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Surface science analysis is the crucial fundamental of nanoscale study. The
techniques combined morphological and compositional study on the surface are the
promising technique. Tip-enhanced Raman spectroscopy (TERS) is the coupling of
atomic force microscopy (AFM) and Raman spectroscopy which give the 3D- images
and bonding information in ambient conditions. Furthermore, TERS tip is an ideal tool
for the high enhancement and spatial resolution. Nowadays, TERS tip fabrication is still
challenged. There are three main challenges that are high enhancement factor of the
TERS tip, reproducibility of the tip and in-depth understanding of TERS process. We
introduce the simple method for fabrication of silver nanofilaments (Ag NFs) based on
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synthesized from 0.5 mM for 6 hours at pH 8.45 by chemical bath deposition (CBD).
The highest density and length were achieved from 20 kV of accelerated voltage and
10 minutes by electron beam irradiation. The highest density and length of Ag NFs
were found to be 5.93 x 10° NF/cm? and 0.46 + 0.04 um, respectively. The Ag NFs
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CHAPTER |
INTRODUCTION

Surface science is devoted to study the fundamental of chemical and physical
phenomena occurring at a wide range of surfaces and interfaces. Morphology and
composition are two major analytical aspects which have been studied in this field.
For the former aspect, the microscopic techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and atomic force
microscopy (AFM) are normally used to investigate a sample surface. While the
spectroscopic techniques, for example, Raman spectroscopy, Infrared spectroscopy
and X-ray diffraction (XRD) are commonly employed for studying the chemical

composition.

Raman spectroscopy, a non-destructive and non-invasive technique, is one of
the most common vibrational spectroscopic techniques used for the structural
characterization in a broad range of analytical sample [1-3]. Raman spectroscopy is
based on scattering of radiation on analytical sample. A very small percentage of
scattering light is inelastic scattering or Raman scattered light. Due to the Raman
scattered light is extremely weak of process that only one in 10°-10° photon emission.
However, one of the major disadvantages of this method is the intrinsic low intensity
of Raman signals in many organic compounds and biomolecules [4, 5]. To overcome
this limitation, several studies have developed a novel method known as surface

enhanced Raman spectroscopy or SERS.

The discovery of SERS over 30 years ago provides an opportunity to overcome
the limitation of Raman and can improve the weak Raman intensity even at low
concentrations due to its significant enhancement effects [6, 7]. SERS provides greatly
enhanced Raman signal from Raman-active analytical molecules that have been
adsorbed onto specially prepared noble metal surfaces such as gold, silicon, silver and

copper [8-11]. SERS offers an increase in the Raman intensity on orders of magnitudes



(10° or more) [12-16]. In addition, the resolution of SERS is limited by Abbé diffraction
limit (equation 1). This is the diffraction-limited resolution of an optical system.
d ~ MNA (1)
where: d = resolution
A = wavelength of imaging radiation

NA = numerical aperture

The resolution is depending on the wavelength of laser source. In visible light,
the limit of resolution found about 200 nm. To overcome this limitation, several
studies have developed a novel method known as Tip-enhanced Raman spectroscopy

or TERS [17-19].

TERS combines the advantage of SERS based on the similar principles with the
high spatial resolution of scanning probe microscopy (SPM). In TERS, the excitation of
the LSPR produces at the sharp apex tip, which is located in the proximity region of a
focused laser beam. Hence, the tip apex acts as an optical nanoantenna that enhances
both incident and scattered light [20, 21]. The local confinement of the electric field
at the tip apex enhances the Raman intensity. Therefore, the shape and size of the tip
apex play an important role for the enhancement and the spatial resolution of TERS.

[22-24]

In recent years, the topic of TERS tip fabrication is of interest in many research
groups [25]. Thermal evaporation in vacuum is one of the most common methods for
preparing TERS tips [19]. However, the yield of TERS tips enhancing the Raman signal
is relatively low due to the random nucleation and growth process of metal
nanoparticles around the tip apex. An electrochemical etching method is another
option to produce TERS tips. Williams and Roy used hydrochloric acid as the etchant
for etching gold wires [26]. The gold tips have the radius smaller than 10 nm. However,
the utilization of TERS has been hampered by the tip-yield and reproducibility. Many
researcher tried to operate TERS tips in ultrahigh-vacuum (UHV) environments for

prevent degradation of the tip but the professional operating was challenged [27, 28].



To overcome the above mentioned problems, an atomic switch provides an
opportunity to fabricate TERS tips. Nayark et al reported the formation and
annihilation of a Ag atomic bridge using a solid-electrochemical reaction in a nanogap
between Ag,S solid-electrolyte electrode and a counter platinum electrode [29]. The
switching time of a Ag,S atomic switch as a function of bias voltage and temperature
was studied. It was found that the reduction for the Ag atom precipitation is the rate-
limiting step at lower bias voltage. Therefore, this method can be used to control the

size of the Ag nanowire by adjusting the bias voltage.

1.1. Concept of this study

In this work, a novel and easy method to fabricate TERS tips in a controllable
manner was developed. Ag NFs on the AFM tip used as TERS tips were fabricated by
using electron irradiation method based on B-Ag,S solid electrolyte. This work was
divided into three parts. In the first part, B-Ag,S solid electrolytes were fabricated
employing the chemical bath deposition. The optimal conditions for B-Ag,S fabrication
was investicated and then the fabricated B-Ag,S was characterized by various
techniques including XRD, AFM, UV-visible spectroscopy and Raman spectroscopy.
Then, Ag NFs were constructed by the electron irradiation process. The irradiated
conditions including accelerated voltage and irradiation time were studied to obtain
the proper Ag NFs structures. The second part focused on the modification of Ag NFs
on the AFM tips using the optimized conditions obtained from the first part. In the final
part, the performance of Ag NFs will be studied to investigate the Raman enhancement

and scanning probe as TERS activities on methylene blue (MB) sample.



1.2. Objectives

1.1.1  Fabrication and characterization of Ag NFs based on B-Ag,S solid electrolytes
by electron irradiation process

1.1.2  Fabrication and characterization of TERS tips by modification of Ag NFs on Ag,S-
coated AFM tips

1.1.3  Study the performance of TERS tips on MB sample



CHAPTER Il
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1. Silver/ silver sulfide heterostructure (Ag/Ag,S)

Silver (Ag) nanomaterials have been increasingly used in many applications, for
example, antibacteria, bio-sensing, electronic, photocatalyst [30] due to their unique
chemical and physical properties. In the last decades, Ag nanomaterials have also been
employed as the SERS substrates [16, 31, 32] and TERS tip [25, 33]. The gap distance
of Ag nanoparticle on substrate give the different enhancement in SERS [34]. In
addition, the different shapes of Ag¢ nanoparticles give the absorption and scattering at
different wavelengths and also different electric filed distributions. Especially, Ag
nanowire shows the highest electric field distribution mainly at the nanowire ends, or
“hot spots” [35] as shown in Figure 2.1. Ag nanowire can act as optical antennas
because the free electrons of Ag are in resonance with the incident light. So Ag
nanowire is the interesting material for the enhancement of photoresponsive
processes.
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Figure 2.1 Electric field distributions at wavelength of 350 nm (|E|2) calculated for (A)
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Ag nanowire (1 lm); (B) Ag nanosphere (50 nm); (C) Ag nanoprism (50 nm). (D) Extinction

spectra of Ag nanostructures and absorption spectra of azobenzene [35]



Silver sulfide (Ag,S) is one of the excellent metal chalcogenides as a
semiconducting sulfide due to its unique physical and chemical properties with high
ion conductivity and thermal stability [36, 37]. Ag,S solid electrolytes consist of
3 phases in different structures including a-Ag,S (monoclinic), B-Ag,S (body center
cubic) and y-Ag,S (face center cubic). It is thought that a-Ag,S is stoichiometric whereas
B-Ag,S and y-Ag,S are nonstoichiometric comprising of a small deficiency or small
excess of silver [38]. During the last two decades, the Ag/Ag,S heteromaterials have
become the promising substance because of the coupling of quantum confinement
leading to the plasmon-enhanced emission or absorption. An extensive number of
methods have been reported for the synthesis of Ag/Ag,S heteromaterials with
different particle sizes, shapes and surface properties [30, 39]. However, Ag,S phases
have an effect on the preparation of Ag nanoprotrusion from solid electrochemical
reaction. In 2014, Tanaka et al. reported a chemical bath deposition (CBD) used for
low-cost fabrication of Ag,S thin films [40] as shown in Figure 2.2. Ag thin films on SiO,
substrates were dipped into 0.01% Na,S aqueous solution. From the result, at the
beginning a-Ag,S (monoclinic) was precipitated for the dipping time shorter than 12 h,
then B-Ag,S (cubic) was precipitated after 12-h dipping time (Figure 6). Moreover, the

Ag nanofilaments (Ag NFs) were grown by electron irradiation on B-Ag,S (cubic) only.
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Figure 2.2 (a) Profile of GIXRD at a = 0:5° Solid black lines and dashed lines show peak
positions of a-Ag,S and Ag, respectively. (b) Magnified profiles in pink box in (a). The
red and black lines show peak positions of a-Ag,S and B-Ag,S, respectively. After
dipping for approximately 12 h, peaks from cubic B-Ag,S started to be appeared
(indicated by blue circle). (c) Ag surface dipped in 0.01%-Na,S aqueous solution for 3
h. (d) Electron beam was irradiated to the same area of (a). No Ag wires were grown.
(e) Ag surface dipped in 0.01%-Na,S aqueous solution for 12 h. (f) Electron beam was
iradiated to the same area of (e). Ag wires were grown by the reduction of Ag,S. The

electron beam was irradiated to (c) and (e) under the same condition [40].

The nanostructure of Ag,S has been studied extensively in the past two
decades, however, there is currently study on the phase transition of Ag,S. Sadovnikov
and co-worker studied the a-Ag,S (acanthite)-B-Ag,S (argentite) phase transformation
in nanocrystalline and coarse-crystalline powders of silver sulfide via in situ by the
scanning electron microscopy method in real-time [41]. They found that the formation
of argentite crystals takes place on the surface of acanthite particles as a result of
electron beam heating. The electron beam intensity is not sufficient for heating a

thicker acanthite layer up to the transformation temperature ~450 K.



The different concentrations of initial sulfide reactant play a key role on the
number of sulfide nuclei and the rate of deposition [42]. There are several methods
used to fabricate Ag NFs including solid electrochemical reaction induced by a scanning
tunneling microscope (STM) and electron beam irradiation. Terabe et al. developed a
nanostructuring method using the solid electrochemical effects induced by the STM
[43]. An ionic/electronic mixed conductor was used as the material for STM tip. To
fabricate the Ag nanostructures, an oxidation/reduction reaction of mobile metal ions
in the mixed conductor tip was used. It was shown that a nanoscale Ag nanoparticle
was fabricated at the tip apex of the Ag,S tip when a negative bias was applied to the
sample with controllable rate. Motte et al. investigated the nucleation of Ag atom
takes place on the surface of the Ag,S nanocrystal by electron beam irradiation in TEM
[39]. It was indicated that the Ag,S acts as a center for subsequent reduction of Ag*
ions. In their case, the proportions in the composite (Ag)(Ag,S), material can be
modulated by electron beam irradiation. Therefore, the electron beam irradiation has
shown to be a promising method to fabricate Ag NFs on the AFM tips used as TERS
tips due to its short reaction time, simple operation, and the absence of chemical

residues after the reaction.

2.2. Raman spectroscopy

Raman spectroscopy is the primary chemical characterization used to provide
information on molecular vibrations. When the sample was irradiated by incident light
source of Raman spectroscopy, sample molecule is vibrated. The vibration of molecule
effects the scattered light of incident light source. Most of the scattering light is elastic
scattering light or Rayleigh scattered light which no changing in energy from incident
light. Raman signals can be obtained from the emission of photons (inelastic scattering)
that different energy from the incident light source as shown in Figure 2.1. The Raman
signal was obtained one in ten-millions of incident photons. So Raman spectroscopy
produced weak signals and required a large amount of analytical sample to produce

detectable signals.
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2.3. SERS enhancement mechanism

There are two primary enhancement mechanisms of SERS including
electromagnetic (EM) and chemical enhancements (CE) [44, 45]. EM effect is dominant
and dependent on the metal surface’s roughness features on the order of tens of
nanometers which is smaller than the wavelength of the incident beam. This small
feature of the metal surface allows the excitation of the surface plasmon to be
localized on the metal particle so-called localized surface plasmon resonance (LSPR)
as shown in Figure 1. The Conduction electrons in metal or metal-like nanomaterials
can be excited by incident light to oscillate collectively at metal/dielectric interfaces.
The collective oscillating mode of electrons and the nanomaterials that support them
are referred to as surface plasmons and plasmonic materials, respectively. CE involves
molecular charge-transfer interactions between the adsorbed molecule and the metal
surface. However, in SERS the high spatial resolution and sensitivity are still a great
challenge since they are dependent on the excitation wavelength, and the focusing

properties of the used microscopic objective.
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2.4. TERS tips fabrication.

The TERS tips fabrication relies on several parameters related to the technical
requirements of the scanning probe methodology with nanoscale precision [46]. Top-
down process is one of TERS the tip fabrication. Electrochemical etching is the method
most used for STM-TERS tip construction (Figure 7a). Ag or Au wire was etched by the
etchant and produced a tip with a radius of curvature at the apex of a few tens of
nanometers. To electrochemically etch tips, the Ag act as anode and Pt act as cathode
[47, 48]. However, the utilization of TERS has been hampered by the tip-yield and
reproducibility. A template-stripping fabrication technique was used to fabricate the
high-quality, uniform, ultra-sharp (10 nm) metallic probes suitable for single-molecule
imaging. [49] The tip geometry is shown in Figure 7b. But the construction of template
was complex and the several chemical waste was achieved [49]. The physical vapor
deposition is the common for commercially AFM tips [50]. However, the yield of TERS
tips enhancing the Raman signal is relatively low due to the random nucleation and
growth process of metal nanoparticles around the tip apex. (Figure 7c) Moreover, the

roughness of tip was a disadvantage of the incident laser focusing at the tip apex.
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Figure 2.5 Sampling of tip fabrication methods using top-down (A) Au tip fabricated by
electrochemical etching and characterized by SEM (top left), TEM (top right and bottom
left), and electron diffraction (bottom right). (B) Massively parallel microfabrication of
Au tips characterized by SEM. (C) Ag deposition on a silicon AFM cantilever with a single

nanoparticle at its apex, as evidenced by SEM.



CHAPTER IlI
EXPERIMENTAL

3.1. General Procedure
3.1.1. Materials

Sodium sulfide nonahydrate (Na,S¢9H,0) (98%) were manufactured by Carlo
Erba Reagenti Carlo Erba Reagenti. Methylene blue (C;4H1gCIN3S) (95% Conc. Nitric acid
(HNO3), Sodium hydroxide (NaOH) were obtained from Sigma-Aldrich. Acetone
((CH5),CO) (95%), Ethyl alcohol (C,HsOH) (95%) were manufactured by Merck. All
Chemicals and solvents are analytical grade used without further purification. The p-
type (B-doped) Si (100) wafer were purchased from Semiconductor Wafer, Inc., Taiwan.
The Ag and Ti targets (99.99%) with 3-inch diameter and 0.25-inch thickness were
manufactured by Kurt J. Lesker Company. The Ar (99.999%), N, (95.5%) gases were
obtained from Praxair Co., Ltd. and S.I. Technology Co., Ltd., respectively. Noncontact
Si tips (VIT_P/IR) were purchased from TipsNano Co. with a tip radius of 10 nm and
thickness of the chip is 0.3 mm.

3.1.2. Instruments

Sputtering machine UNIVEX 350) with thickness monitor INFICON SQM-160)
manufactured by Oerlikon, Germany as shown in Figure 3.1. was used to prepare Ag
thin films. Ultrasonic cleaner (Citizen Aczet Pvt. Ltd., India) was used to clean Si (100)
substrate before sputtering by using acetone, water and ethanol, respectively. The
crystal orientation of Ag and Ag,S thin films was investigated by X-ray diffractometer
(XRD, D8 ADVANCE), manufactured by Bruker. Moreover, the morphology of Ag and
Ag,S thin films was examined by field emission scanning electron microscope (FESEM,
Versa 3D DualBeam), manufactured by Field Emission Inc. and atomic force microscope
(AFM, Seiko SPA400), manufactured by Seiko Instruments, Inc. The chemical
composition of Ag and Ag,S thin films was determined by UV-visible spectrometer (UV-

Vis, Cary4000), manufactured by Agilent Technologies, and Confocal Raman
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spectroscopy (NT-MDT NTEGRA SPECTRA) equipped wtih IX71 Olympus microscope
with 100x objective lens. The pH of solution was detected by pH meter (HI 98103)

manufactured by Hanna instruments, Inc.

Figure 3.1. Sputtering machine

3.2. Synthesis
3.2.1. Synthesis of Ag Thin films

The ion Sputtering is a physical method used to deposit materials on a surface
of substrate via the positive ions from gaseous plasma such as Ar gas were accelerated
to bombard a solid target material in a high vacuum chamber. A voltage is placed
between target and substrate which ionizes argon atom and create plasma, hot gas-
like phase consisting of ions and electrons, in the chamber. This plasma is known as a
glow discharged due to the light emitted. These argon ions are accelerated to the
cathode target. The forceful collision of these ions onto the target ejects target atoms
into the chamber. These ejected atoms reach the substrate and start to form into a
film. More atoms coalesce on the substrate. Consequently, they begin to bind to each
other at the molecular level, forming a tightly bound atomic layer. One or more layers
of such atoms can be created and will depend on the sputtering time, allowing for
production of precise layered thin film structures. Electrons released during argon

ionization accelerate to anode substrate, which subsequently collide with addition
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argon atoms creating more ions and electrons in process. The progress has been

continued cycle by cycle.

Ag thin films were fabricated on silicon (Si) (100) and AFM tips by using RF
reactive magnetron sputtering deposition technique. A 3-inch diameter with a
0.25-inch thickness of Ag target was used as a sputtering target. The Si (100) substrates
were cleaned with acetone, ethyl alcohol and deionized water, respectively for 15
minutes each and then dried with the nitrogen gas. The samples were transferred to
the high vacuum chamber for thin film deposition. The holder substrate was rotated
by motor with rotation speed of 10 rpom. When a base pressure was reached to 5.0
x10° mbar, a constant flow of high purity of Ar gas was introduced into the chamber
at 20 sccm by mass flow meters. The RF power and working pressure of Ti were used
at 120 watt and 7.5x107° mbar, respectively. The 20 nm thick of Ti was used as an
adhesive layer. The RF was turned off and Ar flow rate was increased to 80 sccm. The
RF power of Ag were used at 100 watt and the Ar flow rate was gradually decrease to
20 sccm. The working pressure was used at 7.5x10 mbar. The thickness of Ag thin
films was 100 nm, which were measured by thickness monitor. The crystal orientation
of Ag thin films was characterized by XRD (Cu Kq) recorded the 26 from 20 to 80 degree
with the step of 0.5 degree per minute. The current of X-ray was generated with the
potential of 40 mA and 40 kV. The ratio of Ag (111)/ (200) was calculated from the
ratio of peak intensity of each crystal plane. Moreover, UV-vis spectrometer was used
to determine %T of Ag thin films with wavelength scan rage of 200-1500 nm. FE-SEM
was used to characterized surface morphology of Ag thin films. The accelerated voltage
was used at 20 kV and EDS also used to investigate the layers of each element of Ag
thin film with 30-40% dead time. AFM were also employed to investicate the
morphology of Ag thin films.
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3.2.2. Synthesis of Ag Tips

The preparation of Ag tips was used the suitable condition from previous
studying in Ag thin films. The AFM tips was used as substrate for sputtering technique.
The thickness of Ag was varied from 100, 200 and 400 nm. FE-SEM and EDS mapping

were used to morphologic and chemical characterizations.

3.2.3. Synthesis of B-Ag,S Thin films
3.2.3.1. Preliminary study

Follow the procedure of Tanaka [40], a wet chemical process was used to low
cost sulfurization. Each of 100 nm thick Ag thin films were dipped into 0.1 M of Na,S
for 6 h in duran bottles. Temperature of each bottle was varied from 120, 90, 50 °c

and room temperature.

3.2.3.2. Effect of high Na,S concentration and dipping time on B-Ag,S synthesis

The 100 nm thick Ag thin films were dipped into an aqueous solution of Na,S
for sulfurization. The concentration of Na,S and dipping time were varied from 10, 20,
30, 50, and 80 mM and 3, 6, and 12 hours, respectively at room temperature. The

synthesis procedures are listed consequently as follows;

1. Na,S solution was initially prepared by dissolving Na,Se9H,0 at concentration
range between 10, 20, 30, 50 and 80 mM in deionized water.

2. Each Ag thin film was dipped into 5 ml of different concentration of Na,S
solutions in a sealed Duran bottle.

3. Each bottle was used dipping time for 3, 6, 12 and 24 h. at room temperature.

4. Finally, the Ag,S thin films was washed with deionized water and dried in N, gas.
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3.2.3.3. Effect of low Na,S concentration and dipping time on B-Ag,S synthesis

The Na,S concentration was varied from 0.5, 2, 5, 10 mM. The dipping time was
varied from 3, 6, 12 and 24 h. The procedure is the same from previous experiment.

The reaction mechanism is proposed according to the following reactions:

Na,S(s) + H,O() = NaHS(ag) + NaOH(aq) (1)

2Ag(s) + NaHS(ag) > Ag,S(s) + NaH(aqg) (2)
Oxidation: 2Ag > 2Ag" + 2e (3)
Reduction: ~ NaHS + 2e” > NaH + S* (@)

Conc. HNO3 and Conc. NaOH were added into Na,S solution to prepare a wide
range of pH between 3.82 and 11.7. XRD, UV-Vis Spectrometer and confocal Raman
spectrometer were used for the compositional analysis. The microscopic confocal
Raman spectroscope using a laser beam with an excitation wavelength of 532 nm and
charge-couple device (CCD) with a resolution of 4 cm™. The roughness of the surface
was measured using tapping mode AFM. FESEM was used to compare the surface
morphology of Ag,S thin films which were obtained from different concentrations and

dipping time.

3.2.4. Synthesis of Ag,S tips

The Ag,S tips were prepared by using the suitable conditions from Ag,S thin
films study. The Ag,S were characterized by FE-SEM and EDS mapping for surface and

chemical studies.
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3.2.5. Synthesis of Ag nanofilaments (Ag NFs)
3.2.5.1. Electron beam irradiation

The Ag NFs were fabricated by electron irradiation from SEM. Each Ag,S thin
films prepared from different conditions of Na,S concentration and dipping time were
used to Ag NFs studied. Accelerated voltages used were 5, 10 and 20 kV and irradiation
time were investigated at 1, 5 and 10 minutes on Ag,S thin films and Ag,S tips. The
electron dispersive X-ray spectrometer EDS) was used to characterize elemental
composition and elemental mapping. ImageJ (ver. 1.51j8, Wayne Rasband, National

Institutes of Health, USA) was used to calculate the Ag NFs density and length.

3.2.5.2. Electrochemical reduction

Potentiostat is an optional method which was chose to construct the Ag
filaments on Ag,S thin film. The electrochemical cell can be set up with 2 electrodes
as shown in Figure 3.2. The copper was used as working electrode (WE) and Ag,S thin
film was used as counter electrode (CE). A linear sweep voltammetry potentiostat was
used to apply voltage. The voltage was applied in 0.5 V. The scan rate was used in
0.01 V/s. After the reaction, the thin film was rinse with DI water and blew with N, gas.
The thin film was characterized by FE-SEM for morphology study with 20 kV of
accelerated voltage. The chemical composition of thin film was measured by XRD, UV-

Vis spectrometry and EDS mapping. The UV-Vis was taken in the range of 300-1000 nm.

Reduction Oxidation

Ag +e > Ag Cu > 2e +Cu®
I Cu wire
A923
Na* NO;

Figure 3.2. Schematic representative of the 2 electrode setup
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3.3 Application test
3.3.1. SERS Measurement

The SERS performance using Ag NFs on Ag,S thin films (Ag/Ag,S) as a SERS
substrate fabricated via electron irradiation in SEM was observed. Methylene blue (MB),
Raman active molecules, was employed for testing SERS activity. The 10 M (in
aqueous) MB solution was dropped on the Ag NFs/Ag,S substrates and dried for 15 min
in the ambient air. The microscopic confocal Raman spectroscope using a laser beam
with an excitation wavelength of 532 nm, 600/600 grating and charge-couple device
(CCD) with a resolution of 4 cm™ was employed to record the SERS spectra. The SERS
spectra were acquired with exposure time of 10 s and 3-times accumulations. The area
of Raman imaging was 100 um?. The exposure time of scan speed and resolution of
imaging were 0.3 s per pixel and 32x32 pixel, respectively. The limit of detection (LOD)
of Ag NFs SERS substrate also was measured at 107, 10%, 10, 10®, 10”and 10 mMm
of MB.

3.3.2. TERS performance measurement

The Ag NFs on Ag,S tip (Ag NFs/Ag,S) were used for TERS studies. The 10° M
MB solution was dropped on the Ag NFs/Ag,S tip and dried for 15 min in the ambient
air. The microscopic confocal Raman spectroscope using a laser beam with an
excitation wavelength of 532 nm and charge-couple device (CCD) with a resolution of
4 cm! was employed to record the SERS spectra. The Raman spectra were acquired
with exposure time of 10 s and 3-times accumulations. A tapping mode AFM was used

for an in-depth understanding of the surface by using Ag NFs/Ag,S tip.



CHAPTER IV
RESULTS AND DISCUSSION

4.1. Fabrication of Ag thin films

Ag thin films with the thickness of 100 nm were prepared on Si (100) substrates
(1x1 cm?) by RF magnetron sputtering technique as shown in Figure 4.1. The Ag thin

film looked to have luster compared to Si wafer.

magnetron sputtering technique

The morphology of Ag thin film was studied by AFM and SEM. Figure 4.2a shows
the AFM image of the 100 nm thick Ag thin films with average roughness (R,) and root
mean square (RMS) roughness of 1.6 nm and 2.0 nm, respectively. Figure 4.2b shows
the top view SEM image of the 100 nm thick Ag thin films with the magnification of
30,000.

30 000x

Figure 4.2 a) AFM image with the area of 1x1 pm? b) top view SEM image of Ag thin

films prepared by RF magnetron sputtering technique.
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Moreover, EDS mapping was used to investigate the elemental analysis of a
cross section of 100 thick Ag thin film as shown in Figure 4.3. The sequence of Ag thin
film from the bottom to top layers is Si (substrate), Ti (adhesive layer), and Ag,
respectively. It should be noted that oxygen (O) mapping could also be observed in
thin film. This could be titanium dioxide (TiO,) generated during Ti film sputtering due
to O, gas remained in the sputtering chamber and oxidized during subsequent

experiments.

SiKa1 TiKa1

S e T 4 Pt (o

OKat AgLa1

Figure 4.3 Ag on the cross-section of the 100 nm thick Ag thin film and elemental
distribution of Si, Ti, O, and Ag.

Then, the 100 nm thick Ag thin film was characterized by XRD spectrometry as
shown in Figure 4.4. The XRD spectra show that the Ag thin film were composed of Ag
(111) and Ag (200) peaks compared to the Si substrate which Si (100) could be
observed. Since Ag (111) and Ag (200) are the major diffraction pattern of face-centred-
cubic (FCC) of Ag thin film structure according to the Joint Committee in Powder
Diffraction Standards (JCPDS) file No. 04-0783. The high intensity ratio of Ag (111)/Ag
(200) peak was obtained at 4.61. This Ag thin film with high amount of Ag (111) was
suitable for the next step of sulfurization with Na,S due to the preferential plane of Ag

(111) with Sulphur ions.
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Figure 4.4 The XRD spectra of Ag thin film and Si substrate

4.2. Fabrication of Ag,S thin films

After the 100 nm thick Ag thin films were grown on Si (100) substrates, the
preliminary study of Ag,S thin films fabrication was carried out by wet chemical
process, The Ag thin films were dipped into 0.1 M Na,S for 6 h. The temperature was
varied at room temperature (RT), 50, 90 and 120 °c. The higher temperature used, the
higher kinetic energy of molecules obtained leading to the high sulfurization rate. At
50, 90, 120 °c, the delamination of Ag thin films was observed (data not shown). This
can be attributed to complete sulfurization of Ag thin film with high Na,S concentration
and high basic solution at high temperature. The less amount of Ag was left and Ag,S
thin film could not be attached onto Ti layer. After that the effect of Na,S
concentration was studied. The Na,S concentration was reduced to 20 mM. The result
shows that the color of Ag thin film prepared at room temperature was changed from
metallic to dark brown as shown in Figure 4.5. This indicates that the chemical reaction

was occurred.
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Figure 4.5 a) Ag thin film and b) Ag,S thin film prepared by dipping Ag thin film into 20
mM Na,S solution for 6 h dipping time.

The chemical composition of Ag,S thin film was characterized by XRD and
Raman spectroscopy as shown in Figure 4.6. Figure 4.6a demonstrates the Raman
spectrum of Ag,S thin film that consists of Ag-S stretching peak at Raman shift of 243
cml. The X-ray profile analysis of Ag,S thin films (Figure 4.6b) shows Ag (111) and Ag
(200) peaks. The mixture of crystal structures of a-Ag,S, acanthite structure, and B-Ag,S,
argentite structure, was observed in Ag,S thin films. The obtained amount of B-Ag,S
was still low with the Na,S concentration of 20 mM so the variation of Na,S

concentration was studied.

@) 2000 Ag-S stretching 20mMNas | b) 20 mM Na,S
Ag (111)

1500

Intensity

1000 —
p-Ag,S
’ u-Ag,S Ag (200)

T T T T T T
0 500 1000 1500 2000 2500 35 40 45 50
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Figure 4.6 a) Raman spectrum and b) XRD spectrum of Ag,S thin film prepared by
dipping Ag thin film into 20 mM Na,S solution for 6 h.



4.2.1. Effect of high Na,S concentration and dipping time on B-Ag,S synthesis

The concentration of Na,S was studied at 10, 20, 30, 50 and 80 mM and the
dipping time was varied at 3, 6, 12 and 24 hours. The chemical composition was studied
by using UV-vis spectroscopy and XRD. The XRD spectra of Ag,S thin films prepared
with different dipping time at 20 mM Na,S were shown in Figure 4.7.

g,5(112)
a-Ag,5(120)
a-Ag,S(121)

B-Ag,S(200)
a-Ag,5(002)
a-Ag,5(103)

a-Ag,S (220)

>ol-AgZS(031)
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Si (100) Ag (111)
Ag (200)
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Si
' | ¢ | v I
30 35 40 45
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Figure 4.7 XRD spectra of Si, Ag thin film and Ag,S thin films prepared by dipping Ag
thin films into 20 mM Na,S solution at different dipping time of 3, 6, 12 and 24 h.

The XRD results show the mixture of B-Ag,S and a-Ag,S phases for all dipping
time. The intensity of Ag (111) and Ag (200) peaks decreased when the dipping time
increased. This indicates that both Ag (111) and Ag (200) reacted with Na,S to form
both B-Ag,S and a-Ag,S phases. The XRD intensity of B-Ag,S and Ag (111) was then
investigated since Ag (111) is the preferential plane for reaction. The relationship

between intensity ratio of B-Ag,S to Ag (111) obtained from XRD spectra in Figure 4.7
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and dipping time at different Na,S concentrations was shown in Figure 4.8. It was found
that the amount of B-Ag,S was significantly increased at the lower Na,S concentration
between 10 and 30 mM. There was a slight increase of the amount of B-Ag,S at 50 mM
Na,S while there was no change of the amount of B-Ag,S at the highest concentration
of 80 mM. This is due to the higher Na,S concentration used, the higher pH obtained.

This can lead to the corrosion of Ag,S thin film surface.
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Figure 4. 8 The Relationship between dipping time of 3, 6, 12 and 24 h and the XRD
intensity ratio of B-Ag,S to Ag (111) obtained from Figure 4.7 at different Na,S

concentrations.

To deeply understand this phenomena, AFM was employed to investigate the
Ag,S surface morphology as shown in Figure 4.9. AFM images of all Ag,S thin films
reveal that the roughness of all Ag,S thin film surfaces was higher than the roughness
of Ag thin film. This indicates that the sulfurization was occurred. The higher Na,S
concentration leads to the higher pH and the delamination of the surface occurred at
80 mM. This result was well correlated to the XRD result with the decrease of the

amount of B-Ag,S at 80 mM Na,S (see Figure 4.8).
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Figure 4.9 AFM images of Ag and Ag,S thin films prepared from different Na,S

concentrations of 10, 30, 50 and 80 mM for 6h dipping time.

The preliminary study of Ag NFs was studied by using e’ irradiation by FE-SEM
with 5 kV of accelerated voltage and 10 min of irradiation time on Ag,S thin film
prepared from 20 mM Na,S for 6 h of dipping time (Figure 4.10). The result shows that
Ag¢ NFs were fabricated on the Ag,S surface. The low density of Ag NFs was observed
due to the small amount of B-Ag,S (Figure 4.8). So the effect of Na,S concentration at

lower concentration was studied.

- Voltage 5 kV
- Spot size 5.0

- 10 minutes

Figure 4.10 The method for e- irradiation with 5 kV of accelerated voltage and 10 min

of irradiation time on Ag,S prepared by 20 mM of Na,S for 6h. of dipping time

4.2.2. Effect of low Na,S concentration on B-Ag,S synthesis

Due to the less Ag NFs fabrication, the low Na,S concentration was studied at

2 mM of Na,S and 6 h. of dipping time.
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Figure 4.11 The characterization of Ag and Ag,S thin films prepared from 2 mM Na,S
solution for 6 h. a) AFM images of Ag and Ag,S thin films, b) XRD patterns of Ag, Ag,S
and Si with 20 = 30-50°, c) UV-Vis spectra of Ag,S and Ag thin films and d) Raman

spectrum of Ag,S thin films

Figure 4.11 a). RMS roughness of Ag,S thin film with 16.9 nm is higher than that
of Ag thin film with 3.6 nm. This indicates that the morphology of Ag thin film was
changed after the sulfurization reaction. The X-ray profile of Ag,S thin films compared
to those of Ag and Si thin films (Figure 4.11b) reveals that both of Ag and Ag,S thin
films include Ag (111) and Ag (200) peaks. Mixture-phase crystal structures of a-Ag,S,
acanthite structure, and B-Ag,S, argentite structure, were observed in Ag,S thin films.
The optical transmittance of Ag and Ag,S was studied by using UV-Vis
spectrophotometer. The results are shown in Figure 4.11c) indicating that transmittance
(%T) of Ag,S was higher than that of Ag thin film. Figure 4.11d) demonstrates the Raman
spectrum of Ag,S thin film that consists of Ag-S stretching peak at Raman shift of 243

cm™,
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Figure 4.12 SEM image of the cross-section of Ag,S thin film prepared by 2 mM Na,S

solution and 6 h dipping time and elemental distributions of Si, Ti, O, Ag, and S

The elemental analysis of Ag,S thin film was studied by using EDS mapping on
the cross-section SEM image of Ag,S thin film prepared by 2 mM Na,S solution and 6
h dipping time. Figure 4.12 shows that the Ag,S thin film from the bottom to top layers
is composed of Si (substrate), Ti (adhesive layer), Ag (Ag film, Ag,S thin film and
filaments), and S (Ag,S thin film), respectively. The oxygen (O) mapping could also be

observed due to titanium dioxide (TiO,) generated during Ti film sputtering.

Moreover, the sequence of elemental layers of Ag,S thin film was also
characterized by XRF as shown in appendix (Figure A.2). From the results, Si, S, Ag and
Ti (adhesive layer) were found on the surface that agreed well with EDS results in
Figure 4.12. These elements were uniformly distributed throughout the surface which
indicates that Ag,S thin film was fully synthesized on the surface by Na,S and Ag thin
film. Various concentrations of Na,S aqueous solutions were studied for the synthesis
of B-Ag,S. The Na,S concentrations were studied at 0.5, 2, 5, 10, and 20 mM and the
dipping time was varied at 3, 6, 12 and 24 hours. The relationship between intensity
ratio of B-Ag,S and a-Ag,S (Ip/lg) from XRD spectra and Na,S concentrations of 0.5, 2,
5,10 and 20 mM and dipping time of 3, 6, 12 and 24 h are shown in Figure 4.13 a) and

b), respectively. At low Na,S concentration (0.5 — 2 mM), the highest Ig/lq was found at
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6 h of dipping time due to the low sulfidation rate. On the other hand, the high Na,S
concentration (10 — 20 mM), the highest Ig/loq was found at 3 h of dipping time due to
the high sulfurization rate. The highest Ig/lq was found at 0.5 mM Na,S and dipping
time of 6 h. It can be seen that when the concentration of Na,S increased from 0.5
mM to 20 mM at 6 h, the Ip/lq significantly decreased from 10 to 1 as shown in Figure
4.13b). This can be attributed to the higher concentration of Na,S, the faster the
reaction rate of sulfidation leading to the lower rearrangement of Ag,S unit cell. The
sulphur ions were preferentially deposited on Ag (111) surface. Since the sulphur
deposition rate is slower at lower concentration of Na,S, Ag,S was gradually rearranged

to form B-Ag,S BCC unit cell which is denser unit cell than a-Ag,S monoclinic unit cell
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Figure 4.13 Relationship between the XRD intensity ratio of B-Ag,S to a-Ag,S and a)
dipping time of 3, 6, 12 and 24 h and b) Na,S concentration of 0.5, 2, 10 and 20 mM

The Relationship of Na,S concentration and dipping time to %T which can refer
to the amount of Ag,S were also studied as shown in Figure 4.14. Na,S concentration
increased, %T was increased. Dipping time (3, 6, 12 h.) increased, was increased and
%T was decrease at 24 h. of dipping time. Figure 4.14a) shows that the Ag,S fabrication
at lower Na,S concentration (0.1-5 mM) took a longer reaction time than that at higher
Na,S concentration (10-80 mM) due to the high initial reaction rate of the high
concentration. However, it can be observed that there was the saturation of the

reaction of all Na,S concentrations after 12 h. Consequently, it can be concluded that



29

both of Na,S concentration and dipping time have a strong effect on the amount of

Ag,S. The highest B-Ag,S was obtained at the 0.5 mM Na,S concentrationand 6 h

dipping time.
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Figure 4.14 Relationship between the %T and a) Na,S concentration of 0.1, 0.5, 2, 5,
10, 20, 30, 50 and 80 mM and b) dipping time of 3, 6, 12 and 24 h of each Ag,S thin
film separately prepared from the 100 nm of Ag thin films.

4.2.3. Effect of pH Na,S solution on B-Ag,S synthesis

The effect of pH on B-Ag,S formation was studied because the different Na,S
concentrations cause the different pH of Na,S solutions. It was synthesized in both
acidic and basic solution by adding HNO3; and NaOH, respectively Na,S solutions. When
the Na,S concentration was increased, pH increased as shown in Figure 4.15a) because
the hydrolysis of Na,S gives the OH ions in the solution. The hydrolysis reaction
mechanism is proposed according to the following reactions:

Na,S + H,0 = NaHS + Na® + OH" (1)
NaHS + H,O = H,S + Na™ + OH 2)

In acidic solution, when HNO; was added H' ion reacted with OH ion to form
H,0. Then the equilibrium is shifted towards the products, concentration of S* ion for
sulfurization decreased. This leads to the low amount of B-Ag,S obtained. The higher
concentration of Na,S gives the higher OH ions in the solution. Figure 4.15 b) shows

that the highest B-Ag,S amount was obtained at pH 8.45. B-Ag,S decreased when pH



30

increased due to the corrosion of Ag,S surface. So the optimum solution of pH is about

8.45 which is equal to 0.5 mM Na,S.
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Figure 4.15 a) The relationship between the pH and Na,S concentration and b) the
XRD intensity ratio of B-Ag,S to a-Ag,S with 0.5 mM Na,S for 6h of dipping time. The
acidic and basic solution were prepared by adding HNO3; and NaOH into 0.5 mM Na,S

solution, respectively

4.3. Fabrication of Ag NFs
4.3.1. Effect of irradiation time on Ag NFs fabrication

Ag NFs fabrication was studied by using e irradiation on Ag,S thin films with the
acceleration voltage of 20 kV and beam current of 3.8 nA with different irradiation time
of 1, 5 and 10 min as shown in Figure 4.16. Figure 4.16 a) shows that Ag filaments were
rapidly formed by the reduction of Ag,S to Ag after 1 min. After that, Ag filaments were
vertically grown significantly after irradiation for 5 minutes (see Figure 4.16 b)) and

gradually grown in the vertical direction after 10 min irradiation (see Figure 4.160)).



Figure 4.16 Ag filaments grown by electron beam irradiation on Ag,S film prepared by
2 mM Na,S at 6h of dipping time with 20 kV acceleration voltage and 3.8 nA current

with different irradiation time of (a) 1 min (b) 5 min and (c) 10 min.

The SEM image at 50000x magnification (see Figure 4.17 a)) shows that the Ag
filaments were in the nanoscale size. SEM image at 25000x magnification (see Figure
4.17 b)) shows the larger area between the focus (electron) area and the area of Ag,S
thin film as shown in Figure 4.17 b). This reveals that the Ag NFs fabrication was only
formed on Ag,S surface after irradiation with e beam. The mechanism of Ag NFs
formation can be conventionally divided into three steps. For the first step, the e
beam focused on Ag,S surface results in the heat generation on the surface leading to
the residue stress of the surface [52]. This can lead to the formation of B-Ag,S nuclei
taking place on the Ag,S surface. Moreover, the a-Ag,S can be transformed to B-Ag,S
by heat generation. The second step is related to the diffusion of the Ag*ions inside
the lattice of B-Ag,S to the surface of B-Ag,S. These Ag'ions can accept the e frome
iradiation. The Ag NFs were then formed by reduction of Ag” ions to Ag. Since the S
ions form a rigid bcc lattice with Ag cations which are randomly occupying 1/3 of 12 d
sites in the lattice (Wyckoff symbols) [53]. The 12 d position has a hexagonal symmetry
which has the minimal lattice mismatch with Ag (111). In the last step, the Ag" ions

from the oxidation of Ag thin film can act as Ag backup for increasing length of Ag NFs.
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Figure 4.17 The Ag filaments with (a) 50000x (b) 25000x magnification

To deeply understanding the effect of heat generation of e beam, the
electrochemical process was studied. A linear sweep potentiostat is an optional
method which was chosen to construct the Ag filaments on Ag,S thin film. The Ag,S
thin film was used as working electrode (S/WE) and copper wire was used as counter
electrode (RE/CE). We applied the potential in the range of 0-5 V and the scan rate of
0.01 V/s as shown in Figure 4.18.
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Figure 4.18 The relationship between applied potential and WE (Ag,S ) current of cell

with copper as CE.

After the electrochemical reaction, the Ag,S thin film was turned to silver
colour. This is because the Ag,S thin film (Ag") was reduced to Ag. The blue thin film
colour was appeared on the surface of copper electrode indicating that the oxidation

reaction was occurred. The blue film was Cu?* as shown in Figure 4.19.
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Figure 4.19 a) The Ag,S thin film and copper electrode after the reaction and b) a blue

residue film in the electrolyte solution (NaNOs)

To investigate the Ag thin film prepared from electrochemical reaction (Ageieo),
the Ag,S thin film was characterized by EDS as shown in Figure 4.20. The EDS spectrum
shows that there was no sulphur on the thin film (see Figure 4.20 b) and c¢)) which
indicates that the reduction of Ag,S to Ag was completely generated. However, the

Na* ions of electrolyte were also being growth on the Agg. thin film (Figure A.1)

a) 30 000 Element Weights Atomics
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0K 397 1735
Na K 063 191
Mg K 022 062
SiK 420 1046
TiK 045 066
Ag L 8855 5745
e
o Eckon mac Totals 10000

Figure 4.20 a) SEM image of the Ag... thin film, b) the elemental distribution of EDS

spectrum and c) the percentage of elements.

Moreover, UV-vis spectroscopy was also used to characterize the Aggec
fabrication. A glass slide was used as a substrate for transmission measurements. After
the electrochemical reaction, the Ag,S thin film was change to Ag thin film (Figure
4.21b)). The UV transmittance spectra of Ag,S and Aggie thin film taken in the range of
300-1000 nm is shown in Figure 4.21 c). The Ag,S thin film shows a high transmittance
in the near-infrared region at the wavelength of 1240 nm. While Aggec film
demonstrates 0% transmittance from visible to near-infrared region. This result

indicates that the Ag,S was converted to Ag film.
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Figure 4.21 a) Ag,S thin film and b) Ag.. thin film after the electrochemical reaction

and ¢) UV-vis spectra of Ag,S and Aggec thin films.

To understand the above result, XRD was used to study the electrochemical
reaction of Ag,S film. Figure 4.22 shows the XRD spectra of Agu thin film compared
to Ag thin film prepared from sputtering technique (Agg,,w). From the results, the
electrochemical method can convert both a-Ag,S and B-Ag,S film to Ag thin film which
is composed of Ag (111) and Ag (200) planes. The Ag (111)/Ag (200) ratio of Ageec and
Agepute thin films was calculated as 4.61 and 5.60, respectively. So the higher amount
of Ag (111) plane was obtained from sputtering technique compared to the
electrochemical reaction. This can be concluded that the potentiostatic method was

not suitable process for Ag NFs fabrication due to the obtaining of Ag thin film.



35

—— Ag sputt) |
—Ag elec

Ag (200)

N |
e

30 40 50 60
260 (degree)
Figure 4.22 The XRD spectra of Ageu film and Ageiec film

4.3.2. Effect of B-Ag,S on Ag NFs fabrication

After the optimum condition to obtain the highest amount of B-Ag,S thin film
was achieved from the previous section, the effect of B-Ag,S amount on Ag NFs
formation was studied. The irradiation condition used was 20 kV of accelerated voltage
and 10 min of irradiation time. When the concentration of Na,S increased from 0.5 to
20 mM, the density of Ag NFs decreased from 5.93 x 10° NF/cm? to 1.09 x 10 NF/cm?
as shown in Figure 4.23. This result was in good agreement with the amount of B-Ag,S
as shown in Figure 4.13. and agree well with the study of Tanaka et al. According to
the study of the electron irradiation, B-Ag,S argentite which has a superionic
conductivity can be transformed to Ag via electron irradiation. Ag" ions in B-Ag,S can
be diffused faster along the line and surface defects than that in a-Ag,S. This is because
Ag" ions in B-Ag,S are at the center of unit cell while Ag® ion in a-Ag,S is in the lattice.
The linear diffusion is faster than the lattice diffusion, they are also termed as high
diffusivity or easy diffusion paths [54]. The diffused Ag" ion was reduced on the surface
of the thin film to form Ag NFs. Our results confirm that B-Ag,S has a strong effect on
Ag NFs growth.
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Figure 4.23 SEM images of Ag NFs after irradiation with 20 kV for 10 min. The scanning
area is 13.8 x 13.8 pum’. (The samples were prepared by dipping into different
concentrations of 0.5, 2, 10 and 20 mM of Na,S for 6 h)
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Figure 4.24 SEM images of Ag NFs after irradi

-

ation with 20 kV for 10 min. The scanning
area is 13.8 x 13.8 um®. The samples were dipped into 0.5 mM of Na,S for 6 h. The
acidic and basic solution were prepared by adding HNO5; and NaOH into Na,S solution,

respectively.

From Figure 4.24, the highest density of 1.09 x 10° NFs/cm? was found at pH
8.45. This result was well correlated to the XRD study in Figure 4.15 b) that the highest
amount of B-Ag,S was obtained at pH 8.45.
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4.3.3. Effect of accelerated voltage on Ag NFs fabrication

From section 4.3.1, the optimum condition of irradiation time for Ag NFs
fabrication was found at 10 min, Then, the effect of irradiation parameters namely
accelerated voltage (kV) on the fabrication of Ag NFs was studied as shown in Figure
4.25. It can be observed that the density of Ag NFs fabricated by using 20 kV for 10
min was higher than those fabricated by 10 kV and 5 kV for 10 min. The higher voltage
used, the faster and higher kinetic energy electrons generated. These fast and high
kinetic energy electrons can then react and diffuse on the Ag,S surface to form Ag NFs.
Moreover, the longer irradiation time was used to irradiate on Ag,S surface, the higher
kinetic energy electrons were generated and could react with B-Ag,S thin film.
Consequently, the optimum condition of electron irradiation for Ag NFs fabrication was

20 kV for 10 min for accelerated voltage and irradiation time, respectively.
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Figure 4.25
into 0.5 mM Na,S solution for 6 h and irradiated by different accelerated voltages at 5,

10, 20 kV for 1, 5 and 10 min.
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The effect of accelerated voltage and irradiation time on the fabrication of Ag
NFs can be plotted as a graph between the density of Ag NFs and irradiation time
which is presented in Figure 4.26 a). Moreover, the length of Ag NFs as a function of
irradiation time is shown on Figure 4.26 b). The results show that the highest length of
Ag NFs was 0.46 + 0.04 um obtained at 20 kV for 10 min.
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Figure 4.26 a) The density of Ag NFs and b) the length of Ag NFs as a function of the

irradiation time.

The mechanism of Ag NF fabrication can be divided into four steps and
described in Figure 4.27 The first step was the heat generation when an electron beam
was irradiated on Ag,S surface. With the lower accelerated voltage, the lower kinetic
energy electrons were produced, then a number of B-Ag,S nuclei were formed. With
the higher voltage used, a greater number of the higher kinetic energy electrons were
generated leading to the phase transformation of a-Ag,S to B-Ag,S and causing a large
number of B-Ag,S nuclei formation on the Ag,S surface. The second step was related
to the diffusion of the Ag" ions inside the lattice of B-Ag,S to the surface of B-Ag,S.
These Ag" ions on the surface could react with the electrons from the electron
irradiation and were reduced to Ag. The Ag islands were then formed by the reduction
of Ag"ions to Ag at the hexagonal side which has the minimal lattice mismatch with
Ag (111). The different amount of B-Ag,S led to the different density of Ag islands and
the density of Ag islands could be saturated due to the limitation of B-Ag,S. So the

accelerated voltage was found to be the dominant parameter on the first and second
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steps. Moreover, the reduction of Ag® ion induced on Ag,S surface. In the third step,
due to the charge inducing, the oxidation of Ag thin film was occurred. Ag® ions can
act as Ag backup for increasing length of Ag islands due to the Ag" ion reduction. The
energy barrier of Ag" ion jumping for accept e is 89 meV. The longer irradiation time
was used to irradiate on Ag,S surface, the longer Ag NFs were obtained. In the last
step, when Ag backup was depleted the length of Ag NFs was saturated. So the

irradiation time was found to be the dominant parameter in step 3 and 4.
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Figure 4. 27. Mechanism of Ag NFs growth

4.4. SERS activity test

After the electron irradiation, we demonstrate the utilization of Ag NFs SERS
substrate. MB at the concentration of 1x10° M was used to observe the enhancement
effect of the fabricated SERS substrate via Raman spectroscopy as shown in Figure
4.27. The peak at 521 cm™ corresponds to the Raman scattering of the crystalline Si
substrate. The Raman shift at 1623 cm™ is the characteristic peak of MB. The Raman
spectra show that the peak intensity of MB at 1623 cm™ on Ag NFs grown on Ag,S
(SERS substrate) by using 20 kV of accelerated voltage and 10 min of irradiation time.
Ag NFS SERS substrate was enhanced when compared to those on the commercial
SERS and Ag from sputtering. The enhancement factor (EF) was calculated to compare
the enhancement effect between Si substrate and Ag NFs SERS substrate (equation 2)

[6] . The calculation is show in appendix
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I Ng
EF — -SERS ef
Iref  NSERs
lsers: The enhance intensity of adsorbed MB molecules on SERS substrate

2)

lrer: The spontaneous Raman scattering intensity from bulk MB molecules under the
laser spot on the blank Si substrate.

Nsers: The number of MB molecules uniformly spreading on the SERS substrate under
the laser spot.

Nrer: The number of the bulk MB molecules excited by the laser without Raman

enhance effect
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Figure 4.28 Raman spectra of methylene blue (MB) at a concentration of 10°Mon Si,

Ag,S, Ag from sputtering technique and Ag NFs SERS substrates

The EF of Ag NFs SERS substrate was achieved at 1.57x10° which is 2 orders of
magnitude higher than that of Ag from sputtering (2.05x10%). This result indicates that
the highest density of Ag NFs plays an important role in surface plasmon resonance
(SPR). The greater enhancement is observed when the SPR wavelength of Ag NFs
matches with the wavelength of the excitation laser. Moreover, the limit of detection
was found at 10 nM of MB concentration as shown in Figure 4.28. Moreover, the SERS

activity of Ageec Was also shown in appendix. This result can confirm that the Ag NFs
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has the properties to enhance the Raman signal via SPR effect with the optimum

condition for e irradiation of 20 kV accelerated voltage and 10 min irradiation time.
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Figure 4.29 a) A comparison of Raman spectra of different concentrations of MB and

b) the linear plot between log[MB] and logarithmic function of the Raman intensity.

4.5. Fabrication of Ag NF tip

The Ag tip was prepared from RF magnetron sputtering technique with the
same condition from the section 4.1. After that, the Ag,S tip was prepared by dipping
Ag tip into 0.5 Na,S solution for 6 h of dipping time. The Si, Ag and Ag,S tips were
characterized by SEM and EDS as shown in Figure 4.29.

Figure 4.30 The SEM images and EDS mapping of a) Si tip, b) Ag tip and ¢) Ag,S tip.
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After that, Ag,S tip was irradiated by 20 kV of accelerated voltage for 10 min of
irradiation time as shown in Figure 4.30. The SEM images show that the Ag NFs could
not be fabricated on the Ag,S tip apex. It was found that the percentage of Ag
deposition on tip apex was decreased from the initial thickness monitor as shown in
Figure 4.31. The slope area of tip apex was measured by Image) program then the
thickness was calculated. The result shows that the thickness of tip apex is 0.098 um
which was equal to 49.1% of the Ag deposition from thickness monitor. So the

thickness of initial Ag from sputtering was increased to 400 nm.

a)

kV of accelerated voltage. Ag,S tip was prepared by dipping Ag tip into 0.5 Na,S solution
for 6 h.

Area = 0.247 pm?

Increased thickness

Area = 0.351 ym?

Figure 4.32 The SEM images of AFM tip a) before and b) after Ag sputtering
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After increasing Ag thickness on the AFM tip to four-times more than on the
substrate, the Ag,S tip was fabricated with the same condition of Ag,S thin film and
irradiated by 20 kV of accelerated voltage for 10 min of irradiation time as shown in

Figure 4.32.

Figure 4.33 The SEM images of Ag,S tip (4x) after irradiation for a) 1 min and b) 10 min
with 20 kV of accelerated voltage. Ag,S tip was prepared by dipping Ag tip into 0.5
Na2S solution for 6 h.

The SEM images in Figure 4.32 show that the Ag NFs was formed on the Ag,S
tip apex after irradiation for 10 min. This indicates that the initial thickness of Ag has
an effect on Ag NFs fabrication via the electron irradiation. The formation of Ag NFs
was confirmed by EDS mapping as shown in Figure 4.33. This result shows the Ag
mapping of the Ag NFs at the tip apex.
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3um ! Electron Image 1 TiKa1 Aglal

Figure 4.34 The SEM image and EDS mapping of Ag,S tip with Ag NFs on the tip apex.
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4.6. TERS performance measurement

Due to the problem of AFM-Raman spectroscopy, we cannot measure the TERS activity
of Ag NFs tip. The Ag NFs tip was separately measured the performance in terms of
morphology and the enhancement of Raman signal. The Ag NF tip was used as an
AFM tip for scanning the grating compared to the normal Si AFM tip as shown in Figure
4.34. The AFM image obtained from Ag NF tip show that the morphology of grating was
slightly different from that obtained from Si tip resulting from the blunter of the tip
and softer of Ag NFs on the Ag,S tip apex.

' ‘'« s £

Figure 4.35 The comparison of AFM images scanned by Si tip and Ag NFs tip on the

grating surface.

Then, Ag NFs tip was tested for the Raman enhancement by using Ag NFs tip
as a SERS substrate. From Figure 4.35, Raman signal of 10° mM MB on the Ag NFs tip
shows higher enhancement than hat on Si tip. The EF of Ag NFs Tip as the SERS
substrate was achieved at 4.27x10%. This indicates that the Ag NFs tip plays an

important role in surface plasmon resonance (SPR).
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CHAPTER V
CONCLUSIONS

The Ag NFs fabrication based on B-Ag,S solid electrolyte have been
accomplished. The Ag NFs gave the high sensitivity SERS substrate via the electron
irradiation of B-Ag,S solid electrolyte. The optimum condition for B-Ag,S fabrication
was found to be at 0.5 mM Na,S for 6 h with pH 8.45 by chemical bath deposition
(CBD). B-Ag,S play a critical role and directly affect the Ag NFs formation. Moreover,
heat is the essential parameter for Ag NFs fabrication. The highest density and length
were achieved from 20 kV of accelerated voltage and 10 minutes of irradiation time
by electron beam irradiation. The highest density and length of Ag NFs were found to
be 5.93 x 10° NF/cm? and 0.46 + 0.04 um, respectively. The Ag NFs performance has
been investigated by using Ag NFs as SERS substrates. Methylene blue (MB) adsorbed
on Ag NFs substrate with green laser (532 nm) and the maximum SERS enhancement
factor of 1.57x10° was achieved. The limit of detection of MB obtained from Ag NFs
substrate was found to be at 10 nM. The highest enhancement factor of 4.27 x 10* of

MB absorb on Ag NFs TERS tip performed as SERS substrate was achieved.
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Figure A.1 a) The SEM image of Na growth on Aggec thin film with different
magnifications, b) EDS mapping of elements on the surface of Ageec prepared from

potentiosatat.
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Figure A.2 a) The optical image, b) XRF spectrum of elements, c) elemental mappings,

and d) percentage of each element in the area on the surface of Ag,S prepared from

2 mM Na,S solution and 100 nm of Ag thin film.
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Figure A.3 a) The optical images and the cross line and b) the corresponding integral
intensity of each element on the surface of Ag,S thin film prepared from 2 mM Na,S

solution and 100 nm of Ag thin film.

The Enhancement calculation
I Npg
EF — -SERS g ef
Iref  NSERs
lsers: The enhance intensity of adsorbed MB molecules on SERS substrate

(2)

lre: The spontaneous Raman scattering intensity from bulk MB molecules under the
laser spot on the blank Si substrate.
Nsers: The number of MB molecules uniformly spreading on the SERS substrate under
the laser spot.
(laser spot size)?
(MB space)?

Nrer: The number of the bulk MB molecules excited by the laser without Raman

enhance effect

[MB]x 6.02x10%3x V),
r?
Example
(31524) (0.000001 m)2/(2x1072 m)?
EFAg NFs = X _,mol _
16 (1x10732)x(6.02x1023 )x(3x 1076 L)/(3.14)x(0.0015 m)?

- 2.01 x 10°
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