the amount 

adjustment property of the method by changing the passing charge. On the 

contrary, a large amount of polymer is needed, chemical polymerization may be a 

better route for the synthesis
56

. 

 

1.2.1.1.Electrochemical Polymerization 

 

In the electrochemical polymerization process, oxidation of the monomer occurs 

in the electrolytic solution and the formation of the reactive radical cations of this 

monomer by an applied electrical potential. There are two possible options at this 

point, for the neutral dimer formation either by the oxidation of neutral monomer-

radical cation coupling with the removal of two protons
57

 or coupling of two 

radical cations with the loss of their two protons
58

. After that, the dimer oxidizes 

and the process repeats. Figure 1.6 represents the general polymerization 

mechanism of the thiophene.  
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Figure 1.6 General polymerization mechanism of the thiophene. 

 

As it is shown in the Figure  1.6, initially, a radical cation is formed by the loss of 

an electron with the oxidation potential and then one of the possible processes 

(radical- monomer coupling or a radical-radical coupling) takes place in order to 

obtain a dimer units which then creates dimer radical cations. The coupling results 

in the polymer chain. 

 

Efficiency of the polymerization is directly related with the radical cation stability 

and resistance to the electron removal. For the electron rich monomers, the 

stability of cation is higher due to the resonance of the π-electrons while the 

removal of the electrons is easy. Figure 1.7 represents the stability of radical 

cation for the pyrrole monomer. 
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Figure 1.7 Stability of radical cation for the pyrrole monomer. 

 

Many advantages of electrochemical polymerization make it preferential. For 

instance, very low amount of monomer is needed and also polymers can be 

obtained in a very short time period. Moreover, side reactions can be eliminated 

by changing the potential applied and the properties of the polymers such as 

thickness and the conductivity can be tuned by changing scan time and rate and 

the potential.  

 

In electrochemical polymerization process, electrochemical cells are used. The 

cells consist three electrodes which are reference electrode, working electrode, 

and counter electrode instead of classical two electrode cell systems. While the 

current between working and counter electrodes is measured, the voltage 

difference between reference and working electrodes is monitored. Type of the 

working electrode is chosen according to the aim of the study. For instance, in 

corrosion experiments, a steel electrode is preferred while ITO coated glass is 

used due to its electrical conductivity for the spectroelectrochemical studies. As 

the counter electrode, platinum is commonly used which has larger surface area 

than the working electrode and Ag wires are used as reference and Ag/AgCl  are 

used as standard calomel electrode (SCE). Finally, solvent and supporting 

electrolyte types are other important parameters that affect the efficiency of 

electrochemical polymerization. 
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1.2.1.1.1. Solvent 

 

As it is mentioned before, the solvent is very important for the polymerization. 

While the monomer should be soluble in the chosen solvent, the polymer should 

be insoluble. For this aim, sometimes solvent mixtures can be used. In order to 

determine the suitability of a solvent, electrochemical stability, ionic conductivity 

and working range should be considered. In Table 1.2, some solvents with their 

working potential ranges are represented.  

 

Table 1.2 Solvents used in polymerization process with their working potential 

ranges
59

.  

Solvent 
Approximate Working Range (V) vs. 

SCE 

Acetonitrile  +2.7 to -3.2 

N,N-Dimethyl formamide  +2.0 to -1.8 

Propylene carbonate  +2.0 to -2.0 

Dichloromethane  +1.8 to -1.7 

Water +1.1 to -0.8 

 

 

As it can be seen from the Table 1.2, acetonitrile and N,N-dimethlyformamide are 

the most commonly used types of organic solvents due to their higher range 

compared with the others. 
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1.2.1.1.2. Supporting Electrolyte 

 

In the electrochemical polymerization processes, the reaction takes place on the 

working electrode in a cell. There can be three possible routes which are 

migration, diffusion or convection that the mass transfer of monomers is occurred. 

The electrochemical polymerization process is mainly controlled by the diffusion 

and supporting electrolyte is used to cancel migration and convection. It is also 

used as a counter ion that affects growth rate and the morphology of polymer in 

the doping process. Chosen supporting electrolyte should be soluble in the 

solvent. Ionizable salts and compounds such as 

tetrabutylammoniumhexafluorophosphate (TBAH), potassium chloride (KCl) and 

potassium nitrate (KNO3) are mostly used as supporting electrolytes.  

 

1.2.2. Cyclic Voltammetry 

 

In the synthesis and the characterization of the electroactive polymers yclic 

voltammetry is used as an analytical technique. The current flow between working 

electrode and the counter electrode is recorded as a function of potential applied in 

this method. The data which is called as voltammograms obtained from the 

process, give idea about the oxidation and reduction potentials, electrochemical 

stability of the monomer and polymer and band gap.  

 

1.2.3. 4,7-Di-2,3-dihydrothieno[3,4-b][1,4]dioxin-5- yl-2,1,3-

benzoselenadiazole (ESeE) 

 

The importance of the conducting polymers has already covered in the previous 

sections. Both theoretical and experimental studies have been maintained by the 

researchers in the field.  
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Since the conductive polymers have functional properties, they are highly useful 

materials for many applications. Although electrochromic devices which have 

tunable optical properties controlled by the voltage pulse, were firstly made from 

inorganic oxides such as nickel oxides or tungsten, today organic compounds like 

fullerenes and conductive polymers are mostly preferred for the applications of 

smart windows, electrochromic mirrors and light emitting diodes. At this point, 

especially conductive polymers have great opportunities such as higher stability 

and optical contrast ratio, shorter response time with their lower costs. In order to 

modify these properties of the polymeric materials, researchers have developed 

programs for the electrochromic devices.  Reynolds and co-workers have 

produced many trimeric compounds having different central units that substituted 

with 3,4-ethylenedioxythiophene (EDOT)
60,61

. The process provided to change the 

bandgap of the polymers and also to obtain blue and red polymeric electrochromic 

devices yet green one could not be achieved due to the requirement of two (blue 

and red) absorption bands in the neutral state and also simultaneous depletion 

during oxidation for the green electrochromics. In 2004, Wudl and Sönmez gained 

a new approach with the hybrid materials. In this way, electron poor (acceptor) 

and electron rich (donor) units were used together
62,63

.  

 

In the light of these findings, it is tried to use thiophene and/or EDOT as donor 

and 2,1,3-benzo selenadiazole as acceptor in the polymeric electrochromics. Since 

its larger size and lower electronegativity lead to significant changes in the 

polymeric properties, Se was used instead of S. 

 

For this aim, it was planned that, preparation, redox reaction and the optical 

properties of green polymeric electrochromic which consists of 4,7-di-2,3-

dihydrothieno [3,4-b][1,4]dioxin-5-yl-2,1,3- benzoselenadiazole (ESeE) will bring 

new point of view for the field. Moreover, selenium based conducting polymer 

will be compared with the sulfur analogue. 
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Figure 1.8 Synthesis of ESeE
64

.
 

 

 

1.3. Aim of the Study 

 

The scope of this thesis covers the preparation of a new SERS active substrate by 

electrochemical process. Investigation and optimization studies of the substrate 

preparation parameters such as silver ion concentration, silver reduction potential, 

thickness of the polymer film and the amount of silver on the substrate on the 

sensitivity of SERS were performed. Moreover, the homogeneity and stability of 

the prepared substrates were studied according to their SERS activity with BCB 

having lower concentration.  
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CHAPTER 2 

 

 

EXPERIMENTAL 

 

 

2.1. Materials 

 

4,7-di-2,3-dihydrothieno[3,4-b][1,4]dioxin-5- yl-2,1,3-benzoselenadiazole 

(ESeE), and brilliant cresyl blue (BCB), tetrabutylammonium 

hexafluorophosphate (TBAH), dichloromethane (DCM)  were purchased from 

Aldrich. Silver nitrate (AgNO3) was purchased from Merck. Lithium perchlorate 

(LiClO4) was purchased from Acros Organics. Acetonitrile (ACN) was purchased 

from J. T. Baker. Indium tin oxide (ITO) coated glass was purchased from Delta 

Technologies Co. Ltd., Stillwater. All reagents were in analytical grade and used 

without further purification. Aqueous solutions were prepared using 18 MΩ.cm 

deionized water obtained from a Millipore (Molsheim, France) Milli-Q water 

purification system. 

 

2.2. Instrumentation 

 

Gamry reference 600 potentiostat/Galvanostat was used in the electrochemical 

measurements. Ag wire, as a reference electrode, Pt wire, as a counter electrode, 

and ITO coated glass, as a working electrode, were used for the three electrode 

setup. 
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JobinYvon-LabRam confocal microscopy having CCD (charge-coupled device) 

detector and holographic notch filter Raman spectrometer was used for the SERS 

studies. 1800-grooves/mm grating and 200 µm entrance slit were used for the 

measurements. 20 mW total power accompanied He-Ne laser was used for the 

SERS excitation with 632.8 nm radiation. 

 

FE-SEM and EDX studies were performed with QUANTA 400F Field Emission 

SEM electron microscope and energy-dispersive X-ray analyzer, respectively.    

  

2.3. Preparation of ITO- PESeE -Ag Substrate 

 

2.3.1. Electrochemical Polymerization of ESeE on ITO Glass 

 

0.1 M TBAH solution was prepared in DCM and filled into a quartz cell up to 2 

cm level from the bottom of cell since the area of coated glass is important for 

optimization studies. Then, ESeE monomer concentration was adjusted to 7.0×10
-

4
 M with the help of micropipette and pipetting up and down is done for the 

homogenous mixing of ESeE monomer into solution.    

 

ITO coated glass was washed with acetone, and then placed into three electrode 

system which was placed into a quartz cell (Figure 2.1). After necessary 

connections were made, 0.9 V was applied to this electrolysis cell by using 

computer program of the instrument. By doing this, desired amounts of PESeE 

were coated onto working electrode. Then, PESeE coated ITO glass was washed 

with DCM to remove the monomer and oligomeric species from the surface.   

 

  To get the best SERS performance, PESeE charge densities on the substrates 

were optimized by taking Raman measurements of BCB dye onto prepared 

substrates. 
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Figure 2.1 Three electrode system. 

 

2.3.2. Electrochemical Reduction of Silver onto PESeE Coated ITO Glass 

 

1.0×10
-3

M AgNO3 solution was prepared in 0.1 M LiClO4 dissolved in acetonitrile 

solution. These solutions were filled into different quartz cells having 1.5 cm 

solution height since the area of reduced silver on glass is important for 

optimization studies.   

 

Three-electrode system was placed into this quartz cell. After necessary 

connections were made, -0.3 V was applied to this electrolysis cell by using the 

computer program of instrument to reduce desired amounts of silver ions. Then, 

silver reduced PESeE coated ITO glass was washed with acetonitrile to remove 

silver ions, lithium and perchlorate ions from the surface.   
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To obtain the best SERS performance, silver charge densities on the substrates, 

silver reduction potential and silver ion concentrations were optimized by taking 

cyclic voltammetry measurements in appropriate solutions and Raman 

measurements of BCB dye onto prepared substrates. 

 

2.4. Optimization of Parameters for Good SERS Performance 

 

2.4.1. Optimization of PESeE Film Thickness and Silver Amount 

 

The optimization studies were performed after the deposition of PESeE and silver 

having different charge densities which are represented in Table 2.1 on the 

substrate surfaces and then the SERS performances of the prepared substrates 

were compared with each other. 

 

Table 2.1 Parameters used for optimization studies. 

Polymer Amount (mC/cm
2
) Silver Amount (mC/cm

2
) 

20 20 

25 40 

30 60 

- 80 

 

 

2.5. Tests to Show Usability of Substrates 

 

2.5.1. Homogeneity Test 

 

In order to test the homogeneity of the substrates, the SERS measurements with 

BCB were taken on eight different points of the same surface and the 

measurements were repeated several times at same points. 
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2.5.2. Stability Test 

 

For the determination of the stabilities, SERS measurements were repeated at 

various times such as 1
st
, 7

th
, 15

th
, 30

th
 and 60

th 
days after preparation on the same 

points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 
 

 

 

CHAPTER 3 

 

 

RESULTS AND DISCUSSION 

 

 

 

In this research, by using PESeE, SERS active substrate having highly 

homogeneous surface which provides quantitative analysis chance was prepared 

and the performance of the detection of the Raman active compounds 

accompanied by high orders of signal enhancement was investigated.  Before the 

preparation procedures, some optimization studies such as silver ion 

concentration, silver ion reduction potential and the charge densities of silver and 

PESeE were completed with cyclic voltammetry measurements and SERS 

methods. Finally, the homogeneity and the stability of the prepared substrates 

were checked. BCB was used in the optimization part in the SERS measurements.  

 

3.1. ITO-PESeE-Ag Substrate Preparation 

 

3.1.1. Preparation of PESeE Coated ITO Glass Substrate 

 

The polymerization of ESeE monomer was succeeded by the electrochemical 

polymerization at 0.9 V   vs. Ag wire in 0.1 M TBAH in dichloromethane. As a 

proof of the polymerization, a green film which is represented in Figure 3.1 was 

obtained on the ITO coated glass surface at the end of the process. 
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Figure 3.1 PESeE film coated ITO glass. 

 

The electropolymerization time can be changed to prepare desired thickness of the 

coated PESeE film. For the longer polymerization, thicker film with larger charge 

density of polymer can be obtained.  

 

Cyclic voltammogram of PESeE film was obtained in the 0.1 M TBAH in DCM 

solution in the absence of monomer to see the redox behavior of the prepared 

polymer film. Figure 3.2 represents the cyclic voltammogram of the PESeE film 

onto ITO electrode at 100 mV/s. 
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Figure 3.2 Cyclic voltammogram of the PESeE film on an ITO electrode in 0.1 M 

TBAH dissolved in dichloromethane at 100 mV/s. 

 

3.1.2. Silver Reduction onto PESeE Coated ITO Glas Substrate 

 

The electrochemical reduction of the silver ion was performed by applying -0.3 V 

vs. Ag wire in 1.0×10
-3

 M AgNO3 in LiClO4/acetonitrile (0.1 M) solution. After 

the reduction was completed, the gray color indicating the silver particle 

formation on the surface of the PESeS polymer film was observed. Figure 3.3 

shows the coated PESeE film and silver reduced onto the PESeE film surface.  
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Figure 3.3 PESeE film coated onto ITO glass (left), Silver nanoparticles 

deposited onto the PESeE film coated ITO glass (right). 

 

In order to see the silver particles on the polymer coated on ITO glass surface, 

SEM image represented in Figure 3.4 were obtained for bare (Figure 3.4 a) and 

silver nanoparticles added (Figure 3.4 b) PESeE film coated ITO glass. It can be 

seen from the Figure 3.4, silver nanoparticles that provide enhancement and the 

reproducibility for the SERS signals having size in nanometer scale were formed 

homogeneously onto the surface.  
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Figure 3.4 a) FE-SEM image of bare PESeE film on ITO. 
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Figure 3.4 b) FE-SEM image of silver- PESeE film on ITO prepared in 1.0 × 10
−3

 

M AgNO3 solution by applying −0.3 V to electrolysis cell. 25 mC/cm
2
 charge was 

passed for PESeE and 60 mC/cm
2
 charge was passed for silver deposition. 

 

Finally, the presence of the silver was confirmed by EDX measurements. Figure 

3.5 represents the EDX result of the silver doped PESeE film on the ITO glass 

surface. 
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Figure 3.5 EDX pattern of Ag- PESeE film on ITO as a SERS substrate. 

 

3.2. Optimization of Substrate Preparation Parameters for Good SERS 

Performance 

 

3.2.1. Optimization of Polymer Film Thickness 

 

For the preparation of optimal substrate, the thickness of the coated PESeE film 

on the ITO glass surface was studied by changing the applied charge densities 

such as 20, 25, and 30mC/cm
2 

while the silver charge density was constant as 60 

mC/cm
2
 and finally their SERS activities were compared. Figure 3.6 represents 

the obtained results. 
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Figure 3.6 SERS measurements of 10
−8

 M aqueous BCB with substrates having 

different PESeE polymer thickness onto ITO surface (corresponding to ITO 

electrode charge densities of 20, 25 and 30 mC/cm
2
). These three PESeE coated 

electrodes having different polymer thicknesses. 

 

According to Figure 3.6, the maximum enhancement for the SERS signal was 

obtained from the PESeE film thickness with 25 mC/cm
2
 charge density. When 

the charge density was 20 mC/cm
2 

(thinner), the intensity of the peak was higher 

compared with the polymer film which has 30 mC/cm
2 

(thicker). The result may 

be explained by the improved conductivity of the thinner polymer film at a certain 

point due to the higher reduction rate of silver ions that causes small sized silver 

particles. Figure 3.7 and Figure 3.8 and Figure 3.9 show the SEM images of the 

reduced silver particles prepared by different charge densities.  
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Figure 3.7 FE-SEM image of Ag- PESeE film on ITO prepared in 1.0 × 10
−3

 M 

AgNO3 solution by applying −0.3 V to the working electrode. 20 mC/cm
2
 charge 

was passed for the PESeE and 60 mC/cm
2
 charge was passed for silver deposition. 
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Figure 3.8 FE-SEM image of Ag- PESeE film on ITO prepared in 1.0 × 10
−3

 M 

AgNO3 solution by applying −0.3 V to the working electrode. 25 mC/cm
2
 charge 

was passed for the PESeE and 60 mC/cm
2
 charge was passed for silver deposition. 
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Figure 3.9 FE-SEM image of Ag- PESeE film on ITO prepared in 1.0 × 10
−3 

M 

AgNO3 solution by applying −0.3 V to the working electrode. 30 mC/cm
2
 charge 

was passed for the PESeE and 60 mC/cm
2
 charge was passed for silver deposition. 

 

Since the growing part of the nanomaterials always prefers the energetically 

favorable facets, the morphology control of the synthesis is a really hard issue. For 

this study, if the silver reduction was occurred onto a thinner PESeE film surface 

(Figure 3.9) nonuniform, crystal structures with the branches that grow toward 

different directions were observed.  

 

Figure 3.8 represents the SEM image of the substrate with the 25 mC/cm
2
charge 

density that provides the highest SERS signal intensity due to smaller size and 

well dispersed Ag nanoparticles which supports the SERS results.  
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Because the most important parameter for the improvement in the SERS signals is 

the enhancement of the electromagnetic, the substrate with higher charge density 

apparently causes increased surface plasmon overlaps for the silver particles. If 

the increase of the charge density of the polymer film is continued, the 

conductivity of the film surface decreases and so the type of the assembly for the 

silver particles will totally change (Figure 3.7, Figure 3.8, and Figure 3.9).  

 

3.2.2. Optimization of Silver Amount 

 

Optimization study of the silver amount was carried out the change in the charge 

density. The charge density of the polymer film and the silver amount are directly 

proportional to each other. In order to obtain high amount of reduced silver on the 

surface, the intensity of the charge was increased. For the optimization of the 

charge intensities of the silver which were determined as 20, 40, 60, and 80 

mC/cm
2
, and then the enhancement in the SERS signals was compared. The 

charge density of the PESeE film was fixed at 25 mC/cm
2 

along all the 

experiments. Finally, the SERS activities of the prepared substrates which are 

shown in Figure 3.10 were examined. 
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Figure 3.10 SERS measurements of 10
−8

 M BCB obtained utilizing the substrates 

prepared at various charge densities of the PESeE coated on ITO electrode. 

 

Since the enhancement of the SERS intensity directly depends on the silver 

amount, low number of silver particles caused lower intensity for the SERS 

signals. The highest enhancement was observed when the silver amount was 60 

mC/cm
2
 and the further increase resulted in the decrease for the signal 

enhancement.  

 

SEM images of the substrates prepared by different charge intensities such as 40, 

60 and 80 mC/cm
2 

with the 25 mC/cm
2
 constant PESeE film charge density were 

given in the following figures. 
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Figure 3.11 FE-SEM image of Ag- PESeE film on ITO prepared in 1.0 × 10
−3 

M 

AgNO3 solution by applying −0.3 V to the working electrode. 40 mC/cm
2
 charge 

was passed for silver deposition and 25 mC/cm
2 

charge was passed for the PESeE 

film formation. 
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Figure 3.12 FE-SEM image of Ag- PESeE film on ITO prepared in 1.0 × 10
−3 

M 

AgNO3 solution by applying −0.3 V to the working electrode. 60 mC/cm
2 

charge 

was passed for silver deposition and 25 mC/cm
2
 charge was passed for the PESeE 

film formation. 
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Figure 3.13 FE-SEM image of Ag- PESeE film on ITO prepared in 1.0 × 10
−3 

M 

AgNO3 solution by applying −0.3 V to the working electrode. 80 mC/cm
2 

charge 

was passed for silver deposition and 25 mC/cm
2
 charge was passed for the PESeE 

film formation. 

 

As can be seen from the images, Ag- PESeE film on ITO substrate prepared with 

60 mc/cm
2
 contains less number and smaller size agglomerates besides well 

dispersed Ag nanoparticles which are responsible for the higher enhancement.  

 

3.3. Properties of the PESeE-Ag Surface as a SERS Substrate 

 

Determination of the appropriate variables for the substrate preparation was 

completed, the homogeneity which is very critical parameter for the applications 

of SERS in terms of quantitative manner and the stability studies of the prepared 

surfaces were examined. 
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3.3.1. Homogeneity of the SERS Substrates 

 

In this part of the study, the homogeneity of the prepared substrates was 

investigated since the reproducibility of the obtained signals is directly relevant 

with the homogeneously distributed metal particles onto the substrate. In order to 

provide the homogeneity, PESeE film was deposited on the surface. In the 

preference of the ideal polymer, regular polymerization process is considered. For 

the determination of the homogeneity, the SERS peaks of 10
-8

 M BCB were 

obtained from various points of the substrate surface. Figure 3.14 represents the 

results. 

 

Figure 3.14 Raman spectra of 10
−8

 M BCB acquired at eight different points of 

the same Ag- PESeE substrate. 
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The reproducibility of the SERS signals depends on the homogeneous distribution 

of the metal providing the plasmons on the substrate surface. As a result, the 

PESeE film can be used as the supporting material for achieving uniform 

distribution of silver nanoparticles. 

 

3.3.2. Stability of the SERS Substrates 

 

Since the stability of the SERS active substrates is essential for the possible 

applications, it was also studied in this work. For this aim, the Raman signals of 

10
-8

 M BCB on the PESeE-Ag films were measured with various periods such as 

just after the preparation and after 7, 15 and 30 and 60 days. The results can be 

seen from Figure 3.15. Obtained results show that the intensities of the signals 

were almost same even 60 days later. There occurs a modest decrease which is 

probably due to the oxidization of silver particles. If some of the particles onto the 

surface were oxidized, the intensity of the SERS signals might be decreased; 

however, the presence of the polymer film prevents the oxidation problem of the 

most particles. Preserving the substrates in an inert gas atmosphere, the oxidation 

possibility may be totally overcome and so the stability of the substrates can be 

enhanced. 
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Figure 3.15 Raman spectrum of 10
−8

 M BCB at different times on Ag- PESeE 

substrate. 

 

3.4. Comparison of the Enhancement Power of Ag-PESeE substrate with Ag 

Colloids 

 

The signal enhancement performances of Ag-PESeE surface and bare silver 

colloids were compared by getting the Raman spectra of 10
−8

M BCB with these 

substrates. The most common synthesis of silver nanoparticles is the chemical 

reduction of a silver salt solution by a reducing agent such as NaBH4, citrate, and 

ascorbate. In this study, silver nanoparticles were produced by a chemical 

reduction method where silver nitrate was reduced using sodium citrate as 

reducing agent.  
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The prepared silver nanoparticles were characterized with FE-SEM. The average 

diameter of the silver nanoparticles was measured to be 70±19 nm by sampling 

100 nanoparticles. The resulting large-scale nanoparticles were not uniform. 

 

 

 

Figure 3.16 FE-SEM images of silver nanoparticles. 
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Figure 3.17 Comparison of Raman spectrums of 10
−8

 M BCB obtained with Ag- 

PESeE and Ag colloid substrates. 

 

The SERS intensity of BCB obtained at the surface of Ag-PESeE was about ten 

fold higher than those on the surface of colloidal silver NPs.  
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CHAPTER 4 

 

 

CONCLUSION 

 

 

 

A facile electrochemical approach to the fabrication of SERS substrates based on 

the embedding of the Ag nanostructures into the PESeE film has been 

demonstrated. The use of PESeE film was not only providing uniform distribution 

of silver particles on the polymer surface, but was also providing protection of the 

particles from the surrounding. 

 

Since SERS response is highly sensitive to the shape and geometry of the silver 

nanostructures and their distribution on the surface, the parameters such as the 

charge density and concentration of the species, controlling the film thickness, 

accumulation rate and amount of the silver nanostructures during the electrolysis 

were optimized thoroughly. 

 

The stability and the homogeneity of the surface were tested by looking SERS 

spectrum of the various points of the substrates with different time intervals. 

Studies have shown that Ag- PESeE substrate was an effective SERS-substrate 

that could provide a strong enhancement together with good repeatability and 

temporal stability. 
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