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ABSTRACT 
Raman scattering is a well-known technique for detecting and identifying complex 

molecular level samples. The weak Raman signals are enormously enhanced in the presence of a 
nano-patterned metallic surface next to the specimens. This dissertation describes a technique to 
fabricate a novel, low cost, high sensitive, disposable, and reproducible metallic nanostructure on 
a transparent substrate for Surface Enhanced Raman Scattering (SERS). Raman signals can be 
obtained from the specimen surface of opaque specimens. Most importantly, the metallic 
nanostructure can be bonded on the end of a probe / a needle, and the other end is coupled to a 
distant spectrometer. This opens up the Raman spectroscopy for a use in a clinical environment 
with the patient simply sitting or lying near a spectrometer. 

This SERS system, one of molecular level early diagnosis technologies, can be divided 
into four parts: SERS nanostructure substrates, reflection Raman signal (in vitro), transmission 
(in vivo) Raman signal, and a probe / a needle with a gradient-index (GRIN) lens in an 
articulated arm system. In this work, the aluminum metal was employed as not only a base 
substrate for a sputtered Au nanostructure (conventional view) but also a sacrificial layer for the 
Au nanostructure on a transparent substrate (transmission view). The enhanced Raman Signal 
from reflection and transparent SERS substrates depended on aluminum etching methods, Au 
deposition angles, and Au deposition thicknesses. Rhodamine 6G solutions on both sides of the 
SERS substrates were used to analyze and characterize. Moreover, preliminary Raman Spectra 
from R6G and chicken specimen were obtained through a remote SERS probe head and an 
articulated arm system. The diameter of the invasive probe head was shrunk to 0.5 mm. The 
implication is that this system can be applied in medical applications.  
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CHAPTER 1: BRIEF DESCRIPTION OF CHAPTER CONTENT 
Chapter 1 gives a brief description of the chapters from 2 through 7 of this work.  

Chapter 2 (Introduction and literature review) addresses the importance of early diagnosis, 
history of Raman Effect, and the principle of Surface Enhancement Raman Scattering (SERS). 
This chapter can be listed under three major topics. First, fundamental concepts of detection 
technologies, the purpose is to diagnose diseases. In terms of recent detection technologies, this 
subchapter contains the differences between the Raman Effect technology and the conventional 
technology. Second, it describes the background and principle of Raman Effect. Third, the 
methods to enhance the weak Raman scattering to the surface enhanced Raman scattering (SERS) 
is interpreted on this subchapter. In terms of SERS, the materials, structures, measurement 
methods, and measurement system are mentioned. 

Chapter 3 (motivation and research goal) presents the objectives and the motivations of 
this dissertation. The research goals can be divided into five main topics. (1) Reducing the 
fabrication cost for bulk production. (2) Demonstrating the reproducible of this fabrication. (3) 
Maximizing the SERS signal to identify a specific Raman line. (4) Coupling the SERS substrate 
to a probe head and an articulated arm system. (5) Minimizing the diameter of the probe head for 
less invasive clinical measurement. (6) Obtaining the preliminary Raman Spectrum 
measurements from chemical and biological specimens. 

Chapter 4 (fabrication methods, AFM and SEM imaging of the SERS substrates) outlines 
the fabrication processes of sputtered Au on aluminum substrates for in vitro and in vivo 
applications. In terms of the fabrication processes, it can be listed under six subchapters. (A) The 



 
  

2 
 

similarity between three kinds of aluminum samples after KOH wet etching. (B) The surface 
morphologies of three different kinds of aluminum foils: Non-etched, etched, and stirred-etched. 
(C) The principle of Au sputtering system. (D) The deposition of sputtered Au on three different 
kinds of aluminum foils. (E) The sputtered Au thicknesses with respect to the positions on the 
wafer. (F) The fabrication processes of in vitro and in vivo systems. 

Chapter 5 (Raman spectrum measurement from a chemical specimen) introduces the 
measurement results of the SERS signals from Rhodamine 6G (R6G) in contact with different 
Au substrates and aluminum substrates. In terms of obtaining SERS signals, best optimized 
parameter was demonstrated in this work.  It can be divided into seven topics. (a) A setup of a 
measurement system. (b) A serious of measurement from 1 nano molar to 1 milli molar R6G. (c) 
The Raman signals from different aluminum samples. (d) The Raman signals from sputtered Au 
on different etching time of aluminum foils. (e) The Raman signals with respect to deposition 
angels and positions. (f) The Raman signals from in vitro and in vivo systems. (g) The SERS 
signal from R6G, chicken cartilages and chicken bones. 

Chapter 6 (Summary and future work) introduces a comprehensive summary of this work. 
It contains the defeat of this work from different aspects. It also offers recommendation for 
future improvement. For the future work, the fabrication and design of a SERS probe head and 
an articulated arm system for chemical and biological measurements of the future work contains 
an evolution of the probe head which follows four steps: ① Coupling SERS substrates to a 
probe. ② Coupling the remote SERS probe head to an articulated arm system. ③ Reducing the 
diameter of probe size from 2 mm -> 1 mm -> 0.5 mm (needle probe). ④ Develop other cost 
efficient SERS substrates with this fabrication steps. 
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CHAPTER 2: INTRODUCTION 
2.1 Importance of Early Diagnosis  

Hundreds of people die from cancers and diseases around the world every minute [1]. 
From 2015 statistic data, 1.6 million people had been diagnosed with cancers, and one- third of 
them had passed away in the United States [2]. Until today, the numbers of people suffering from 
diseases and cancers keeps raising, because the people are addicted to processed foods, suffered 
from polluted environments, and lack of regular life habits. Those factors increase the risk of cell 
mutation, and it turns into the cancers and diseases [3]. Therefore, in order to increase the 
survival rate, early diagnosis has been accounted for a very important technology for the human 
kind. The early diagnosis technology has been investigated and developed since late twentieth 
century. Cancers and diseases can be treated successfully once they are diagnosed in early stage, 
which prevents it from spreading [4]. Molecular level detections for early diagnosis is required 
while identifying specific mutated genes, proteins, or cells. In terms of molecular level 
detections, it is based on two main categories.  (a) Molecular diagnostics. (b) Molecular imaging.  

 

(a) The principle of molecular diagnostics is based on biometrics which contain the 
technologies of tracking and analyzing a specific biomarker from proteome. Proteome 
includes a given type of genome, cell, tissue, or organism [5]. Typically, a biopsied 
human specimen is required such as blood, tissue, saliva, skin and etc for molecular 
diagnostics [6]. For example: Proteomic image from mass spectrometry and microarray 
image from gene chip are two kinds of methods to obtain the patterning of proteins and 
genes [7, 8]. The applications cover a cancer, a disease risk management, an infectious 
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disease, a treatment, a prenatal, and etc. Although advanced molecular diagnostics 
technology possesses advantages of sensitivity, low cost, convenience due to accuracy 
and consistent measurements, a biopsied human specimen required an operation.  

 
(b) The foundation of molecular imaging is built on the intersection of in vivo imaging and 

molecular biology. This technology can be employed to visualize functions and 
molecular structures of the living organisms without any surgeries. The principle of the 
molecular imaging is based on interactions between targeted cells and imaging agents. 
The cancers or diseases can be localized by applying different forms of energy.  In terms 
of image agents, it covers different radiopharmaceuticals (99m Tc, 1H, 111 ln, 64Cu, 11C, 
16F, 18F, and etc.), Fluorochromes, Photoproteins, and Luciferins [9, 10]. In terms of 
energy, it contains radiations / magnetisms / radiofrequencies (RF)/ sound waves / photon 
emissions and  etc. For example:  Magnetic resonance imaging (MRI) [11], Computed 
tomography (CT) [12], Ultrasound [13], Positron emission tomography (PET) [14], 
single photon emission computed tomography (SPECT) [15], Fluorescence [16], 
Bioluminescence [17], and Intravital microscopy[18]. The comparisons of each technique 
is shown on table 1.1[10] (COPYRIGHT). 
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Molecular imaging systems overcome the disadvantage of molecular diagnostics systems 
but are not attractive by high cost effectiveness, and inconvenience diagnosis. Besides that, CT 
and MRI are unable to detect clear molecular level image due to their limited resolutions and low 
sensitivity [19, 20]. However, there is still one more molecular imaging system called surface 
enhancement Raman scattering (SERS) which overcomes the downsides of molecular imaging 
and molecular diagnostics systems.  

SERS is based on the development of regular Raman scattering and Raman spectrum 
which will be discussed on the next subchapter. Raman spectroscopy is a powerful tool, because 
it is cost-effective, time-efficient, stable, and safe. In addition, it does not need any sophisticated 
image processing techniques as the CT and MRI. However, Raman spectroscopy has a low 
signal-to-noise ratio (SNR) and requires biopsies for tissues or body fluids examinations. It has 
been found that the Raman signal strength can be amplified by a factor of 106-109 when the 
specimen is placed in contact with a nano-rough metallic surface. This will become a significant 
technique for early disease-diagnosis, so that it can be widely applied in clinics, hospitals, and 
government institutes in order to identify the diseases and so reduce the huge numbers of the 
people suffering from cancers and diseases.   

 

2.2. Raman Scattering 

The Raman Effect has been well known for almost a hundred years. The first Raman 
spectrometer (figure 2.1) was built in 1928 by C.V Raman who was  awarded The Nobel Prize in 
Physics in 1930 [21]. The Raman Effect happens when a molecular vibration interacts with a 
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photon from a light source. Light scattering can be divided into two parts:  Rayleigh (elastic) 
scattering and Raman (inelastic) scattering. 

 
Figure 2.1  The first Raman spectrometer was built by C.V. Raman in 1930 [21]. 

 
In Rayleigh (elastic) scattering, the majority of the scattered photons have the same 

energy and wavelength as the incident photons. In other words, the oscillating vibration of a 
molecule does not couple with any oscillating vibration from the incident photons; therefore, the 
molecule remains at its original oscillating vibrational state after the photon emission. Then, 
emitted photons have the same energy as the incident photons, which can be interpreted as no 
energy transfers between a photon and a molecular vibration.  

In Raman (inelastic) scattering, a minority of the scattered photons have a different 
energy and wavelength from the incident photons. In this case, the oscillating vibration of a 
molecule does couple to any oscillations from incident photons; therefore, the molecule changes 
vibrational state, and the emitted photon has a different energy from the incident photon. It can 
be explain as energy transfers between a photon and a molecular vibration.  

Raman (inelastic) scattering can be separated into two categories: Stokes and anti-Stokes 
scattering, respectively. For the Stokes scattering(∆ܧ = ௜ܧ − ௦ܧ ൐ 0), the molecular vibration 
absorbs the energy from the incident photon and then emit the photon (ܧ௦) which has a lower 
energy than the incident photon (ܧ௜). In contrast, for the anti-Stokes scattering(∆ܧ = ௜ܧ − ௦ܧ ൏
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0), the emitted photon has higher energy. Therefore, Stokes scattering produces lower energy 
photons than the incident light while anti-Stokes scattering produces higher energy photons. 
However, the probability of Stokes transition is much higher than Anti-stokes, so Stokes 
scattering is mainly target in the research[22]. The different types of Raman Effect are shown in 
figure 2.2.  

 

 
Figure 2.2 Raman Effect (a) Rayleigh scattering, (b) (c) Raman scattering by Stokes and Anti-  

Stokes [22].  
 

Typically at room temperature, most of the molecules are in the ground state, but a few of 
them will be in excited states due to the energy absorption from the photon. The Planck's 
equation (1): the change of the energy is related to the change of the photon frequency. Then, the 
change of the photon frequency results on the change of photon wavelength according to the 
wave equation (2). Therefore, the change of photon energy at a given wavelength indicates that 
there is a corresponding change of molecular vibration in the excited or ground state.  

 
E=h ν    (E= Energy of a photon   Joules,   h = 6.626 x 10-34 J*s   Planck's constant)             (1) 
C =λ ν   (C = 3 x 108 m/s,  λ=wavelength,  ν=frequency   Hz=1/second )                               (2) 
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In other word, a molecular vibration mode is generated when the molecule absorbs a 
quantum of energy. The vibration mode is depended on the changes of covalent bond caused by 
molecular dipole moment between each atom inside the molecule. When a molecular vibration 
interacts with an external oscillating electric field E, the induced dipole moment is generated: 

 
ܲ =  ܧߙ

(where ߙ is the polarizability of the molecule). 
 

ߙ = ଴ߙ + Δ߭ߨ2ݏ݋ܿߙ௞ݐ 
(where ߙ is the polarizability of the molecule with respect to time, the ߙ଴ is initial polarizability, 

Δߙ is the change rate of polarizability, ߭௞ is the molecule oscillating frequency). 
 

ܧ =  ݐ଴߭ߨ2ݏ݋଴ܿܧ
(where E is an external oscillating electric field from the photon with respect to the time, ܧ଴ is 

the amplitude of the electric field, ߭଴ is the frequency of the incident photon). 
 

ܲ = ܧߙ ଴ߙ)= + Δ߭ߨ2ݏ݋ܿߙ௞ݐ)( ܧ଴ܿ߭ߨ2ݏ݋଴ݐ) 
Solving by trigonometric identity:   cos ܣ  × cos ܤ =  ௖௢௦(஺ି஻)ାୡ୭ୱ(஺ା஻)

ଶ  
 

ܲ = ଴ܧ଴ߙ cos + ݐ଴߭ߨ2 1
2 Δܧߙ଴ cos ଴߭) ߨ2 + ߭௞)ݐ + 1

2 Δܧߙ଴ cos ଴߭) ߨ2 − ߭௞)ݐ 
 

Therefore, the final equation shows the order of Rayleigh, Anti-Stokes, and Stokes 
scattering, and those are generated simultaneously when the incident light interacts with the 
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molecular vibration. The shape of the Raman signal is independent of the frequency or 
wavelength of the incident light, but the intensity will be changed by frequency or wavelength of 
the incident light [23].Therefore, a property of the material/ molecule can be identified by 
detecting the change of photon energy or wavelength, because every molecule has their own 
unique Raman Spectrum. The frequency range of molecular vibration is from a few Hz to 1014 

Hz. [24]. 
The definition of Raman shift is the energy lost by the photon  ∆ܧ = ௜ܧ −  ,௦ ; thereforeܧ

it is positive for Stokes and negative for anti-Stokes. The Raman spectrum is formed by Raman 
shifts (horizontal axis) dependence of the Raman scattered intensity at a given incident 
wavelength (vertical axis) (figure 2.6). The unit of Raman shift is a wavenumbers (ߥ෤ =  1 ൗߣ =
௦ߥ  ܿൗ = ா

௛஼ , where ߥ௦ is a frequemcy in hertz, C =  3 x 10଼ ୫
ୱ , E = Energy of a photon   Joules,

ℎ =  6.626 × 10ିଷସ J ∗ s   Planck′s constant), which has units of inverse wavelength as this 
value is directly related to energy. In fact, it is convenient to use the wavenumber scale instead of 
energy scale or wavelength scale to express the molecular vibration mode. Typically, Raman 
scattered light is collected by a microscope objective and passed through Rayleigh rejection filter 
and diffracted by a grating and then analyzed by a computer. Normally a bandpass filter is used 
to reduce the noise. A schematic of a Raman spectrometer (figure 2.3) contains light source 
(laser instrumentation), detectors (collect Raman scattering), and optical filter technology 
(Rayleigh rejection filter, grating dispersion and Beam splitter), and computer (analyze signal). 
The Raman spectrometer (figure 2.4) ( LabBRAM LAB300 visible/ near-infrared (400 to 2100 
nm), LABRAM Confocal Raman Microscope in EMDL, LSU) was employed in this research. 
This Device equipped with three different objectives: 10x NA (numerical aperture) = 0.3 and 
WD (Working distance) =10.1 mm, 50x NA=0.5 and WD=0.66 mm, 100x NA=0.9 and 
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WD=0.21 mm. However, another 50x NA=0.55 and WD=10 mm objective was chosen in this 
research due to a better NA and WD, which represents a big angle of the light collection and 
more working space between the objective and specimen. The resolution is taken as (d=ᆋ/2NA).   

 
Figure 2.3. The schematic of the Raman Spectroscopy System. 

 

 
Figure 2.4 The LaBRAM Integrated Raman spectrometer system (EMDL, LSU). 
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2.3. Surface-Enhanced Raman Scattering (SERS) 

Raman spectroscopy has been widely employed in different fields. For example, in life 
Sciences: bone structure, DNA, drug, and cell interactions analysis. In semiconductors and 
carbon materials: purity, defect, doping effects, and stress/strain analysis. In geology: mineral 
and phase distribution, and fluid inclusions. In pharmaceuticals and cosmetics: powder content, 
purity, and compound distribution in tablets [25, 26]. Recent applications in biosciences were 
published: painless laser device spot early signs of disease for cancer, muscle and skin [27, 28]. 
Raman spectroscopy can be employed in three different phases [29, 30].  Raman spectrometer 
becomes a popular tool due to a short time sample preparation, short time measurement, non-
destructive method and small quantity samples. Therefore, Surface-Enhanced Raman Scattering 
(SERS) has been deeply investigated in order to increase the sensitivity and intensity of Raman 
signal. 

Surface-Enhanced Raman Scattering (SERS) was discovered by Martin Fleischmann and 
his colleagues in 1973 by manipulating electrochemically roughened silver [31]. The Raman 
signal is amplified by several orders of magnitude (105-108) when a specimen is in contact with a 
rough metallic surface.  The typical SERS arrangement is shown in figure 2.5. The illustration of 
SERS and non-SERS Rhodamine 6G Raman spectra is shown in figure 2.6 (logarithmic scale). 
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Figure 2.5 The typical of Surface-Enhanced Raman Scattering (SERS) arrangement. 
 

 
Figure 2.6  The illustration of SERS versus non-SERS Rhodamine 6G Raman spectra 

(logarithmic scale). 
 

The exact principle of the SERS effect is still under debate. There are two main theories: 
First, electromagnetic theory is believed to explain the majority contribution for the SERS effect. 
Second, chemical theory is the minor contributor to the SERS effect.  
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Electromagnetic theory uses a surface plasmon resonance (SPR), which is generated 
when an incident light strikes on the metallic surface. The coherent oscillation electrons on 
metallic surface are excited by the electromagnetic radiation (EM). The scattering occurs on the 
metallic surface only when the direction of plasmon oscillations is perpendicular to the metallic 
surface. The SPR can be divided into two categories: The surface plasmon polaritions (SPPs) and 
localized surface plasmon resonances (LSPR). SPPs: If surface plasmon propagates only in both 
x- and y-directions along with the thin metallic surface about 10 to 100 μm, but evanescently 
decays in the z-direction with 1/e decay length of about 200 nm [32, 33]. LSPR: If a metallic 
nanoparticle is smaller than the wavelength of the incident light, the surface plasmon is trapped 
around the metallic nanoparticle, creating “hot spot” (figure 2.7). The LSPR is believed to be the 
main contribution of SERS effect [34, 35]. The electromagnetic theory applies for the majority of 
SERS phenomena, but still some phenomena have to be explained by chemical theory.  

 

 
Figure 2.7 The schematic diagram of localized surface plasmon resonance (LSPR). 
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Chemical theory can be interpreted by the charge-transfer complex, which is the 
modification of the Raman polarizability on adsorption of the molecule on the metallic surface. 
A covalently bond complex is generated when a molecule is adsorbed to the metallic surface, and 
it changes the Raman polarizability of the molecule. Therefore, when the molecule and metallic 
surface are exposed to an incident light, two different cases occur [22]: 1. A covalently bond 
complex does not generate when the molecule is not adsorbed by metal. Then, electrons in the 
metal act as perturbation or direct excitation. 2. A covalently bond complex does generate when 
the molecule is adsorbed by metal. Then, the electrons have another channel to arrive the excited 
state (conduction band) which is called indirect ex excitation. This channel is from the highest 
occupied molecular orbital (HOMO) to conduction band of metal, and then to the lowest 
unoccupied molecular orbital (LUMO). 3. An emitted Raman shift photon is generated when an 
electron return to ground state for both case. 

The SERS effect only occurs on high conductivity nano-metallic surfaces. Aluminum 
(Al), Gold (Au), Copper (Cu), and Silver (Ag) are widely employed on SERS metallic substrates 
[36-39]. Those are three main reasons.  1. Those material can be fabricated into nano-metallic 
substrates.  2. The high conductivity σ (S/m) (3.5 to 6.5 × 107) is required because of electrons 
produce Raman (inelastic) scattering.  3. A wider range of incident wavelength arises from 
localized surface plasmon resonance (LSPR) from ultraviolet to near infrared range (300 nm-
1250 nm) shown in table 2.1. 

Au metal is commonly used at majority of publication due to several main reasons [39, 
40]: First, it has a good signal strength in SERS application. Second, it has a wide wavelength 
range (580-1250 nm). Third, the inert Au metal rarely interacts with other materials especially 
oxygen. Fourth, it has high reflectance and almost transparent in thin film for optical applications. 
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Fifth, it has high etching selectivity of Aluminum over Au in KOH. Sixth, it is non-toxic as silver 
(Ag). Therefore, Au is chosen as a metallic surface in this research.  

 
Table 2.1 Different wavelength ranges of localized surface plasmon resonance (LSPR) from 

different metals. 
 
 
 
 

 

Different shapes and sizes of nono metallic substrate are related to different plasmon 
resonance spectra. For example, different shapes of SERS metallic substrates are fabricated such 
as nanoparticle/nanoislands/ nanocarters/ nanoclusters. Different intensities and colors of 
plasmon resonances are generated by a strong interaction between electromagnetic field 
enhancement and adsorbed molecule internal level [41-43]. The fabrication methods that have 
been used are electrospinning [44], self-assembled polyelectrolyte [45], nanoimprint lithography 
(NIL) [46], fission fragment [47], electrochemical deposition [48],electron beam induced 
deposition[49], and focus ion beam (FIB) [50].  

Generally, the methods of Raman measurements can be divided into three categories 
(figure 2.8): backscattering, spatially offset Raman spectroscopy (SORS) and transmission [51].  

Metal  Wavelength Range (nm) 
Aluminum (Al) 300 - 600 
Gold (Au) 580 – 1250 
Copper (Cu) 550 – 1250 
Silver (Ag) 400 - 1000 
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First, the backscattering measurement performs the purest Raman signal of the material 
but with a subsampling problem (only measure one layer). Second, the SORS produces pure 
spectra for each layer, and it can do region scanning for a multilayer substrate but it comes with 
two disadvantages: 1. Layers have to be nearly transparent. 2. It produces low signal due to the 
∆d (inverse-square law, the signal intensity is inverse proportional to the distance square). Third, 
The transmission measurement overcomes the subsampling problem (able to measure 
multilayers) but it comes with two disadvantages.1. This method is scarifying the purity and 
intensity of the Raman signal due to passing the substrate. 2. The detector has to be setup on 
other side of the input source.   

Typically, the SERS structure can be applied on the backscattering and transmission 
measurement methods (figure (a) and (c)). However, the backscattering measurement method 
allows the incident laser beam and Raman scattering light pass through the same optical path 
with higher signal intensity, compared to backscattering measurement method. Therefore, the 
backscattering method is employed for in vivo and in vitro applications in this research.  

 

 
Figure 2.8 Three different types of Raman measurement methods (a) Backscattering, (b)  

Spatially Offset Raman Spectroscopy (SORS), and (c) Transmission. 
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CHAPTER 3:  RESEARCH MOTIVATION AND GOAL 
3.1. Research Motivation 

Raman spectra have been employed to identify specimens for many years, because it 
overcomes the downsides of molecular imaging (CT, MRI) and molecular diagnostics (gene chip, 
proteomic image) systems which were mentioned in subchapter 2.1. For example: Molecular 
diagnostic requires biopsy for specimen measurements. CT and MRI have limitation in 
visualizing the molecular image due to low sensitivity. Raman scattering technology provides 
more accurate measurement on cellular or molecular specimen for either chemical or biological 
measurements. Raman spectroscopy has been widely used in many applications such as 
biosciences, vibrational chemistry, and pharmaceutical studies. Over the past decades, Raman 
spectrometers have been improved by limiting the background noise of detectors, and reducing 
transmission loss in optical systems [51]. Increasing the laser power is a limited option since it 
might damage the specimen. However, these improvements do not tremendously increase the 
initial Raman signal; therefore, SERS substrates have become an important method to increase 
the initial Raman signal. The generally weak Raman signal is enormously enhanced 106 to 109 
larger when the specimen is in contact with a rough metallic surface. Therefore, how to fabricate 
a rough metallic surface becomes a challenge of SERS technology. In twenty century, the nano-
patterning and nano-devices have been widely used in large range of applications. The 
implication is that expensive equipment has to be employed in order to produce the nano-scale 
technology, especially for the SRES substrates. This research aims to develop a cost efficient and 
reproducible SERS substrate by taking advantage of aluminum substrates, which has some 
existed patterns. 
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3.2. Research Goal 

This research aims not only to increase the sensitivity of SERS effect in vitro and in vivo 
applications but also to decrease the fabrication cost of SERS substrates. Nowadays, costly 
lithographic steps have been widely employed to roughen the metallic surface, high density of 
metallic nanoislands, in order to boost the sensitivity and intensity of SERS. This research will 
be addressed by the following aspects: 

I. A 0.005 cent value of 1 cm2 aluminum foil as a cheap base and sacrificial substrate. 
II. The characteristics of aluminum and processed aluminum substrates. 

III.  The characteristics of sputtered Au thin films on aluminum and silicon wafer substrates. 
IV. An evolution of the SERS substrate coupled with a probe / a needle.  
V. A probe head coupled with the articulated arm and spectrometer for chemical and 

biological measurements. 
The final goal of this research is to develop, construct and demonstrate a novel, low cost, 

high sensitive, reusable, reproducible SERS substrates for in vitro and in vivo applications for 
clinical purposes. In terms of in vivo probes, a small diameter of the remotely positioned probes 
will be designed to be minimally invasive with specimens. Moreover, the optical path of the 
probe which contains a SERS substrate, GRIN, and epoxy will be constructed and optimized in 
order to reduce the transmission loss and maximize the Raman signal. Ideally, the SERS system 
may be performed on a patient simply sitting or lying near the spectrometer.  

The following issues will also be discussed: rough metallic nanostructure fabrication, Au 
sputtered machine, wet etching, thickness of Au thin film, comparison of the SERS effect in 
reflectance and transmission systems, the substrate assembling, probe head design, and the 
optical path of articulated arm system. 
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CHAPTER 4: EXPERIMENT SETUP 
4.1. Different Aluminum Substrates Preparation 

4.1.1 Aluminum Substrates 

Aluminum metal has been widely employed in microelectromechanical systems (MEMS) 
because of low cost, low density 2.7 ݃ ܿ݉ଷ⁄  and low resistance 2.8 ×  10ି଼ ρ (Ω ∙  m) [52]. For 
example, aluminum is often used as conductors in integrated circuit due to the high conductivity 
in CMOS process. Aluminum sacrificial layer is removed by selected etching processes in order 
to released or lift the top layers or microstructures [53, 54].  In this research, Aluminum was 
chosen in this research because of the properties above: low cost, availability, and easiness to 
etch and high conductivity. In figure 4.1, different aluminum substrates shown were used in this 
research including aluminum foils ( Price First Aluminum Foil: 25 square feet* 
NEW_LINE*Kosher, Walmart), aluminum pellets  (aluminum shot, approx. 4-8 mm 99.999% 
stock # 10573 Lot # H18Q18, Puratronic, Alfa Aesar),  and shop grade aluminums.  

 
Figure 4.1 Different aluminum substrates (a)  House Aluminum Foil, (b) Aluminum pellets 

(shot) 99.999%, (c) Shop grade aluminums. 

(a) 

(b) (c) 
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All aluminum substrates were cleaned by a standard procedure in order to remove the any 
attached oil or contamination. The standard cleaning procedure was as follows: 1.Rinse the 
substrate in acetone.  2. Rinse in isopropyl alcohol (IPA).  3.  Rinse in deionized water (DI 
water). 4. Dry the substrate with nitrogen gun.  

In this work, atomic force microscope (AFM) and scanning electron microscope (SEM) 
were employed to obtain the surface topographies. Those data were converted into images and 
roughness [55]. In figure 4.2, the roughness (Ra) is the arithmetic average of the absolute values 
of the peak and valley heights from the mean line, which is described as: ܴ௔ = ଵ

௅ ׬ ௅ݔ݀|(ݔ) ܼ|
଴ , 

where Z (x) is the profile height function, and L is evaluation length. However, Ra makes no  
distinguish between the peaks and valleys; therefore, the mean square (RMS) Rq is widely used, 
because it is more sensitive to the peaks and valleys by mean squared absolute values of surface 
roughness profile. Rq is described as: ܴ௤ = ටଵ

௅ ׬ ௅ݔଶ݀|(ݔ) ܼ|
଴   [55, 56]. Therefore, the 

quantitative number of roughness is measured by AFM and represented by root mean square 
(RMS) in this work. 

 
Figure 4.2 A surface profile contains the average roughness Ra and root mean square (RMS) Rq 

which are based on mean line. 
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AFM images of the front side (shiny) and back side (dull) of aluminum foils are shown in 
figure 4.3 and 4.4. In large surface morphologies [100 μm × 100 μm field of view] under 1400 
nm scale bar, the RMS height variations and profiles from front and back side of aluminum foils 
are 140 nm and 200 nm, respectively (figure 4.3 (a) and (b)). In small surface morphologies [1.3 
μm × 1.3 μm field of view] under 160 nm scale bar, the RMS height variations and profiles of 
front and back side foils are 7 nm and 12 nm, respectively (figure 4.4 (a) and (b)). Therefore, the 
back side of the aluminum foil was rougher than the front side of aluminum foil in both the large 
and small scales. Table 4.1 shows the comparisons of RMS between front and back side of 
aluminum foils. Therefore, in this research, the back side of the aluminum foil was employed as 
a base substrate for SERS substrate because it was rougher. Raman signals from the front and 
back sides of aluminum foils will be discussed on chapter 5.   

 
Figure 4.3 AFM images of the aluminum foil [100 μm × 100 μm field of view]. (a) The front 

side [shiny] and (b) The back side [dull]. The height distributions across 50 μm are 
shown below. The RMS height variations are 140 nm on front side and 200 nm on 
back side of the aluminum foil. 



 
  

23 
 

 
Figure 4.4 AFM images of the aluminum foil [1.3 μm × 1.3 μm field of view] (a) front side 

[shiny] and (b) back size [dull]. The height distributions across 0.6 μm are shown 
below. The RMS height variations are 7 nm on front side and 12 nm on back side of 
the aluminum foil. 

 

 
Table 4.1 The comparisons of RMS between the front and back side of aluminum foils. 
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4.1.2 Wet Etching 

In Micro Electro Mechanical Systems (MEMS), the etching processes such as dry 
etching, wet etching or combination etching have been widely employed to fabricate structures 
or remove the sacrificial layers in various applications. For instance: In micro or nano scale, a 
sacrificial layer can be removed by selected etching and then release the top layers or structures. 
Dry etching such as plasma etcher: Different patterns and etch rates can be manipulated by 
different gases, temperatures, and power sources [57, 58]. Wet etching such as chemical etching: 
Different shapes and etching rates can be employed by isotropic or anisotropic wet etching [54, 
59]. Moreover, the combination of wet and dry etching for SERS applications were demonstrated 
in recent publication [60]. In this research, wet etching was chosen. 

Potassium hydroxide (KOH) solution was employed to etch a variety of aluminum 
substrates in this research. The KOH solution was prepared by mixing 70 grams of KOH pellets 
in 230 mL of deionized (DI) water at 25 o C [61, 62]. Different aluminum substrates were etched 
by 30% KOH concentration for 60 seconds. KOH etches aluminum isotopically. The chemical 
reaction formula are the following [63] :  

(ݏ) ݈ܣ 2 + (ݍܽ) ܪܱܭ 2 + (݈) ଶܱܪ 6 → (ݍܽ) ସ(ܪܱ) ݈ܣܭ 2 +  ଶ (݃)  (2)ܪ 3
s: Solid      l: liquid        g: gas       aq:  aqueous 

The KOH etching procedure was as follows: 1.Rinse the substrate in acetone.  2. Rinse in 
isopropyl alcohol (IPA).  3.  Rinse in deionized water (DI water). 4. Dry the substrate with 
nitrogen gun. 5. 30% KOH etching. (Aluminum substrates are placed inside 30% KOH solution 
for 1 minute).  6. Repeat from 3 to 4.  
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The 30 % KOH etch rate of the household aluminum foil at room temperature was 0.5 
μm/min. The thickness of house hold aluminum foil changed from 18 um to 17 um after 1 
minute of KOH etching. All the etching processes were performed at EMDL. 

Figure 4.5 shows the atomic force microscope (AFM) images of etched aluminum foils. 
In large surface morphologies [100 μm × 100 μm field of view] under 1000 nm scale bar, the 
root mean square (RMS) height variation and the profile of the etched aluminum foil is 140 nm 
(figure 4.5 (a)). On the other hand, in small surface morphologies [1.3 μm × 1.3 μm field of 
view] under 100 scale bar, the RMS height variation and the profile of the etched aluminum foil 
is 17 nm (figure 4.5 (b)). The significant difference between non-etched and etched aluminum 
foil is shown in table 4.2. Therefore, according to the roughness of AFM analysis, the roughness 
increases under small scale; while it decreases under large scale, respectively. The schematic 
drawing is shown in figure 4.6. Besides roughness of AFM images, SEM images (figure 4.7) 
were taken in order to support AFM images. SEM images show the same result as AFM image, 
etched –stirred is rougher than etched aluminum substrate, and etched is rougher than non-etched 
aluminum substrate. The relationship between Raman signals, different aluminum substrates, and 
etching times will be discussed on chapter 5.   

 
Table 4.2 The comparisons of RMS between non-etched and etched aluminum foil. 
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Figure 4.5 The AFM images of the etched aluminum foil (a) large field of view is 100 μm × 100 

μm (b) small field of view is 1.3 μm × 1.3 μm. The height distributions across 50 μm 
and 0.6 μm are shown below. The RMS height variations are 140 nm and 17 nm. 

 
 

 
Figure 4.6 The schematic drawing for roughness between non-etched and etched aluminum foil. 
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Figure 4.7 SEM images [1μm × 1 μm and 0.3 μm × 0.3 μm  field of views ] of  different types of 
aluminum foils. (a)(b) non etched, (c)(b) etched, (e)(f) etched-stirred. 
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4.2. Nanostructure Deposition 

A uniform thin film deposition technology has a significantly important place in MEMs 
technology. There are two main categories for fabricating a thin film shown on table 4.3 and 4.4: 
chemical and physical depositions. Chemical reactions between the substrate surface and reactant 
gases is the principle of chemical deposition such as atomic layer deposition (ALD), plasma 
enhanced chemical vapor deposition (PECVD), low pressure chemical vapor deposition 
(LPCVD) and electroplating. On the other hand, for physical method, the principle of physical 
deposition is that dynamic atoms pass through a low pressure gas and condense on the substrate, 
such as electrohydrodynamic, pulsed laser deposition, sputtering, electron beam evaporator, 
molecular beam epitaxy (MBE) and thermal evaporator.  

In this work, sputtering deposition was chosen for two reasons:  

I. The melting point of aluminum is 660.3 C°. Therefore, low deposition 
temperature protects the aluminum substrate being damage.  

II. Small grain size of Au structure provides smaller gaps between each Au structure 
which produces higher SERS signal.  

III. It performs a low impurity film and a low cost fabrication method.  

The only disadvantage is possible stress or damage to the substrate surface during the process 
due to the physical deposition method. However, this is minimal for ductile aluminum. The 
ductility represents the physical property of any material. Ductility is the ability to be stretched 
or bent under tensile stress without fractures [64]. 
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Au metal has been widely employed to fabricate nanostructure in MEMs application. For 
example: An average size of 10 nm to 50 nm partially embedded gold nano-islands with 4.5 nm 
initial thick gold film on a microscope glass slide were fabricated by high-end precision electron 
beam evaporator and followed with 500 °C thermal annealing processes; in addition, An average 
size 22 nm and roughness of 50 nm of AuNIs on the microscope glass were fabricated by 
thermal evaporator and thermal annealing (700 °C) processes [65, 66]. The shapes of AuNIs and 
the distance between each AuNIs could be manipulated by deposition and annealing times [67]. 
The profile of nano-gaps between the Au nanoislands (AuNIs) (clumps) on the silicon wafer on 
the SEM and AFM images are shown on figure 4.8 (copy right from RSC Advance). This kind of 
AuNIs structure are expected in this work, therefore; Au was chosen to be the target material for 
a sputtered thin layer. 

 

 
Figure 4.8 The SEM (b) and AFM (d) images of Au nanoislands (AuNIs) on silicon wafer [66] 

(COPYRIGHT). 
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4.2.1. Sputtering Chamber 

In 1974, John S. Chapin invented the first planar magnetron sputtering source by 
manipulating a magnetic field to control the velocity and behavior of charged ions and electrons. 
Charged ions are trapped in a magnetic field close to the target, which produces faster deposition 
rates. This novel invention upgraded the conventional diode sputtering and overcame some 
technical problems such as the slow deposition rate, substrate overheat, and small substrate 
coverage [68]. Most magnetron cathodes are rectangular or circular. Rectangular magnetrons are 
more commonly used with larger substrates; while circular magnetrons are more commonly used 
with smaller substrates. Three main power sources inducing the high energy state of magnetrons 
sputtering are direct current (DC), alternating current (AC) and radio frequency (RF) magnetron 
sources. In this research, a circular DC magnetron sputtering system was used. 

The DC powered magnetron sputtering chamber (Oxford Plasmalab System 400 
Sputtering System in CAMD) was employed in this research for Au deposition. Figure 4.9 
illustrates the principle of sputtering deposition. A high vacuum 10ି଺ ݎݎ݋ݐ  and argon gas are 
applied inside the chamber. A negative DC voltage is applied to the argon gas creating a neutral 
plasma that contains free electrons and ionized argons. The free electrons are accelerated away 
from the Au target (cathode) by the negative electrical potential. The positive argon ions are 
accelerated toward the Au target bombarding the Au atoms (the radius of Au atom is 0.1441 
nano-meter). Consequently, neutral Au atoms are ejected from the Au target and deposited on the 
grounded substrate. When the free electrons recombine with the positive argon ions, photons are 
emitted, introducing the deep purple color of plasma. A constant sputtering deposition rate 
remains until the desired thickness is achieved. In this research, the Au deposition was performed 
inside this sputtering chamber in figure 4.10. A 7.5 cm length of the Au target on the top of the 
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chamber was connected to a negative voltage (cathode), and a 10 cm length the stage at the 
bottom of the chamber was connected to ground where the sample was placed. The Au structures 
on the sample were not fully connected to each other due to the thin Au atomic deposition. A 
simulation of sputtered Au emitted toward the substrate formed clumpy cluster was presented 
[69].  

Figure 4.9 Schematic principle of DC powered magnetron sputtering system. 

Figure 4.10 The dimensions of the DC powered magnetron sputtering system. 
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4.3. Au Deposition 

As stated in subchapter 2.3, the main contributor to surface enhanced Raman scattering 
(SERS) localized surface plasmon resonances (LSPR), hot spots, are generated between the 
nano-gaps of metallic nanostructures. In this research, an Au thin film (figure 4.11) was 
deposited on a smooth side of the wafer by the DC powered magnetron sputtering system under 
450 mA for 430 seconds. The Au thin film was measured by Alpha Step (D-100 KLA Tencor). 
The average thickness of sputtered Au was around 20 nm. The partially 80 nm thickness was 
caused by the thickness of the microscope slide on the wafer. A microscope slide was place on 
the wafer during the Au deposition, then it was removed during the thickness measurement, so 
accumulated 80 nm Au were observed. 

 

 
Figure 4.11 An 20 nm Au thin film on a smooth side of the wafer was fabricated by DC powered 

magnetron sputtering system and measured by Alpha Step (D-100 KLA Tencor).  
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The average sizes of 10 nm to 50 nm AuNIs are shown on the AFM and the SEM 
morphologic surface images in figure 4.12.  The RMS of the AFM image [1.1 μm × 1.1 μm field 
of view] under 60 nm scale bar is around 9 nm. However, since the tip of AFM was blunt, not all 
the metallic nanostructures could be scanned thoroughly. The SEM image was therefore 
employed to resolve the metallic nanostructures shown in figure 4.12 (b) and (c). The RMS of 
Au thin film on the microscope slide is around 11 nm similar to the AFM measurement. All the 
SEM images were taken under 1k eV. The SEM morphologies of Au nanoislands (AuNIs) 
(clumps) on a microscope slide are similar to those on recent publication [65, 66, 70].  
 

 
Figure 4.12 A 20nm Au thin film was sputtered on microscope slide. The field of view is 1.1 μm 

× 1.1 μm (a) The AFM image and the RMS is around 9 nm.  (b) SEM image at 1kV. 
(c) Morphologic surface image. (d) The height distribution across the marked 200 
nm line is shown below. The RMS height variation is 11 nm. 
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Aluminum foil was employed as a solid substrate for in vitro measurement and a 
sacrificial substrate for in vivo measurement. Three different types of aluminum foil substrates 
were prepared: 1. A non-etched aluminum foil. 2. An 60 second KOH etched aluminum foil. 3. 
An 60 second KOH etched-stirred aluminum foil.  A 20 nm Au thin film was sputtered on non-
etched, etched aluminum foils (figure 4.13). The AFM images [1.3 μm × 1.3 μm] under 135 nm 
scale bar shows that the quantity of AuNIs on the etched aluminum foil are more than its on the 
non-etched aluminum foil. The RMS height variations are (a) 12 nm and (b) 21 nm.  

 
Figure 4.13 The AFM images [1.3 μm × 1.3 μm field of view] of a 20 nm Au thin film on (a) non 

etched aluminum foil (b) etched aluminum foil. The height distributions across 0.6 
μm are shown below. The RMS height variations are (a)12 nm, and (b) 21 nm. 

 
A 20 nm Au thin film was sputtered on the etched-stirred aluminum foil. Nano-gaps and 

sizes between AuNIs were observed by AFM and SEM (figure 4.14). The AFM image [1.3 μm × 
1.3 μm field of view] under 35 m scale bar shows the AuNIs on the etched-stirred aluminum foil 
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is smaller on the etched aluminum foil. The quantity of AuNIs on the etched-stirred aluminum 
was more than the etched aluminum foil. Although the depths of grooves between AuNIs were 
not measurable, AFM images show considerable amount of saw-tooth shapes (AuNIs) on the Au 
surface (figure 4.14). The SEM height distribution across the marked 200 nm line is shown 
below, while the RMS height variation is 34 nm (figure 4.14). In summary, larger number of 
smaller AuNIs were obtained on an etched-stirred aluminum foil. Raman signals between 20 nm 
Au thin film on processed and unprocessed aluminum foils will be discussed on chapter 5.   

Figure 4.14 A 20nm Au thin film was sputtered on etched and stirred aluminum foil. The field of 
view is 1.3 μm × 1.3 μm (a) The AFM image (b) The SEM image under 1kV (c) The 
AFM height distribution across 0.6 μm, and the RMS variation is 7 nm (d) The 
height distribution across the marked 200 nm is shown below, and the RMS height 
variation is 34 nm. 
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4.3.1. Au deposition thicknesses and positions 

Figure 4.9 shows the dimensions of the DC powered magnetron sputtering system. A 
wafer with etched-stirred, etched, non-etched aluminum foil substrates (figure 4.15) was placed 
on the stage between two walls of the chamber. A 14 cm length of the sample (2 sets of 7 cm 
strips) was placed inside the sputtering chamber. After Au deposition, the symmetric colors of 
the Au on aluminum substrates were violet, blue, light green, yellow, light green, blue and violet 
from edge to center and from center to edge (-7 cm to 7 cm) (figure 4.15 (b)). The color 
distribution shows that the Au was evenly disturbed on the center and gradually changed toward 
to the edges. Therefore, obtaining the Au thicknesses on aluminum substrates with respect to the 
colors by AFM image provides significant information for this SERS work, because it localizes 
the optimized Au thicknesses at strong Raman signals. However, it was difficult to measure the 
Au thicknesses distribution on the aluminum foil due to the initial large roughness of aluminum 
foils, but it was still doable if the thicknesses of Au on aluminum equals to the Au on the wafer. 
In order to minimize the distortion from initial roughness of aluminum foils, [1 μm x 1 μm field 
of view] small areas scanning is required. 

The measurement of the Au thickness distribution on the wafer from position 2 cm to 7 
cm is shown in figure 4.16. Position 2 cm to 7 cm (partially of the wafer) is taken out from -7 cm 
to 7cm (whole wafter). AFM (NT-MDT Titanium AFM) was operated to measure the Au 
thickness on the wafer across some positions. The Au thickness near the center was near 20 nm 
which is more less the same as the measurement in figure 4.11. The Au thicknesses from center 
to edge linearly decrease with respect to the positions from 17.9 to 6.6 nm (figure 4.16). The 
comparison of Au thicknesses on the wafer with respect to the positions is shown in table 4.5. 
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Figure 4.15 Sputtered Au on wafer with etched-stirred, etched, nonetched aluminum substrates 
(Position -7 cm to 7cm)  (a) before, (b) after Au deposition. 

Figure 4.16 Au thicknesses on the wafer with respect to position ( 2 cm to 7cm). 
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Table 4.5 The comparison of Au thicknesses on the wafer with respect to the positions. 

 

The AFM images [1 μm × 1 μm field of view] shows the 6.6 nm Au thickness with 
average 23.4 nm Au particle size (the majority size range 15~ 25 nm), and 1043 detected Au 
particles per μm2 area at position of 6~7 cm (figure 4.17). This position produced the thinnest Au 
layer, the smallest Au particle size, and a large number of Au particles.  

 Figure 4.17 The AFM images at 6~7 cm position (a) Au thickness on the wafer, (b) detected Au 
particle sizes and numbers [1 μm × 1 μm field of view]. 

Position (cm) 2~3 3~4 4~5 5~6 6~7 
Thickness (nm) 17.9 15.4 14 8.1 6.6 
Average Size (nm) 29.7 28.3 44.3 31.7 23 
Majority Size Range (nm) 15~35 15~35 30~60 20~35 15~25 
Detected Particles (μm2)-1 101 135 323 640 1043 
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For 5~6 cm position (figure 4.18), the Au thickness was 8.1 nm with average 31.7 nm Au 
particle size (majority size range 20~ 35 nm), and 640 detected Au particles. At this point, the 
Au clumps accumulated into bigger and thicker clumps compared to the position 6.5 cm, so that 
the number of the Au particles decreased. 

 

 
Figure 4.18 The AFM images at 5~6 cm position (a) the Au thickness on the wafer, (b) the 

detected Au particle sizes and numbers [1 μm × 1 μm field of view]. 
 

At position of 4~5 cm (figure 4.19), Au thickness was 14 nm with average 44.3 nm Au 
particle size (majority size range 30~60 nm) and 323 detected Au particles. This spot produced 
larger Au particle size and wider particle size range. At this point, the Au clumps accumulated 
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into bigger and thicker clumps compared to the position 5~6 cm, so that the number of the Au 
particles decreased again. 

 

 
Figure 4.19 The AFM images at 4~5 cm position (a) the Au thickness on the wafer, (b) the 

detected Au particle sizes and numbers [1 μm × 1 μm field of view]. 
 

For position of 3~4 cm (figure 4.20), Au thickness was 15.4 nm with average 28.3 nm Au 
particle size (majority size range 15~ 35 nm) and 135 detected Au particles. At this point, the Au 
clumps accumulated thicker clumps but it shrunk on the size compared to the position 4~5 cm, 
so that the number of the Au particles decreased again. 
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Figure 4.20 The AFM images at 3~4 cm position (a) the Au thickness on the wafer, (b) the 

detected Au particle sizes and numbers [1 μm × 1 μm field of view]. 
 

At 2~3 cm position (figure 4.21), Au thickness was 17.9 nm with average 29.7 nm Au 
particle size (majority size range 15~ 35 nm) and 101 detected Au particles. At this point, the Au 
clumps accumulated thicker clumps, but it remained at same size compared to the position 3~4 
cm, so that the number of the Au particles decreased again. 
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Figure 4.21 The AFM images at 2~3 cm position (a) the Au thickness on the wafer, (b) the 

detected Au particle sizes and numbers [1 μm × 1 μm field of view]. 
 

Around 14 nm Au thin film was sputtered on etched-stirred aluminum foil around 
position 4~5 cm. Nano-gaps and sizes between AuNIs were observed by AFM and SEM (figure 
4.22). The AFM image [1.3 μm × 1.3 μm field of view] under 65 m scale bar shows that the 
AuNIs around the edge of the etched-stirred aluminum foil is smaller than on center of the 
etched-stirred aluminum foil. Moreover, table 4.5 shows that the quantity of AuNIs on edge of 
the etched-stirred aluminum is more than on center of the etched-stirred aluminum foil. Although 
the depths of grooves between AuNIs were not measurable, AFM image shows considerable 
amount of saw-tooth shapes (AuNIs) on the Au surface (figure 4.22). The SEM height 
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distribution across the marked 200 nm line is shown below, while the RMS height variation is 32 
nm.  

 

 
Figure 4.22 Around 14 nm Au sputtered on stirred etched aluminum foil on scale [1.3 μm × 1.3 

μm] on the edge of the stage (a) The AFM images (b) The AFM height distributions 
across 0.6 μm, and the RMS variation is 13 nm (c) The SEM image under 100 K (d) 
The SEM height distributions across 200 nm, and the RMS height variation is 32 
nm. 
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In summary, if the Au thicknesses on the aluminum foils equaled the Au thicknesses on 
the wafer, the different types of Au structures were fabricated across the stage inside the 15 cm 
length chamber: One was the Au structure around center of the stage, in which produced less 
numbers of average 30 nm size Au particles with 15~35 nm particle range (from 2~4 cm 
position). One was the Au structure around the edge of stage, in which produced more numbers 
of different sizes of Au particles with different particle size ranges (from 4~7 cm position). 
Moreover, table 4.6 shows the RMS from sputtered Au on different condition substrates. RMS 
from sputtered Au on etched aluminum (RMS= 21 nm) was rougher than on non-etched 
aluminum and on glass slide (RMS= 11, 12 nm). By adding etched-stirred parameter, the RMS 
increased from 21 to 34 nm. However, there is no significant RMS different between Au on 
etched-stirred aluminum (center) and Au on etched-stirred aluminum (edge). The Raman signals 
at each position of Au thin film on non-etched, etched, etched-stirred aluminum foils will be 
discussed on chapter 5.   

Table 4.6 The comparison of RMS from sputtered Au on different condition substrates. 
Sputtered Au on RMS (nm)

Glass Slide 11 
Non etched Al 12 

Etched Al 21 
Etched-stirred Al  (Center) 34 
Etched-stirred Al  (Edge) 32 
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4.4. In Vitro and In Vivo applications 

There were two types of applications in this research: in Vitro (conventional system) and 
in Vivo (Probe system). Figure 4.23 shows the differences in the setups between the conventional 
arrangement and the probe arrangement.  For in vitro measurements, the specimen has to be 
transparent, so that laser light may pass through the specimen and reach the rough metallic 
surface. For in vivo measurement, the substrate has to be transparent, so that laser light may pass 
through substrate to reach the rough metallic surface. In other words, the conventional system 
looks down at the rough metallic surface through the specimen, and the probe system looks down 
at the specimen through the rough metallic surface. Since the specimen does not have to be 
transparent for the in vivo setup, opaque tissues can be observed even inside a patient’s body. 

 

 
Figure 4.23 Schematic of clinical application systems (a) in vitro (b) in vivo observing a test 

specimen of R6G solution. 
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In this research, the in vivo (probe) system was fabricated by these standard steps: 

1. The aluminum foil was etched-stirred by 30% KOH for 60 second, which removed 1 μm 
thickness.  

2.    A 20 nm Au thin film was sputtered on the etched-stirred aluminum.  

3.  A Few drops of transparent ultraviolet (UV) curable epoxy (Norland Optical Adhesive 
68, Edmund Optics America) was applied between the Au layer and a cover slip or a 
graded- index lens (GRIN lens). The UV epoxy uniformly spread between the Au layer 
and the cover slip and formed a transparent plastic film around 400 μm thick. The 
thickness of UV epoxy was determined by the thickness of silicon walls at the edge of the 
sample. The UV epoxy was employed in this research, because it provides a strong 
mechanical bond between the glass and the deposited gold.  

4.   The UV Epoxy substrate was exposed under a 13 W UV lamp for 10 hours to cure. 

5.  The aluminum foil was etched in dilute 6% KOH at room temperature for 2 hours. Low 
concentration KOH has a lower etching rate and a lower reaction temperature protecting 
the Au layer on the UV epoxy substrate.  

6. The partially transparent Au thin film attached on transparent epoxy substrate was rinsed in 
DI water.  
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Figure 4.24 Schematic of the fabrication of in Vivo (probe) system. 

 
The Au thin film on clear epoxy was fabricated by the procedures described in this 

chapter.  Two AFM images over a 1.3 μm × 1.3 μm field of view with a 30 nm scale show RMS 
height variations of (a) 4 nm and (b) 8 nm, respectively. This Au thin film was deposited on the 
etched-stirred aluminum sacrificial substrate, so one might expect the AuNIs pattern on the 
surface to be the same as in figure 4.22. However, the images show that the surface structure of 
Au on clean epoxy is different from Au on the etched-stirred aluminum foil (figure 4.22 versus 
figure 4.25). The reason will be discussed on chapter 5. Raman signals from Au thin films on 
clear epoxy for in vivo applications will also be discussed on chapter 5.   
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Figure 4.25 AFM images [1.3 μm × 1.3 μm field of view] of Au thin film on clear epoxy. The 

height distributions across 0.6 μm are shown below. The RMS height variations are 
(a) 4 nm, and (b) 8 nm. 
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CHAPTER 5: SURFACE-ENHANCED RAMAN SCATTERING (SERS) 
MEASUREMENTS 

5.1 Preparation of Target Material 

5.1.1. Rhodamine 6G (R6G) and Test Cells 

Rhodamine 6G (R6G) dye is widely employed in biomedical applications due to its 
chemical stability and easy detection. The chemical formula of R6G is C28H31N2O3Cl. The 
solubility and molecular weight of R6G are 20 g/L and 479.01 g/mole [71]. Some examples of its 
use in enzyme-linked immune sorbent assay (ELISA) [72], fluorescence correlation spectroscopy 
[73], flow cytometry [74], fluorescence microscopy [75], and surface Raman enhanced scattering 
(SERS) [76]. In this research, R6G acted as a specimen solution for the SERS detection. The 
RG6 powder was dissolved in deionized water at temperature 50-60°C stirring thoroughly at 
least 3 to 4 hours with ultrasonic treatment, and then left at room temperature 1 hour to cool.  It 
was prepared in steps of a factor of 10 in different concentrations from 1 mM to 1 nM. R6G 
solution is transparent at low concentrations, but it turns to reddish above 1 μM concentration as 
shown in figure 5.1. The recipe of 1nM to 1mM R6G was as follows: the atomic standard weight 
of C28H31N2O3C is 12 × 28 + 1.008 × 31 + 14.007 × 2 + 15.990 × 3 + 12.011 = 479.0 . 
The molar concentration of 10 mM was made by 4.7901 gram R6G with 1 L deionized water 
(4.7901 gram/479.01)/ 1 L, which is under the saturation point 20 gram / 1 L. Then, it was 
diluted by successive factors of 10 for lower R6G concentration solutions. Other specimen 
solutions such as 2-mercaptoethanol citrate, azobenzene, pyridine and cyanine dyes are also 
employed for SERS detections. 
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Figure 5.1 Different concentrations of Rhodamine 6G solutions from low to high. 

 

5.1.2 Measurement Setup of Surface-Enhanced Raman Scattering (SERS) 

Test cells (figure 5.2) were constructed from microscope slides (2"x3"and 1"x3"), cover 
slips (2"x2"), and stainless steel tubes (D=1 mm). Each part was bonded by a transparent epoxy. 
The volume of the cell was about 0.1 mL. 20 nm Au deposited on different substrates was placed 
inside the test cell in contact with the RG6 solutions (figure 5.2). 

 
Figure 5.2 Test cells were filled with Rhodamine 6G. Laser light was focused on Au substrate in 

two cases by a 50 X microscope objective. (a) Au on etched aluminum foil 
(conventional view), (b) Au on UV epoxy (transmission view). 
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Raman spectra were obtained from a Raman spectrometer (LabRAM Raman 
Spectrometer) with an incident He Ne laser at 633 nm wavelength. By choosing a 50 X long 
working distance microscope objective, the laser light was focused either on the Au on processed 
aluminum foil (front surface of the gold) though the cover slip and the Rhodamine 6G solution 
(Fig. 5.2 a), or on Au on epoxy substrate through the cover slip and the epoxy substrate (Fig. 5.2 
b). The measurements were taken in the order of 1 nM to 1mM R6G solution to minimize 
contamination errors. For each measurement, at least 1mL R6G solution was injected into the 
test cell by syringe to wash out the previous R6G concentration. Figure 5.3 shows prominent 
reference peaks of R6G Raman spectrum 614 cm-1, 1310 cm-1, 1363 cm-1 and 1509 cm-1, in 
which 1363 cm-1 presents the highest intensity  [77]. Therefore, the intensity at the prominent 
peak 1363 cm-1 was used as a measure of the Raman Signal in this research. 

 

 
Figure 5.3 Prominent reference peaks of R6G Raman spectrum at 614 cm-1, 1310 cm-1, 1363   

cm-1, 1509 cm-1, and the main peak at 1363 cm-1[77]. 
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5.2. Different Aluminum Substrates 

Different aluminum substrates (aluminum foils, aluminum pellets (shot) 99.999%, and 
shop grade aluminums) were used followed by the cleaning, and etching procedures discussed in 
chapter 4. In this subchapter, three different aluminum substrates and six different aluminum 
foils in contact with 1mM R6G were analyzed by Raman spectrometer.   

The Raman spectra were obtained from three different conditions of the front and back 
sides of aluminums foils in contact with 1 mM Rhodamine 6G solution (figure 5.4): Non-etched 
aluminum foils (a) front, and (b) back side. Etched aluminum foils (c) front, and (d) back side. 
Etched- stirred aluminum foils (e) front, and (f) back side. The Raman spectra were also obtained 
from (a) non-etched and (b) etched aluminums pellets in contact with 1 mM Rhodamine 6G 
solution (figure 5.5). Lastly, the Raman spectra were obtained from (a) non-etched and (b) etched 
shop grade aluminum in contact with 1 mM Rhodamine 6G solution (figure 5.6). 

In summary, the Raman signals from the back side of bare aluminum foils were slightly 
stronger than the front side of bare aluminum foil. Moreover, the Raman signals from the etched 
aluminum substrates were stronger than non-etched aluminum substrate. The etching process 
increases the Raman signal by cleaning the surface of the aluminum and making its surface 
rougher. The results match the morphologies of AFM images in chapter 4, in that rougher 
surfaces produce stronger Raman signals. However, the Raman intensity at the 1363 cm-1 Raman 
line does not vary greatly from the back side of aluminum foils, aluminum pellets and shop grade 
aluminums.  
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Figure 5.4 Raman spectra were obtained from different conditions of aluminum foils in contact 
with 1 mM Rhodamine 6G solution. Non-etched (a) front, and (b) back side. Etched 
(c) front, and (d) back side. Etched and stirred (e) front, and (f) back side. 
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Figure 5.5 Raman spectra were obtained from different conditions of aluminum pellets in contact 

with 1 mM Rhodamine 6G solution (a) non-etched and (b) etched. 
 

 
Figure 5.6 Raman spectra were obtained from different conditions of shop grade aluminums in 

contact with 1 mM Rhodamine 6G solution  (a) non-etched and (b) etched. 
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5.3 Au on Aluminum Substrates with Different Wet Etching Times  

In previous subchapter 5.2, Raman signals from three different aluminum substrates were 
similar. The etching process not only cleaned the substrate but also increased the surface 
roughness. Moreover, the AFM and SEM images in subchapter 4.1.2 show that the etched 
aluminum has more structure than non- etched aluminum. Therefore, SERS effect may be 
depend on etching time. The Raman signal from different etching time aluminum substrates and 
Au on different etching time aluminum foils will be discussed in this subchapter.  

For bare aluminum substrates, the Raman spectra were obtained from different conditions 
of the substrates in contact with 1 mM Rhodamine 6G solution (figure 5.7 and table 5.1) 
Aluminum pellets and shop grade were etched at different times: 0, 10, 30, 60, and 120 seconds. 
The Raman intensity at the 1363 cm-1 Raman line shows that 60 seconds etching time on both 
samples produced a higher Raman signal. Au on aluminum pellets and aluminum foils with 
different etching times were also measured. 

 

 Figure 5.7 Raman signal with respect to different etching times at aluminum pellets. 
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Table 5. 1 Raman signal with respect to 7 different conditions of aluminum substrates. 
 

 

 

 

 

 

 

Raman spectra were obtained from Au on 4 different conditions of aluminum foils in 
contact with 1 mM Rhodamine 6G solution (figure 5.8). Aluminum foils were etched at different 
times: 0, 10, 60, and 120 seconds. The Raman intensity at the 1363 cm-1 Raman line shows that 
Au on 60 seconds etching time aluminum foil produced the highest Raman signal.  

 
Figure 5.8 Raman signal with respect to Au on different etching time aluminum foils. 
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Etched-stirred parameter was also considered in this discussion. Raman spectra were 
obtained from Au on differently processed aluminum pellets in contact with 1 mM Rhodamine 
6G solution (figure 5.9). Aluminum pellets were etched at different etching and etching-stirring 
times: 0, 10, 30, 60, 80, and 120 seconds). The Raman intensity at the 1363 cm-1 Raman line 
shows that Au on 60 seconds etching time aluminum pellet produced a higher Raman signal, the 
same as Au on stirred-etched aluminum pellets. The consistent Raman signal results from bare 
aluminum pellets, Au on aluminum foils, and Au on aluminum pellets show that 60 second 
etching and etching-stirred time produced the highest Raman intensity. Therefore, 60 seconds 
etching time for aluminum substrates was chosen as standard parameters of SERS effect in this 
research. 

 

 
Figure 5.9 Raman signal with respect to Au on different etching time aluminum foils and pellets. 
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5.4. Au on Different Aluminum Substrates (Center) 

In subchapter 4.3.1, Au was deposited on the 14 cm length of the three different 
aluminum foils (2 sets of 7 cm strips) inside the sputtering chamber. Raman spectra were 
obtained from Au nano metallic structures on three different types of aluminum foil ( position -
2.5 cm to 2.5 cm center area, figure 4.15) with 1mM R6G solution. The Raman intensities at 
1363 cm-1 Raman line are about 1000 (Au on non etched aluminum foil), 5000 (Au on etched 
aluminum foil) and 8000 (Au on etched stirred aluminum foil) ( figure 5.10). In subchapter 5.2, 
the Raman intensities at 1363 cm-1 Raman line from bare aluminum substrates are around 250. 
With an additional 20 nm Au on the aluminum surfaces, the Raman signal are enhanced by a 
factor of 4, a factor of 20, and factor of 40, respectively. 20 nm Au on etched stirred aluminum 
foil contains more Au nanoislands (AuNIs) and nano gaps than etched and non-etched aluminum 
foils. Localized surface plasmon resonances (LSPR) effect occurs because:  1. There are many 
nano-gaps between Au structures on the surface. 2. No oxidation occurs on the Au metallic 
surface. These results match with the morphologies of AFM and SEM images in chapter 4.  
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Figure 5.10 Raman spectra were obtained from the 20 nm Au nano metallic structure on three 

different types of aluminum foils in contact with 1 mM Rhodamine 6G solution  (a) 
non-etched and (b) etched (c) etched-stirred. 
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5.5. Au on Different Aluminum Substrates (Edge) 

In 4.3.1 subchapter, the SEM and AFM images show that there are more AuNIs around 
the edge of the etched-stirred aluminum foil than on the center of the foil. Two sets of Raman 
spectra were obtained in this subchapter: 1. sputtered Au on 10 cm length processed aluminum 
foil (2 sets of 5 cm strips). 2. sputtered Au on 14 cm length processed and non-processed 
aluminum foils (2 sets of 7 cm strips). The reason for two set of samples can also check the 
reproducibility of Raman signal with respect to the positions.  

The first set of Raman spectra were obtained from Au nano metallic structures on 10 cm 
length etched stirred aluminum foil in contact with 1mM R6G solution. The Raman intensities at 
1363 cm-1 Raman line are about 16000 around the edge of the sample and 4500 around the center 
(figure 5.11). The Raman signal is the smallest at േ2.5 cm position and rises rapidly after 
passing േ3.5 cm positions (Au target wide). 

 
Figure 5.11 Raman spectra at 1363 cm-1, obtained from Au nano metallic structures on 10 cm 

length etched stirred aluminum foils with 1mM R6G solution. 
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The second set of Raman spectra (figure 5.12) were obtained from Au nano metallic 
structures on 14 cm length non-etched, etched, and etched-stirred aluminum foils in contact with 
1mM R6G solution. For Au on etched- stirred aluminum foil, Raman intensities at 1363 cm-1 
Raman line are about 19000 at the edges of the sample and 7000 at the center. Next, for Au on 
etched aluminum foil, Raman intensities at 1363 cm-1 Raman line are about 14000 around the 
edge of the sample and 4000 around the center. Lastly, Raman intensities at 1363cm-1 Raman 
line are about 8000 around the edge of the sample and 1000 around the center for Au on non-
etched aluminum foil. Same as figure 5.11, the Raman signal from Au on etched, and etched-
stirred aluminum foils rises rapidly after passing ±3.5 cm positions (Au target wide) and falls 
down at the end of the both walls of chamber. 

Figure 5.12 Raman spectra at 1363 cm-1, obtained from Au nano metallic structures on 14 cm 
length etched stirred, etched, and non-etched aluminum foils with 1mM R6G 
solution. 
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For both sets of Raman spectra, the highest peaks are at 4 to 5 cm and -4 to -5 cm region, 
where the Au thickness is 14 nm with average 44.3 nm Au particle size (majority size range 
30~60 nm). In addition, these results show that the Raman signal from Au on 60 seconds etched 
stirred aluminum foil is higher than Au on etched and non-etched aluminum foil. Several reasons 
to may explain the Raman signal peak at symmetric positions (4 cm to 5 cm and -4 cm to -5 cm) 
in this work.  

5.6 Different deposition Au angles 

Glancing angle deposition is a powerful technique which has been widely utilized for 
physical vapor deposition [78, 79]. Sputtered Au structures at certain angles normal to the 
substrate have been fabricated by tilting the angle of substrate during deposition [80]. Instead of 
tilting the angles of substrate, adjusting the angles of Au deposition during sputtering produced 
the same structure [81].  Moreover, the distribution of sputtered Au nanoparticles has been 
studied by using molecular dynamics simulations: For a spherical Au target, the sputtered Au is 
emitted isotopically [82]. For planar Au target, the majority of the sputtered Au is emitted toward 
the substrate [69, 83]. Au deposition angles shown on 5.13 can be divided into two components: 
1. Directly from the Au target (region one). 2. Rebounded from the walls of the chamber (region
two). The rebounded Au atoms deposit on the substrate at a certain angle. Therefore, the 
relationship between the Raman spectra and deposition angles was investigated.  
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Figure 5.13 The schematic of possible Au depositions from Au target inside sputtering system. 
(1) Directly. (2) Indirectly. 

Figure 5.14 shows the strength of the Raman spectra at different deposition angles. 
Raman spectra were obtained from Au nano metallic structures on aluminum pellets with 1mM 
R6G solution. The aluminum pellets were tilted at 0, 10, 25, and 55 deposition angles for the 20 
nm Au depositions. The Raman intensity at the 1363 cm-1 Raman line shows that the 55 degree 
Au deposition generated the highest signal. The Raman signal increases while the deposition 
angles increases. The estimated reflected and emitted angles of Au atoms on the wall were 
around 52 degree ( 90° − tanିଵ ଴.ହଵ

଴.଺ହ ), which was computed by geometry math. This result 
suggests that the angles deposition is a factor in SERS. 
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Figure 5.14 The Raman spectra with respect to different deposition angles (0, 10, 25, 55 degrees). 
 

5.7. Reflection and Transmission (Center) 

In the reflection view in figure 5.2(a), the Raman scattering signal was obtained from Au 
on etched-stirred aluminum foil though cover slip and the Rhodamine 6G.  Raman signals were 
obtained at full range from 1nM to 1mM R6G (figure 5.15). Over a factor of one million change 
in R6G concentration, the Raman signal changed by a factor of 250. This is the evidence of 
SERS effect “hot spots” in the metallic surface that enhance the Raman signal enormously.  

For the transmission view in figure 5.2(b), the Raman scattering signal was obtained from 
Au on epoxy substrate (back surface of the gold) through the cover slip and the epoxy substrate.  
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Raman signals were obtained at full range from 1nM to 1mM R6G (figure 5.16). Over a factor of 
one million changes in R6G concentration, the Raman signal changed by a factor of 10. 

The difference between Raman signals in refection and transmission view may be caused 
by different topographies between Au on etched-stirred aluminum foil and Au on epoxy (figure 
5.17). For the upper structure, when the Au is deposited on the etched-stirred aluminum foil, the 
top side of the Au has its own shape, and the bottom side of the gold follows the shape of the 
etched-stirred aluminum foil. For the bottom structure, the Au on the epoxy has a topography 
following the shape of the etched-stirred aluminum foil. Therefore, enhancement on upper 
structure may be stronger than on the bottom structure. 
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Figure 5.15 Raman Signals were obtained from 20 nm Au on etched-stirred aluminum foil in 

contact with various Rhodamine 6G solutions from 1 mM to 1 nM. Over a factor of 
one million changed in R6G concentration, the Raman signal changed by a factor of 
250. 
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Figure 5.16 Raman Signals were obtained from Au on epoxy substrate in contact with various 

Rhodamine 6G solutions from 1 mM to 1 nM. Over a factor of one million changed 
in R6G concentration, the Raman signal changed by a factor of 10. 
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Figure 5.17 Different topographies between Au on etched-stirred aluminum foil and Au on 
epoxy. 

5.8. Reflection and Transmission (Edge) 

In the subchapter 5.5, Au was on the aluminum foils. Figure 5.12 shows the Raman 
signal strength in reflection across the chamber for three different types of aluminum foil with 1 
mM Rhodamine 6G. The peak Raman signals are around both edges of the stage. 

In this subchapter, the aluminum foils were etched totally. Figure 5.18 shows the Raman 
spectra in transmission from Au across the chamber on etched and etched stirred aluminum 
patterned epoxy with Rhodamine 6G. For Au on etched- stirred aluminum patterned epoxy, 
Raman intensities at 1363 cm-1 Raman line are about 2000 at the edges of the sample and 1500 at 
the center. For Au on etched aluminum patterned epoxy, Raman intensities are about 2500 at the 
edge of the sample and 1500 at the center. The highest peaks are at 4 to 5 cm and -4 to -5 cm, 
which is the same result as in reflection. The Raman spectra near the center are relatively 
uniform for both samples. Au on etched and on etched stirred aluminum patterned epoxy are 
similar.  
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Figure 5.18 Raman spectra at 1363 cm-1 Raman line were obtained from Au nano metallic 

structures on 12 cm length etched and etched stirred aluminum patterned epoxy 
with 1mM R6G solution 

 

 

5.9 Application for biological specimen: chicken cartilage and bone 

Chicken cartilage and chicken bone were employed for the biological specimen 
measurement due to cost efficiency, availability, and easiness to acquire. The main information 
of the cartilage is tissue and synovial fluid which minimize and prevent the friction from the joint 
of hands, knees ,neck, and hip [84, 85]. A human with a damaged cartilage/joint disease will be 
diagnosed as osteoarthritis (OA), which can not be cured. Osteoarthritis may be caused by 
mechanical stress on a joint under two circumstances. 1. Uneven stress: Injury, obesity, and 
inherited factors [86, 87]. 2. Senescence: Degenerative cartilage with advancing age [87, 88]. 
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Raman spectra of chicken cartilage and bones were obtained under a 50x microscope objective 
(figure 5.19) have similar Raman spectra [89, 90] to human cartilage and bone (Osteoarthritis) 
[90, 91]. 

Figure 5.19 Raman spectrum of (a) chicken cartilage and (b) chicken bone under 50x 
microscope objective. 
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CHAPTER 6: SUMMARY, CONCLUSION AND FUTURE WORK 
6.1. Summary and Conclusion 

This research reports a new technique to obtain the nano-rough metallic surface for 
Surface Enhanced Raman Scattering (SERS) without costly lithographic steps. A series of 
fabrication methods of low cost, highly sensitive, reusable, and reproducible SERS substrates 
were characterized and demonstrated. Moreover, a series of Raman measurements from 
sputtered AuNIs on three different conditions of aluminum foil has been employed for two 
parts in this work. 1. SERS substrate in the conventional system (in vitro application), 
aluminum foil was acted as a base substrate. 2. SERS substrate in the transmission system (in 
vivo application), aluminum foils was acted as a nano patterned template on a transparent UV 
epoxy substrate.  

These fabrication processes of the SERS system are described in figure 6.1. RMS 
measurements of AFM images were employed to analyze the different conditions of bare 
aluminum foils. The results demonstrated that the back side of the aluminum foil was rougher 
than the front side of the aluminum foil. Base on the results described above, the back side of 
etched aluminum foil was used as a substrate in this research. In addition, The RMS height 
variations increased over on small distance but decreased over large distance after Aluminum 
foils were etched (table 4.2). Etched–stirred aluminum foils were found to be rougher than 
etched aluminum substrate, and etched aluminum foils were rougher than non-etched 
aluminum foils (figure 4.7). The SEM and AFM images were taken in order to resolve the 
effects of nano-gaps and sizes between Au nanoislands (AuNIs) under different conditions of 
aluminum foils. The nano-gaps and sizes of AuNIs were smaller on etched-stirred aluminum 
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foils than on etched aluminum foils, and were smaller on etched aluminum foils than on non 
etched aluminum foils. Table 4.6 shows the RMS from sputtered Au on etched-stirred was 
rougher than etched aluminum foil, and etched was rougher than non-etched aluminum foil. 
The Au sputtering procedure made the surface rougher from 12nm (the initial roughness of 
non etched aluminum foil) to 34nm (Au on etched stirred aluminum foil).  

Figure 6.1 The fabrication process of the SERS system. 
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The Au particle sizes, thicknesses, and structures on the aluminum substrate were 
assumed to be the same as Au structure on the wafer, because the wafer and aluminum foils 
substrate were processed simultaneously, so the Au deposition amount at each position should be 
the same. Au depositions (-7 to 7 cm) on the wafer across the chamber showed the Au 
thicknesses reducing toward the edge of the chamber. The comparison of Au thicknesses on the 
wafer with respect to the positions is shown on table 4.4.  

The Raman signal results matched the topography results on chapter 4. For the reflection 
view, the Raman signals from the back side of bare aluminum foils were higher than the front 
side of bare aluminum foil. Moreover, the Raman signals from back side of aluminum foils, 
aluminum pellets and shop grade aluminums were all more or less the same. Raman signals from 
the etched aluminum substrates were higher than non-etched aluminum substrate. We believe 
that etching process amplifies the Raman effect, because it cleans the surface of the aluminum 
and makes the surface rougher. The R6G Raman signal from Au on etched- stirred aluminum foil 
was higher than etched and non-etched aluminum foil. Moreover, a series of Raman 
measurements (- 7 cm to 7 cm) (figure 5.12 and 5.18) had been employed for two parts in this 
work. 1. SERS substrate in the conventional system (in vitro application). 2. SERS substrate in 
the transmission system (in vivo application). The highest Raman signal (reflection and 
transmission view) were generated around position 4~5 and -4~-5 cm (figure 5.12 and 5.18). 
Those highest Raman signal were caused by the deposition of angles, deposition of thicknesses, 
and pre etched times for aluminum substrates.  

With 20 nm sputtered Au on etched stirred aluminum foils increases the Raman signal by 
a factor of 40. A series of measurements in reflection from 1 nM to 1mM R6G is shown in figure 
5.15. Over a factor of one million change in R6G concentration, the Raman signal changed by a 
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factor of 250. A series of measurements in transmission from 1 nM to 1mM R6G is shown in 
figure 5.16. Over a factor of one million change in R6G concentration, the Raman signal 
changed by a factor of 10. This difference may result from different topographies between Au on 
etched-stirred aluminum foil (reflection view) and Au on epoxy, which also was discussed in 
figure 5.17. Moreover, the first step of biological Raman spectrum measurement for chicken 
cartilage and bones was demonstrated.  

6.2. Future Work 

The future work will be divided into four parts. 1. Develop other cost efficient SERS 
substrates. 2. Couple the probe head and articulated arm system. 3. Further performance for 
biological specimens under probe head and articulated arm system. 4. Reduce the diameter of 
the probe head. 

The fabrication steps of this SERS substrate can be transferred to other low cost 
deposition devices such as thermal evaporator, chemical vapor deposition, and electroplating. 
The SERS effect can be maximized by manipulating parameters such as different sputtering 
angles, sputtering positions, thicknesses, and pre-etching times. The challenges of developing 
other low cost SERS substrates are collecting higher signal intensity, obtaining more 
sensitivity.  

The probe head is an important part in our SERS measurement system. The first design of 
probe head (figure 6.2) has two parts: a threaded housing, and an aluminum head. The threaded 
housing contains a 2 mm internal diameter probe with a 5.2 mm length gradient-index lens 
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(GRIN) 2 mm in diameter, to which a transparent SERS substrate is attached. The aluminum 
head contains a small positive lens. The threaded housing accommodates the GRIN lens (π/2 
pitch with 5.2 mm length) and locks the aluminum head. The principle of GRIN lens is 
continuously changing refractive index. The GRIN lens focuses the intermediate image formed 
by the positive lens onto the metallic substrate. The GRIN lens was attached to probe by first A-
B epoxy. After the first A-B epoxy cured, the transparent SERS substrate was attached to the end 
of the gradient-index (GRIN) lens by second A-B epoxy which has similar index reflection as 
glass. The laser beam was focused on SERS substrate by adjusting the nut and thread. The 
challenges of developing the probe head are listed: A. Minimizing the diameter of probe head. B. 
Minimizing the thickness of epoxy between SERS substrate and GRIN. C.  Permanently attach 
the SERS substrate to the GRIN lens. D. Focus the laser light on the SERS substrate.  The SERS 
probe head finally is coupled to an articulated arm and performs specimen measurements [71].  

Figure 6.2 The photograph of the probe with light emitting through the rough gold surface. [71, 
92]. (COPYRIGHT) 
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The first evolution draft of the probe head had been demonstrated in this work. The 
diameters of the probe had been reduced from 2 mm probe size to 0.5 mm needle size. The 
evolution (figure 6.2) starts at assembling SERS substrate on 2 mm in diameter GRIN lens → on 
1mm GRIN lens → on fiber with 1 mm diameter needle → on fiber with 0.5 mm needle. A 5~7 
cm length of signal mode fiber (core 8~10.5 µm, cladding 125 µm and jacket 400 µm in 
diameter) was employed in this work [93]. The fabrication of fiber inside the needle was similar 
as the GRIN lens inside the probe. A 6~8cm length of fiber was inserted and epoxied inside the 
needles (1 or 0.5 mm diameter). Then, the SERS substrate was epoxied on the front end of the 
fiber. Moreover, the thickness of epoxy had been reduced from 380 to 30 μm by evenly 
distributed pressure. 

Figure 6.3 The diameter size evolution of the probe head design. (a) A 2 mm GRIN lens. (b) A 1 
mm GRIN lens. (c) A fiber in 1 mm needle. (d) A fiber in 0.5 mm needle (e) The 
laser output from 0.5 mm needle. 

Commercial fiber optic Raman spectrometer system has been developed. The probe head 
can be divided into two parts. 1. Optical collection through lenses at the tip of a probe head. 2. 
Two fibers for photon transmission following by the optical lenses. Typically, an emitted laser 
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from the excitation fiber is focused on the specimen by a small positive lens, and the scattering 
signal is collected by a collection fiber through the same or other small positive lens. Both ends 
of excitation and collection fibers are coupled to spectrometer [94, 95]. Unfortunately, two 
disadvantages occur: 1. this method generates strong background signal of glass fiber and blocks 
the Raman signal due to the long length of the fiber. 2. Two fiber and optical lens make the 
volume probe head invasive [94, 95]. However, with the SERS substrate on the tip of 5~7 cm 
one single fiber inside 0.5 mm needle in this work, it not only overcomes the two problems but 
also enhances the Raman signal.  

Final goal is to couple a 0.5 mm remote Raman probe head and a high transmission 
acritical arm system for clinical diagnosis to obtain spectra of cartilage and bone in clinical 
environment. Eventually, this system can demonstrate the ability to obtain signals from a 
patient simply sitting or lying near the SERS spectrometer in a clinical environment.  
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