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Abstract 

 

PLASMONIC STRUCTURES FOR SURFACE ENHANCED RAMAN 

SCATTERING SPECTROSCOPY 

 

  

Ruiqian Jiang, M.S. 

 

The University of Texas at Arlington, 2014 

 

Supervising Professor: Yaowu Hao 

 

In the last three decades, a large number of different plasmonic 

nanostructures have attracted much attention due to their unique optical 

properties. Those plasmonic nanostructures include nanoparticles, 

nanoholes and metal nanovoids.  They have been widely utilized in optical 

devices and sensors. 

When the plasmonic nanostructures interact with the 

electromagnetic wave and their surface plasmon frequency match with the 

light frequency, the electrons in plasmonic nanostructures will resonate 

with the same oscillation as incident light. In this case, the plasmonic 

nanostructures can absorb light and enhance the light scattering. 
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Therefore, the plasmonic nanostructures can be used as substrate for 

surface-enhanced Raman spectroscopy to enhance the Raman signal. 

Using plasmonic nanostructures can significantly enhance Raman 

scattering of molecules with very low concentrations. 

In this thesis, two different plasmonic nanostructures Ag dendrites 

and Au/Ag core-shell nanoparticles are investigated. Simple methods 

were used to produce these two plasmonic nanostructures. Then, their 

applications in surface enhanced Raman scattering have been explored.  

Ag dendrites were produced by galvanic replacement reaction, 

which was conducted using Ag nitrate aqueous solution and copper metal. 

Metal copper layer was deposited at the bottom side of anodic aluminum 

oxide (AAO) membrane. Silver wires formed inside AAO channels 

connected Ag nitrate on the top of AAO membrane and copper layer at the 

bottom side of AAO. Silver dendrites were formed on the top side of AAO.  

The second plasmonic nanostructure is Au/Ag core-shell 

nanoparticles. They were fabricated by electroless plating (galvanic 

replacement) reaction in a silver plating solution. First, electrochemically 

evolved hydrogen bubbles were used as template through electroless 

deposition to produce hollow Au nanoparticles. Then, the Au nanoparticles 

were coated with Cu shells in a Cu plating solution. In the following step, a 
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AgCN based plating solution was used to replace Cu shell to form Au/Ag 

core-shell nanoparticles.  

  These two plasmonic nanostructures were tested as substrates for 

Raman spectroscopy. It demonstrated that these plasmonic 

nanostructures could enhance Raman signal from the molecules on their 

surface. The results indicate that these plasmonic nanostructures could be 

utilized in many fields, such as such as biological and environmental 

sensors. 
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Chapter 1 

Introduction 

In the last decade, plasmonic nanostructures are rapidly becoming 

attractive research topics in different areas due to their unique optical 

properties [1]. The growing research field studying the interaction between 

electromagnetic wave and metal surface interaction is called “Plasmonics”[2]. 

Plasmonic materials are usually metals or metal-like materials that have 

negative real permittivity dispersion. Most plasmonic nanostructures are gold 

and silver nanostructures, which show unique optical property in visible light  

wavelength ranges[3]. A large number of different plasmonic nanostructures 

have been fabricated and investigated in the last two decades. They include 

nanoparticles, nanoholes, nanotubes, crystal dendrites and metal nanovoid 

arrays. Moreover, different strategies modifying the surfaces of these 

materials make it possible to affect the selective binding and detection of 

specific targets for chemical and biological sensing.[4] This plasmonic 

research field attracted much attention due to its potential applications in 

optical devices, sensors, diagnostics and therapeutics in the biology field[5, 6].  

Surface plasmons are a coherent oscillation of conduction electrons 

on a metal surface excited by electromagnetic radiation on the metal 

nanostructures. This phenomenon occurs in the nanoscale dimension. When 

metal nanostructures interact with light, which can be considered as an 
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oscillating electric field, the free conduction electrons inside nanostructures 

will oscillate driven by the electric field. These free conduction electrons have 

their own oscillation frequency, which is called surface plasmon resonance 

frequency (SPR). SPR is dependent on the size and shape of the 

nanostructures. When the light irradiate on such metal nanostructures (the 

light is an electromagnetic wave with its own oscillating frequency). The 

electrons will resonate with the light when SPR frequency and light frequency 

match. Therefore, the incident light at SPR frequency will strongly be 

absorbed and scattered. In other words, the electric field of incident light will 

be enhanced. This novel phenomenon provides a promising technique for 

sensing and identifying molecular species. 

Raman spectroscopy is a powerful technique to identify the molecular 

species since most molecules have their own distinct spectrum. With 

different unique vibrational frequencies. Raman scattering is aninelastic 

scattering of a photon interacting with a molecule. The energy of photons will 

change when interacting with the molecules. However, a Raman scattering 

signal is very weak for very low concentration molecules; only one in 1012 

photons could undergo Raman scattering[7]. In other words, Raman signals 

are weak to detect in general; there are a low number of photons available to 

detect. So, Raman spectroscopy is a great tool only for the high 

concentration molecules.  

http://en.wikipedia.org/wiki/Inelastic_scattering
http://en.wikipedia.org/wiki/Inelastic_scattering
http://en.wikipedia.org/wiki/Photon
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Thirty years ago, Martin Fleischmann found that the pyridine 

molecules could have significantly enhanced Raman signal when adsorbed 

on electrochemically roughened Ag metal surface. [8] This initial publication 

has been cited 3698 times. This phenomenon can be explained and referred 

to as Surface Enhanced Raman Spectroscopy (SERS) as showed in the 

Figure 1-1.  It is a surface-sensitive technique; only molecules adsorbed on 

the roughened metal surface would have enhanced  Raman scattering. Since 

then, surface-enhanced Raman spectroscopy has become one of the 

primary tools in analytical and surface research with enormous promises for 

high sensitive detection for very low concentration molecules. The 

enhancement factors would reach 1010 to 1011.  

SERS utilizes nanoscale metal surfaces typically made of gold (Au) or 

silver (Ag). Laser excitation of these metal nanostructures would drive the 

surface charges creating a highly localized (plasmonic) light field. When a 

molecule is absorbed close to the enhanced field at the surface, a large 

enhancement of the Raman signal can be observed. Raman signals several 

orders of magnitude greater than normal Raman scattering are common. The 

Raman signal can be amplified further when laser light is matched to the 

absorption maxima of the molecules. This effect is known as Surface-

Enhanced Resonance Raman scattering effect (SERRS). 
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SERS is a great technique that has been used in a variety of fields 

and applications, such as detection of the presence of low concentration of 

biomolecules, detection of proteins in body fluids [9], analysis for chemistry 

testing, detection of trace amounts of chemical and biological agents, drug 

detection, food quality analysis and single cell detection[10].  

Figure 1- 1 Illustration of Surface-Enhanced Raman 

Spectroscopy 
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In this thesis, two different palsmonic nanostructures Ag dendrites and 

Au/Ag core-shell nanoparticles were fabricated by two simple methods. 

These unique plasmonic nanostructures can amplify Raman signals for low 

concentration molecules. Their plasmonic properties and formation 

mechanisms of nanostructures were investigated in this project.  
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Chapter 2 

Background Information 

In this chapter, fundamental knowledge of plasmonics, including 

surface plasmon resonance, plasmonic nanostructures and their applications 

are first introduced. Then, the principle of Raman scattering and Surface-

enhanced Raman spectroscopy are presented. 

 

2.1 Plasmonic Nanostructures  

In the last decade, research in plasmonic nanostructures is becoming 

an attractive field due to its potential applications in many areas[9]. The 

plasmonic properties depend on metallic nanostructure’s size and shape 

because there are some interacting processes between electromagnetic 

radiation and conduction electrons on the surface of nanostructures[11]. With 

efforts from scientists in different areas, plasmonic nanostructures are now 

used in the optical device, photonic circuits and sensors as well as in medical 

diagnostics[12]. Especially, plasmonic nanostructures found some applications 

in Raman spectroscopy used in the nanoscale biosensing for DNA recognize 

[13], detecting protein-protein interactions[14] and chemical sensing [15] due to 

their advantages of label-free, low cost and real-time monitoring[16].  
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2.1.1 Fundamental Plasmon Properties 

 Plasmon is a collective oscillation of the free electrons in metal 

nanostructures. For example, when one metal particle is in a uniform electron 

field, electrons inside particle moves from one side to the other side. Then 

the electrons will move back to the original position driven by the attractive 

force. To visualize a plasmon oscillation, we can assume that a cube of metal 

was put in the external electric field. The conduction electrons will move from 

one side to the other side. With both external electric field and charged 

electrons being changed, which causes the “overshoot” phenomenon[17]. As 

a result, the electrons will oscillate back and forth at a specific frequency, 

which is called plasma frequency. And Plasmon is a quantization of these 

oscillation movements.  
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Plasmon materials have been playing an appealing role in the optical 

properties of metal nanostructures. Usually metals are highly reflective 

materials due to their plasma frequency which lies in the ultraviolet spectrum 

which is higher than the frequency of visible light. Metals such as copper and 

gold, have electronic inter band transitions in the visible range, so they have 

their particular colors. 

The position and intensity of plasmon absorption are highly affected by the 

surface property of the materials. For the surface features including 

modification of plasmonic structures’ shape, morphology and size, they could 

build different plasmonic modes. These plasmonic modes have brought a 

good understanding of surface plasmon resonance, which is an important 

Electromagnetic waves 

wave 

Figure 2- 1 Scheme of Plasma Oscillation in a Metal Particle Induced by 

Electromagnetic Wave 
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phenomenon in the optical field. The following chapter will present 

background information and principles of surface plasmon resonance.[18] 

 

2.1.2 Principle of Surface Plasmon Resonance (SPR) 

Generally, surface plasmon resonance (SPR) refers to the electrons 

that will stimulate oscillation in a metal when the incident electromagnetic 

waves shine it. Specifically, it is a nanoscale size effect of the interaction 

between the electromagnetic waves and electrons[19].  We can assume that 

there is a box of free electrons placed inside an oscillating electric field. 

These free electrons will oscillate from one side to the other side driven by 

the electric field. With these regular movements, the free electrons have their 

own frequency. The electromagnetic wave of light irradiating to this box has 

its frequency. When the frequencies between free electrons and 

electromagnetic wave of light match, the oscillation of free electrons will 

move farther and their amplitude dramatically increase. As a result, the 

absorption of light by such metal particles will be increased. This is so-called 

plasmon resonance effect. 

For metal nanoparticles, if the size of nanoparticles is much smaller 

than the wavelength of the light, the collective oscillation of plasma would be 

localized near the surface. Also the resonance frequency would shift from the 

plasma frequency to the surface plasmon resonance frequency[20]. For 
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metals including Au, Ag and Cu. SPR peaks of their nanoparticles are in the 

visible region. At SPR frequency, these nanoparticles strongly enhance the 

scattering and absorption of the visible and near infrared(NIR) lights.[21].  

Taking gold nanoparticles as an example, the SPR peaks of gold 

nanoparticles with diameter about 50 to 100nm are are centered at around 

550nm.  

To better understand this surface plasmon phenomenon, here the first 

Maxwell equation and Gauss’s law are introduced, which can be expressed 

as:  

∇ × 𝐷 = 𝜌𝑓 

where D is the electric displacement; ρf is the free charge density.  

We can suppose that the size of the particle is much smaller than the 

wavelength of light and the particles are homogeneous. Under the electric 

fields, the Laplace equation can be used to obtain the potentials inside and 

outside the particles.  

 

                                                   



 cos

2

3
0rE

m

m

in


                        (2-1) 

                                                 
2

0

0
4

cos
r

p
rE

m

out


 

                       

(2-2) 
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where m  is the dielectric constant of medium and   is dielectric constant of 

the metal sphere; E0 is external field and r is position vector at point P; a is 

radius of the sphere; p is the dipole moment with the form: 

                                             
0

3

0
2

4 Eap
m

m

m










                      (2-3) 

Also we can refer polarizability α through 00 Ep m , then α can 

written as: 

                                                        m

ma





2
4 3






                      (2-4) 

Therefore, the equation above could be re-written as: 

                                                   m

m






)1(
)1(






             (2-5) 

where Ω is referred to the volume of the particle. I It is obvious that dipolar 

polarizability α could get the biggest value when    m Re , while   is 

referred to a shape factor, which represents geometrical polarizability for the 

surface. We can use the electron oscillations to explain it. Tiny 

nanostructures shape factor would have an enhancement of dipolar 

polarizability, which can explain why they could enhance LSPR intensity[22]. 

According to these rules of plasmons, the exact size of nanoparticles 

should be considered when trying to get a significant enhancement of 

absorption and scattering in the experiments. Therefore, synthesis of new 
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nanostructures is an important process to the further research in the 

plasmonics field. 

In summary, SPR in nanometer-sized structures is called Localized 

Surface Plasmon Resonance (LSPR). LSPR is collective free electron 

charge oscillations in metal nanoparticles that are stimulated by 

electromagnetic waves. When the surface resonance happens, the metal 

nanoparticles displayed strongly enhanced near-field amplitude. Even though 

far-field scattering by the nanoparticles is also enhanced by the resonance, 

this field is localized to the nanoparticles and disappears quickly from the 

nanoparticles interface into the dielectric background.  

 

2.2 Raman Spectroscopy and Surface Enhanced Raman Scattering  

2.2.1 Raman Spectroscopy 

Raman spectroscopy is a spectroscopic tool used to examine 

vibrational and low frequency modes in a system. Raman spectroscopy is 

used as an analysis tool for chemical sensing through the vibrational 

excitation from the interaction of laser beam with molecules. The interaction 

between laser beam and molecules result in the energy of the laser photons 

being shifted up or down. The shift in energy gives information about the 

vibrational modes in the system.  
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When molecules are irradiated by electromagnetic radiation of a single 

frequency, the light will be scattered by the molecules both elastically and 

inelastically. Elastic scattering is known as Rayleigh scattering and inelastic 

scattering is called Raman scattering.  

Raman scattering is typically very weak. The light can be treated as 

an electromagnetic wave and molecule  treated as tiny sphere connected by 

the spring as shown in the Figure 2-2. 

 

 

The energy of incident light is 

𝐸(𝑥, 𝑡) = 𝐸0cos⁡(𝑤𝑡 − 𝑘𝑥) 

When a molecule is placed in the electric field, it generates an induced 

dipole moment because its positively charged nuclei are attached toward the 

Figure 2- 2    Model Molecule in Raman System 

K 

M1 

M2 
M: mass of atom 

K: force constant 
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negative pole and its electrons are attracted toward the positive pole of the 

field[23]. Polarizability is a measurement of capability of inducing a dipole 

moment in an electric field. Which is based on the molecule structure and 

structure bonds.  

The strength of dipole moment is 

𝑃 = 𝛼𝐸 

 

E can be given by  

𝐸 = 𝐸0cos⁡(2𝜋𝑉0𝑡) 

where V0   is incident light frequency. Substituting these above equations to 

give induced dipole moment 

𝑃 = 𝛼𝐸0 cos(2𝜋𝑉0𝑡) 

For most molecular bonds, the single atoms are restricted to specific 

vibrational modes. The vibrational energy of mode is expressed as  

𝐸𝑣𝑖𝑏 = (𝑗 +
1

2
)ℎ𝑉𝑣𝑖𝑏 

Where j is vibrational quantum number, Vvib is the frequency of the vibrational 

mode, and h is Planck constant[24]. 

 While the matters were illuminated by the incident light, the 

electromagnetic wave will stimulate dipole moment oscillation. Usually, the 

vibrational quanta is smaller than the energy level of the virtual state. There 
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are two possible outcomes of scattering during the interaction of photons and 

molecules, the material will absorb or lose energy and emit the photons. 

When the photons have a lower energy than the absorbed photon energy, 

this phenomenon is called Stokes Raman scattering. On the contrary, when 

the photons have a higher energy than the absorbed photons energy, the 

consequence is called as anti-Stokes Raman scattering. The Raman 

scattering contains both Stokes scattering and anti- Stokes scattering. As 

shown in the Figure 2-3. It is scattering from an individual molecule or atom 

and results from electric polarizability of the atoms. 

 

 

Light or electromagnetic 

Raman 

scattering 

Figure 2- 3  Energy Level Diagram for the Ground State and 

the Virtual Energy Level and Scattering from Interaction of 

Light and Molecules 
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To be Raman active, a vibration mode needs to result in polarizability change 

in a molecule. Polarizability determines the deformability of the electron cloud 

of a molecule in an external electric field. So polarizability is a critical factor 

for the Raman scattering.  

Raman microscopes are a commonly used tool for material 

characterization. Raman microscopes can examine microscopic area of 

material by illuminated laser beam down to the micrometer level. This tool 

should be referred to as Raman microspectroscope because Raman 

microscope is not primarily used for imaging purposes.  

 Raman spectroscopy needs to collect a spectrum from each 

wavenumbers separately, it is different from FTIR that collects a spectrum in 

a range of wavenumbers. Raman microscopy is the same as those of 

conventional dispersive Raman instruments, which include the following 

elements: 

1. Laser source  

2. Illumination and collection system 

3. Spectral analyzer  

4. Detection and computer control system[25] 
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Figure 2- 4 Schematic of Raman Spectroscope 

 

Raman spectroscopy needs to use highly monochromatic light 

illuminating to the sample, which can be provided by the laser source.Laser 

source usually used are gas continuous wave lasers such as Ar, Kr and He-

Ne. These laser sources are able to generate beams with different 

wavelengths. Also, the laser source can easily generate several tens of mW 

of laser power.  

The optical arrangement of Raman microscopic system is illustrated in 

the Figure 2-4. 

A filter can be used to make laser beam become a single wavelength 

beam, which is then illuminated on a sample surface by microscope. The 

microscope can collect the Raman scattered light reflected from the sample 
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surface. This scattered light will travel to the detector. The Raman scattered 

light results from inelastic scattering, which is weak compared with the 

incident laser light. Thus, the filter can be used here for the purpose of 

blocking the laser light entering the detection system. In order to eliminate 

elastically scattered light, the light from the microscope has to pass through a 

special filter before the light reaches the analyzer. The Raman scattering is 

difficult to detect without the filters, because the intensity of elastically of 

scattering is higher than inelastically scattered Raman light. 

The important component of the spectral analyzer in the system is 

diffracting grating. Before these signals are recorded by the detector, the 

diffracting grating is used to select the wavelength of Raman scattering.  It is 

used to disperse Raman scattered light depending on the wavenumbers of 

light. There are some fine parallel grooves on the surface of the diffraction 

grating that are used to equally dispersed wavenumbers of light. When the 

light shines the diffraction grating, the grating disperses the light with discrete 

direction. The function of diffraction grating in the system is similar to that of 

equal-spaced atomic planes in crystals for X-ray diffraction.  

The detector is used to record different wavelengths of Raman 

scattered light. It is made from photoelectric materials. The detector is able to 

convert photon signals to electric signals. The most commonly used detector 

is a charge-coupled device (CCD) detector. A CCD detector is made from 
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silicon-based semiconductor photosensitive elements. It can record and 

detect intensity of different wavelengths distributed by the diffraction grating. 

The computer is used to calculate and plot the Raman shift with versus 

wavenumber for the Raman spectrum. 

The biggest limitation of Raman spectroscopy is a fluorescence 

problem due to the fact colored samples and impurities might absorb laser 

radiation and emit it again as fluorescence. The intensity of fluorescence can 

be as much as 10000 times higher than Raman scattered light. Hence, the 

intensity of fluorescence signal might cover the Raman scattered signal 

completely. Three methods can be used to minimize fluorescence: 

1. Illuminating the material using high-power laser beam with prolonged 

time can make the impurity fluorescence bleached out. 

2. Using a longer wavelength to change the wavelength of laser 

excitation. 

3. An electron gate can be used to measure the Raman signal. Because 

Raman scattering lifetime is much shorter than fluorescence[26]. 
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2.2.2 Surface-enhanced Raman Spectroscopy  

Surface-enhanced Raman scattering (SERS) was observed in 

University of Southampton, UK, in 1973 by Martin Fleischman et.al[27]. It was 

found that when the molecules adsorbed the electrochemically roughed silver 

rod, they can get a more than million times enhanced Raman signal. 

Afterwards, some people proposed that excitation of surface plasmon can be 

used to explain this huge enhancement. Currently, surface-enhanced Raman 

spectroscopy is a powerful tool used to detect the signal from the interaction 

of molecules with light. Importantly, this useful tool furthers the development 

of some novel devices based on the plasmonic nanostructures. 

Both electromagnetic and electronic fields are important  for the SERS 

effect[28]. According to electromagnetic theory, the direction of electric field 

intensity in the metal surface will change because the resonant effect 

between the surface plasmon and optical fields. Hence, the Raman signal 

can be greatly enhanced when the SPR frequency of particles match the light 

frequency. The type, shape, size and distribution of metal particles and the 

frequency of incident light are major factors that affect the Raman 

enhancement. When the frequency of incident electromagnetic wave and 

frequency of scattering light are the same as the plasmon frequency it can 

result in a huge enhancement. In addition, SERS can occur in a variety of 

morphologies of metal particles.  
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Typically, the metal nanoparticles can be used for the SERS 

measurement. There are a lot of metal particles with different size and shape 

that can be used, especially from the silver, gold and copper metal particles. 

Molecules generally are adsorbed onto the first layer of metal surface, and 

the enhancement effect has tens of nanometers range for the Raman 

measurements[27]. 

The fabrication of SERS substrate and SERS active materials has 

become a challenge facing to researchers in this area. SERS active 

materials include a large number of transition metals and metal 

semiconductors[29]. Different SERS substrates can offer some key 

information to explain the SERS mechanism. 

The physical principal of SERS is based on the conventional 

description of Raman effect[30]. Typically, the enhancement signal is 

produced from the changes of the electric field. The SERS enhancement is 

extremely strong when both the incident and scattering fields are resonated 

with the plasmon frequency. It has been found that when the shape of metal 

structure was sharp it would enhance Raman signal strongly. Also, the 

electric field would greatly enhance Raman signal for the Raman system 

when two or more particles accumulate together[31].  

 However, some experiments indicate that some enhancements are 

not from the electric field, they might be from another reason. A good 
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example to illustrate this phenomenon is the study of SERS from CO and N2 

by Moskovit [17]. The chemistry plays an important role in this situation, it  

indicates that the cross section of two gas phases are almost similar, while 

the SERS signal from these two gas phase are very different under the same 

condition. The enhancement from CO is about two or three orders of 

magnitude greater than the enhancements of N2
[32].  

 

2.3 Plasmonic Nanostructures for SERS Substrate 

Recently, surface enhanced Raman spectroscopy (SERS) has 

become a useful analytical tool for improvement of chemical analysis and 

biology sensors [33]. However, there is a challenge for producing uniform, 

reproducible and highly sensitive SERS substrates [10, 19, 30, 34]. On the other 

hand, Plasmonic nanostructures have been attracting a lot of attention in the 

nanoscience and nanotechnology field. In the past two decades, there were 

plenty of different types of plasmonic nanostructures that have been 

synthesized, characterized and utilized in different areas. [22, 34, 35].  

Investigating the synthesis of nanostructures has been a hot topic of 

research due to their important applications in different areas including 

photothermal, optoelectronics, biological sensing and medical therapies. Now, 

people can control their size and morphology to control their electronic and 

catalytic properties of metal nanoparticles. There are so many literatures 
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focused on the synthesis of plasmonic nanostructures with well-controlled 

size and shapes. Generally, there are two methods, top-down and bottom-up, 

were used to produce nanostructures.  

Raman enhancement occurs when the molecules attach to the 

surface of metal nanoparticles. There are ‘hot spots’ existing the surface 

owing to the surface plasmon resonance and the electromagnetic field 

varying on the surface of metal nanoparticles[36]. Design of maximum hot 

spots of metal nanoparticles is an important principal for SERS design. 

Recently, there are a lot of designs of 1D and 2D SERS substrates that have 

been reported through controlling the shape and size of metal or bimetallic 

nanostructures [37]. 

The size and shape of plasmonic nanostructures are two big factors 

strongly influencing the enhancement. After so many efforts in the SERS 

research field, the ideal size for metal nanoparticles and ideal thickness of 

surface for SERS has been found. Usually, the bigger size will lead to a 

lower overall efficiency of the enhancement. However, if metal nanoparticles 

are too small, they will fail to produce electrical conductivity and fail to have 

an enhancement in the electric field. Also, high large area and high uniformity 

are important factors when preparing SERS substrates.  

  



24 
 

Chapter 3 

Ag Dendrites Nanostructures 

In this chapter, the fabrication process, and mechanism of formation of 

Ag dendrites on the top of AAO are discussed. Then, its plasmonic properties 

and SERS results are presented. 

 

3.1 Synthesis of Ag Dendrites on the Top of AAO Membrane 

3.1.1. Deposition of Cu Thin Film on the Bottom Side of AAO. 

We utilized Anodic Aluminum Oxide (AAO) membrane to separate the 

reactant metal Cu layer and product Ag, producing completely free standing 

Ag dendrites. Commercial AAO filter (from Whatman International Corp.) 

were used as a substrate. The thickness of AAO is about 60 um and the 

diameter of channels various from 20 nm to 200 nm. The bottom side of AAO 

side was sputter-deposited with a 500nm Cu thin film by a thermal 

evaporator (Figure 3-1 as shown for NRC 3117) in the Nanofab cleanroom.  

The chamber of the thermal evaporator was first pumped down to 10-3 

Torr through a mechanical pump. And then, the cryo pump could generate a 

vacuum lower than 10-5 Torr . The deposition rate is 3 angstrom per second. 
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3.1.2 Galvanic Replacement Method To Produce Silver Dendrites 

 First, the silicon wafer was washed by an Ethanol solution and dried 

under a soft stream of nitrogen gas, which was used to provide a flat stage to 

place AAO membrane during the experiments. In order to make AAO 

membrane affix on the silicon wafer completely, we dropped a little bit of 

deionize water into the interface between the silicon wafer and Cu-deposited 

side of AAO.   

  

Figure 3- 1 Thermal Evaporator NRC 3117 Used for Deposition Cu Thin Film 

on One Side of AAO 
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Figure 3- 2 Home-Made Three Electrode Cell 

 

Then, as shown in the Figure 3-2, a sealed cell was placed on the top 

of the AAO membrane. AgNO3 solution was poured into the cell. In this way, 

AgNO3 solution can only reach to the Cu surface through channels of the 

AAO membrane. In this case, AgNO3 solution and Cu thin film were 

separated by AAO membrane. To our surprise, we could obtain very pure 

and highly ordered Ag dendrites on the top AAO surface without connecting 

to the bottom Cu film. After fomation of Ag dendrites, membranes were 
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immersed into Deionize water for thirty minutes, and then be washed and 

dried in air.  

 

3.1.3 Mechanism of Forming Ag Dendrites on The Top of AAO Membran     

 Here, the mechanism of forming Ag dendrites on the top of AAO 

mambrane was discussed. From the Figure 3-4, we can definitely see there 

are Ag wires inside of AAO membrane channel. Ag wires inside the AAO 

membrane channel conect the Cu on the bottom side to the Ag on the top 

side. The electrons can move from the Cu layer on the bottom to the Ag. The 

bottom side reaction is: 

𝐶𝑢 → 𝐶𝑢2+ + 2𝑒− 

And the top side reaction is : 

𝐴𝑔+ + 𝑒− → 𝐴𝑔 

Figure 3- 3 Schematic of Set up Fabrication Silver Dendrites 
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We can consider this process as tiny galvanic cell as shown in the 

Figure 3-5.  The ions and electrons can go through the AAO channel and Ag 

wires. The overall reaction is  

 

 

 

 

Figure 3- 4 SEM Image of Cross-Section AAO Membrane  

 𝐶𝑢 + 𝐴𝑔𝑁𝑂3 → 𝐴𝑔 + 𝐶𝑢(𝑁𝑂3)2 
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Figure 3- 5 The Experiment Process Is Equivalent with Galvanic Cell 

 

The process for forming Ag dendrites on the top of AAO was further 

illustrated in the Figure 3-6. The electrons from the Cu layer can go through 

Ag wires to the top of Ag, they even can reach to the dendrites tip. The Ag 

ions could obtain electrons to grow Ag from the tip position. As Ag crystal 

growth prefer to (111) direction, so they can form Ag dendrites on the top of 

AAO membrane.   
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Figure 3- 6  The Process for Forming Ag Dendrites on The Top of AAO 

Membrane 

 

There are several advantages for this procedure when compared with 

other methods to produce Ag dendrites. We can obtain a large area, clean 

Ag dendrites. Most importantly, Ag dendrites can be separated from Cu layer 

while in all other methods Ag dendrites were connected the Cu metal surface. 
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3.2 Characterization of Silver Dendrites  

3.2.1 Scanning Electron Microscopy 

Figure 3-7 shows SEM images of Ag dendrites fabricated at different 

concentrations with different reaction times. It is primarily dependents on the 

AgNO3 solution concentration. After instilling 20 mM AgNO3 solutions into 

AAO top surface for 5 mins, tree-like of Ag drendrites with size around 2 um 

were aggregated on the top of AAO membrane Figure 3-7 (a). When the 

concentration of AgNO3  increase to 40mM, the symmetrical dendrites can be 

obtained as shown in Figure 3-7 (b).  However, the Ag dendrites 

nanostructure were not uniformly distributed on the AAO top membrane with 

this low concentration. And these nanostructures were insufficient for further 

measurements. After instilling 100 m mol/L AgNO3 for 5 mins, a layer of Ag 

dendrites with symmetrical branches were formed. (See Figure 3-7 (c)). This 

AAO substrate can be used to as SERS substate. From the Figure 3-7 (d), 

we know that the overall length of the Ag dendrite is 15 um, and both the 

branches and the stems are 30-50 nm in diameter. It is obvious that the silver 

dendrites are highly symmetric, and the angles between the stem and 

branches are mostly 55°. From these SEM images, we can conclude that 

when the concentration of AgNO3 increases, the Ag dendrite will grow bigger. 

We can obtain a large amount of Ag dendrites with high concentration of 

AgNO3 and longer reaction process time. 
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3.2.2 X-Ray Diffraction Pattern  

Figure 3-8 is an X-ray diffraction pattern of Ag dendrite prepared at 

100 mM AgNO3 for 5 mins, indicating that the Ag dendrites are of high 

crystallinity. There are five diffraction peaks that can be indexed, which are 

Figure 3- 7 SEM Images of Silver Dendrites Made by Galvanic Replacement 

(a) (b) 

      (c)   (d) 
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(111), (200), (220), (311), (222) diffraction peaks of the face-centered cubic 

(FCC) Ag (JCPDS 65-2871). The sharp diffraction peaks indicate that the 

symmetric Ag dendrites were highly crystallized. The intensity of (111) peak 

is very sharp and its intensity is much stronger than other peaks,  indicating 

that silver crystal growth direction are preferentially parallel to the (111) 

direction. Moreover, it can be seen that this Ag dendrite is one single crystal 

since their diffraction peaks are very sharp as shown in the figure. This 

conclusion has been be confirmed in the HRTEM analysis (see later part).   

 

   

Figure 3- 8 X-Ray Diffraction (XRD) Pattern of Ag Dendrites 

Obtained from 100 M M AgNO3 for 5 Mins 
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3.2.3 Transmission Electron Microscopy Analysis 

The nanostructure of Ag dendrites were investigated by HR-TEM. A 

TEM micrograph of a typical dendritc nanostrcuture is shown in Figure 3-10. 

The dendrite looks like beautiful leaves and remarkable hierarchical 

sprawling to several generations with similarity. The whole length of Ag 

dendrites is 10 um and the diameter of dendrite is about 30 nm. From the 

selected area electron diffraction pattern and dark field image,  it shows that 

silver dendrite is one single crystal. When stems and branches grow longer 

and longer, new branches were formed successively in the tip of branches. 
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Figure 3- 9  (a) and (b) TEM Images of Ag Dendrites Prepared by 100 Mm 

AgNO3 Solution Reacting with Cu for 30 Seconds. (C) and (D) Electron 

Diffraction Pattern and Dark Field Image Showing that Ag Dendrite Is Single 

Crystal. 

 

 

   (a)      (b) 

    (c)           (d) 
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3.2.5 Plasmonic Properties of Ag Dendrites and SERS Results 

After we get a large area of Ag dendrites on the top surface of AAO 

membrane, the R6G solution with concentration of 1.0×104 M was dropped 

into Ag dendrites for three hours at the room temperature. Then, the 

substrates were rinsed with deionized water several times. The preparation 

process of SERS sample is illustrated in Figure 3-11. 

 

 

 The Raman spectroscopy measurement was conducted using DXR 

thermo Raman microscopy with a 532 nm laser in CCMB. The signal was 

collected with 8 s of exposure time and laser power is 50 mW. The Raman 

spectrum of Ag dendrites with concentration 1×10-4 M R6G displayed the 

Raman dye (R6G)

Figure 3- 10   Illustration of the Preparation Process of Raman 

Sample for Ag Dendrites. 
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major vibrational modes of R6G at 610, 773, 933, 1041, 1127, 1183, 1275, 

1310, 1360, 1420, 1507, 1573, 1573, 1595 and 1648 cm-1 as shown in 

Figure 3-8. From the Raman spectra, it can be seen that a big enhancement 

was obtained while compared with Raman spectrum of the original R6G dye 

molecules. 

 

 

 

 

Figure 3- 11 SERS Spectrum of R6G Absorbed on Ag 

Dendrites on AAO Substrate. 
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Chapter 4 

Au/Ag Core-Shell Nanoparticles 

4.1 Synthesis of Au/Ag Core-Shell Nanoparticles  

4.1.1 Synthesis of Au Hollow Nanoparticles  

For the purpose of making Au/Ag core-shell nanoparticles, the Au 

hollow nanoparticles were first synthesized. The synthesis method was 

conducted in a typical three-electrode cell as shown in Figure 4-1.  
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Figure 4- 1 Illustration of Synthesis of Au Hollow 

Nanoparticles In the Three-Electrode Electro-deposition Cell 
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Commercial anodic aluminum oxide (AAO) membranes were used in 

this synthesis procedure. The electrolyte is a commercial sodium gold sulfite 

(Na3Au(SO3)2, PH-7.5) based solution. The electrolyte PH value was 

adjusted to 6.0 by NiSO4 solution. In this synthesis process, 100 ml 

commercial Au solution and 25 ml NiSO4 solution were mixed to pour into the 

15ml three-electrode cell. Then, electro-deposition process was conducted 

under the potentials at -0.7 V(VS Ag/AgCl reference electrode). At this 

potential, both hydrogen evolution and metal Au deposition can take place. 

The evolved hydrogen form gas bubbles, and Au complex ions inside the 

electrolyte can be reduced by hydrogen atoms around the bubbles to form 

metal Au on the bubble boundary. The electro-deposition process time was 

controlled about 800 seconds. Hollow Au nanoparticles with a diameter of 

120-150 nm formed on the wall of the channels of AAO. Then, to release the 

Au nanoparticles from AAO membrane channels, 2M NaOH was used to 

dissolve the membrane. Figure 4-2 shows the morphology of Au 

nanoparticles. 



41 
 

 

   

 

4.1.2. Synthesis of Au/Cu Core-Shell Nanoparticles by Electroless Plating 

The overall process of synthesis Au/Ag core-shell nanoparticles is 

shown in the following figure. 

 

Figure 4- 2  SEM Images of Au Hollow Nanoparticles Synthesized at -

0.7V And 800 Seconds. 
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First, the Cu shells will be plated on prepared Au nanoparticles 

surface via electroless deposition in Cu plating solution. Hollow gold 

nanoparticles inside template was immersed in a Cu plating electrolyte with 

different dipping time. The electrolyte include Cu metal ion and formaldehyde

（reducing agent. Buffer solution (1M NaOH solution) and stabilizer were 

added to prevent copper precipitation during elctroless deposition. The 

composition of copper plating solution was showed in the table 4-1. This 

method was first discovered by A. Brenner and G.E. Riddell in 1950. Also, 

we can utilize different kinds of chemical solution to coat nickel, copper, silver, 

gold, or palladium shells on the metal surface. 

 

 

 

 

Figure 4- 3 Synthesis of Au/Ag Core-Shell Nanoparticles by 

Electroless Plating 
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Table 4- 1 Cu Plating Solution for Synthesizing Au/Cu Core Shell 

Nanoparticles 

Metal Cu iron 

solution 

Disodium salt 

dehydrate 

Reducing agent Buffer 

solution 

0.4 M CuSO4 0.17 M EDTA 

 

37% of original  

Formaldehyde 

0.1M NaOH 

 

Cu shell thickness can be controlled by the dipping time (10, 20, 30, 

40, minutes). Hsu et.al demonstrated that the dipping time for 20 minutes 

was controllable and stable [38]. In this procedure, the vacuum filtration 

system was used for the purpose of force plating solution to go through the 

AAO membrane channels, where hollow Au nanoparticles exist.  

Next, this Cu layer can be replaced by Ag through a galvanic 

replacement reaction in a AgCN based aqueous solution  

A technical Redox (reduction-oxidation) reaction (galvanic 

replacement reaction) is the most commonly method of producing metallic 

nanoparticles. In general, redox reactions involve the transfer of electrons 

between species. It can be used to coat different kinds of metals on the 

surface according to the following galvanic replacement reaction: 

𝐴 + 𝐵𝐶 → 𝐴𝐶 + 𝐵 

http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Chemical_species
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where A and B are metals and BC, AC are metal iron solutions, the 

requirement of this chemical reaction to happen is that A must be more 

active than B.   

The standard reduction potential of different metals are showed in the 

Table 4-2. 

Table 4- 2 The Standard Reduction Potential Reaction for Cu, Ag, Au Metals 

Reaction Equation E0(V) 

𝐶𝑢2+ + 2𝑒− → 𝐶𝑢(𝑠) 0.340 

𝐴𝑔+ + 𝑒− → 𝐴𝑔(𝑠) 0.800 

𝐴𝑢3+ + 3𝑒− → 𝐴𝑢(𝑠) 1.52 

 

It can be seen that Cu shells can be replaced by Ag.  This process is 

based on the following galvanic replacement reaction: 

𝐶𝑢𝑠 + 2𝐴𝑔𝑎𝑞
+ → 2𝐴𝑔𝑠 + 𝐶𝑢𝑎𝑞

2+ 
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Figure 4-4 shows the whole process to fabricate Au/Ag core-shell 

nanoparticles. After Au nanoparticles were formed inside the channels of 

AAO membrane, this membrane was carried to the top of the vacuum 

filtration system. Then the Cu plating solution were slowly sucked into AAO 

membrane, forcing solution go through the channels. The membrane with 

Au/Cu core-shell nanoparticles was rinsed by DI water using the same 

Figure 4- 4  The Schematic of Au/Ag Core-Shell Nanoparticles Were 

Synthesized by Galvanic Replacement Process. 
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vacuum filtration system. The finally step is that AgCN based solution was 

sucked through the channels to replace the Cu shells, and the Au/Ag core-

shell nanoparticles can be obtained.  

 

4.2 Characterization Of Au/Ag Core-Shell Nanoparticles 

The morphology and composition of Au/Ag core-shell nanoparticles 

were examined by scanning electron microscopy (SEM), energy dispersive 

spectroscopy (EDS) and transmission electron spectroscopy(TEM). 

 

4.2.1 Scanning Electron Microscopy  

 Figure 4-5 shows SEM images of Au/Ag core-shell nanoparticles. The 

average diameter of Au/Ag core-shell nanoparticle is about 150 nm. The 

nanoparticles have a rough surface.  
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4.2.2 Energy Dispersive Spectroscopy  

To confirm Ag shells on the surface of core Au nanoparticles, the 

energy dispersive spectroscopy was used to examine Au/Ag core-shell 

Figure 4- 5 SEM Images of Synthesized Au/Ag Core-Shell 

Nanoparticles. 
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nanoparticles. As shown in Figure 4-6 below, we can easily see Au and Ag 

signal from the prepared nanoparticles.  

 

 

4.2.3 Transmission Electron Microscopy  

Au/Ag core-shell nanoparticles were also examined by high resolution 

TEM. Figure 4-7 shows TEM images of Au/Ag core-shell nanoparticles which 

were synthesized in 70% AgCN solution for 20 minutes. The figure clearly 

shows 30 nm thickness of Ag shell on the Au core nanoparticles. The 

average diameter of Au/Ag core-shell nanoparticles is about 150 nm. Also, it 

Figure 4- 6 EDS Spectrum of Au/Ag Core-Shell Nanoparticles 
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can be seen that the surface of silver shells is rough, which can further 

enhance Raman signal in SERS test. 

 

    

Figure 4- 7 TEM Images of Synthesized Au/Ag Core-Shell 

Nanoparticles  
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4.2.4 Plasmonic Properties of Au/Ag Core-Shell Nanoparticles 

As described above, Au/Ag core-shell nanoparticles can be 

successfully obtained by this simple electroless deposition method. The 

Au/Ag core-shell nanoparticles can be released from the membrane by 

immersing the membranein 2 M NaOH solution for twenty minutes. The 

Au/Ag core-shell nanoparticles were collected from the bottom of the solution 

after these nanoparticles settled down. After that, these nanoparticles were 

rinsed three times by deionized water and centrifugation at 8500 rpm speed 

for 15 minutes. Then Au/Ag core-shell nanoparticles suspension were mixed 

with 10-4 M DTTC dye solution for three hours under the air condition at the 

room temperature. Figure 4-8 shows the process of the preparation for 

Raman measurement.  
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The prepared aqueous solution sample was dropped on the surface of 

glass slide. The Raman spectroscopy measurement was conducted using a 

DXR thermo Raman microscopy with a 532 nm laser. The Raman signal 

were collected with 8s of exposure time. And the laser power is 50 mW. The 

Raman spectrum of Au/Ag core-shell nanoparticles with 1×10-4 M DTTC 

displayed the major vibrational modes of DTTC in the Figure 4-9.  

We can see there is a significant enhancement when compare with 

Raman results of using hollow Au nanoparticles and DTTC alone. This 

results indicate the steady absorption of Raman dyes on the surface of 

Figure 4- 8 Au/Ag Core-Shell Nanoparticles Are Prepared for 

Raman Measurements  

       DTTC dye  
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Au/Ag core-shell nanoparticles and have a good performance in surface-

enhanced Raman spectroscopy.  

  

 

 

 

Figure 4- 9 SERS Spectra of DTTC Molecules 
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Chapter 5  

Conclusion   

In this thesis, we demonstrated two simple methods to make different 

plasmonic nanostructures. The first one is the fabrication of Ag dendrites on 

the top of AAO membrane by galvanic reaction. The other one is the 

fabrication of Au/Ag core-shell nanoparticles by electroless deposition 

process. These plasmonic nanostructures can be used for SERS substrates.  

Ag dendrites and Au/Ag core-shell nanoparticles can serve as substrates to 

enhance Raman signal for molecules with a low concentration.  

In recent years, Ag dendrites have been formed on metal Cu surface 

by replacement reaction with AgNO3. The process developed here 

successfully separate Ag dendrites from the reactant Cu metal. The 

mechanism of Ag dendrites forming on the top of AAO membrane were 

discussed in this thesis. This approach can be considered as a  galvanic cell. 

Produced Ag dendrite is single crystal nanostructure, which were confirmed 

by XRD, electron diffraction pattern and TEM dark field images. Furthermore, 

Ag dendrites have shown a good performance to serve as a substrate in 

surface-enhanced Raman spectroscopy.  

We also developed a simple method to produce Au/Ag core-shell 

nanoparticles. In this process, the Au/Cu core-shell nanoparticles were first 

synthesized. Then, the Ag shells were formed by replacing Cu shells with 
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silver in AgCN solution. DTTC dye adsorbed on such novel nanostructure 

show significantly enhanced Raman signal when compared with the signal 

from DTTC alone. 
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