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ABSTRACT 

Several optical sensors based on nanostructures for Salmonella detection have been 

developed by taking the advantage of the dynamic shadowing growth (DSG).  

Based on fluorescence detection principle and the advantage of high surface area of 

nanorods, heterostructured silicon/gold nanorod array fabricated by DSG was functionalized 

with anti-Salmonella antibodies and organic dye molecules, which produced an enhanced 

fluorescence upon capture and detection of Salmonella.      

To reduce the multiple functionalization steps, a simpler detection technique is explored 

on the basis of the localized surface plasmon resonance (LSPR) properties of Ag and Au 

nanoparticles (NPs). By using DSG technique, one can produce uniform Ag or Au NPs substrate 

with fine tunable LSPR wavelength. The sensor ability of Ag nanoparticles was demonstrated by 

detecting 10-10 M NeutrAvidin. Due to the better stability in aqueous solutions, Au nanoparticles 

were used as a LSPR sensor for the whole cell detection of Salmonella. The results showed a 

plasmon peak shift due to the Salmonella antigen and anti-Salmonella antibody binding. 

However, this shift was not sensitive to the concentration of the bacteria, which is due to the 



 

rigid structure of the bacteria. A theoretical model based on Mie theory and Effective Medium 

theory has been proposed for this detection.  

A more conventional method for bacteria detection is surface plasmon resonance (SPR) 

sensor. Ag nanorod mediated SPR sensor for sensitivity enhancement was first investigated 

using four-layer Fresnel equations and effective medium theory. Compared to the conventional 

thin metal film SPR configuration, the nanorod mediated SPR sensor presented a larger 

resonance angle shift and the sensitivity increased with increasing refractive index of the target 

analyte. The experimental results of Ag film and Ag nanorods/film fabricated by DSG in air and 

distilled water were analyzed by the theoretical results.   

In summary, the optical sensors, such as fluorescence immunosensor, LSPR sensor and 

SPR sensor, based on nanorods or NPs fabricated by DSG technique have shown promising 

results for bio-molecules and bacteria detection. Also, the unique properties of the nanostructures 

have great potential for further improvement. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Overview of current Salmonella detection methods 

Salmonella is a genus of rod-shaped, predominantly motile enterobacteria with diameters 

around 0.7 to 1.5 µm, lengths from 2 to 5 µm, as shown in Figure 1.1 This bacterium causes 

illnesses in humans and many animals, such as typhoid fever, paratyphoid fever, and the 

foodborne illness salmonellosis. Therefore, Salmonella contamination of food can cause big 

economic losses and most importantly be a threat to public health. Though various analytical 

methods have been developed to detect the Salmonella bacteria, the efficiency and the sensitivity 

of Salmonella detection still remains a challenging and crucial issue for food safety and security. 

The conventional microbiological technique, i.e. ISO method 6579 often requires up to 5-7 days 

to obtain a positive result. [1-5] These culture methods have been reported to show poor 

sensitivity for low-level contamination in samples.[6]  

 

Figure 1.1  Salmonella observed under the optical microscope (Olympus BX60, 100×). 
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Several rapid detection methods have been developed over the past few years. Based on 

the specific binding reaction that occurs between an antibody and the antigen, fluorescent-

antibody (FA) [7-11] and immunoassays including enzyme-linked immunosorbent assay 

(ELISA) [12-14] are widely used for Salmonella detection. The FA procedure is to label the anti-

Salmonella antibody with fluorescence dyes and detect the Salmonella by examining the 

fluorescent signals. ELISA becomes more popular and this method measures the interaction 

between antibody and antigen with the aid of an enzyme-substrate reaction.[15-18] These ELISA 

methods are considered highly sensitive, and provide specific and rapid screening of large 

number of samples for presence of Salmonella. Some research reported that the detection 

sensitivity of the ELISA was 105

Other methods that also provide accurate detection of Salmonella are based on the 

specific nucleic acid target sequence, such as the most popular technique, polymerase chain 

reaction (PCR).[19-21] PCR is based on isolating the bacteria and exponentially amplifying a 

DNA fragment or sequence of interest via enzymatic replication.[6, 22, 23] Among the PCR 

applications, Real-time PCR offers the advantage of semi-quantification of the bacterial DNA 

and no post-PCR handling of the sample thus reducing the risk of false-positive results.[4, 5, 24, 

25] However, the first step in the genetic method is usually lysis of the cells and followed by 

purification of the released nucleic acid, which needs professional technique and personnel.  

 CFU (colony-forming unit) of Salmonella spp. (= species ) per 

mi of culture.[14] Since the Salmonella numbers are usually low in the samples, the enrichment 

step, which takes hours, is usually necessary for immunoassays before the detection of pathogens. 

Biosensor development has shown great potential for rapid, real-time and high-

throughput detection of Salmonella bacteria. Among them, the commercially available surface 

plasmon resonance sensors for Salmonella detection have been conveniently studied. [26-28] 
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Electrochemical biosensor has also been listed as one of the fast and sensitive method for 

Salmonella detection. [29, 30] By measuring the resonance frequency shift, quartz crystal 

microbalance and piezoelectric material based biosensors have indicated the potential to directly 

detect Salmonella. [31-33] Other alternative ways for bacteria detection are to measure the 

change of pH value,[34] interference fringe,[35] fluorescence intensity,[36, 37] magnetoelastic 

resonance,[38] electrical property[39] and chemiluminescence[40] caused by the bacteria-related 

binding events. The drawback of these biosensors is that most of these apparatus are highly 

sophisticated and expensive. 

 

1.2 Overview of different optical sensors for Salmonella detection  

 An optical sensor is a device that measures an optical quantity, such as luminance, 

fluorescence, absorption, reflection and etc., from a detection process and converts it into a 

signal which can be read by an observer or by an instrument. Due to the unique physical or 

chemical properties of the nanostructures, the optical signal can be amplified and therefore the 

sensor sensitivity is enhanced. Recently, highly sensitive optical sensors based on nanostructures 

have shown great potential for pathogen detection. Among them, there are detections by 

luminescence using quantum dots,[41, 42] localized surface plasmon resonance of metallic 

nanoparticles,[43] enhanced fluorescence,[44] dye immobilized nanoparticle,[45, 46] or Raman 

reporter molecule immobilized metallic nanoparticles.[47] In this study, our target is to 

incorporate the nanostructures fabricated by dynamic shadowing growth into different optical 

sensors such as fluorescence immunosensor, surface plasmon resonance sensor and localized 

surface plasmon resonance sensor for Salmonella detection. To obtain a basic understanding of 

these sensors, their basic principles will be introduced in the following sections.  
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 1.2.1 Basics of fluorescence 

 Fluorescence is widely used in the field of optical sensor application. It will be very 

informative to discuss the physical principle of fluorescence and introduce the basic fluorescence 

based immunosensor for bacteria detection. 

  

1.2.1.1 Energy levels of molecules 

Fluorescence is a luminance process where the molecule in the singlet state emits a 

photon upon the absorption of the excited photon. This process is based on the understanding of 

the energy levels of molecules. As we know, electrons of molecules only can take discrete 

energy values, which are defined as different electronic energy levels. They can be complicated 

since the electrons are moving in the electric field of two or more nuclei. In the case of diatomic 

molecules, the energy difference between the electronic energy states is given by [48] 

2

2

~
md

Eelectronic
 ,      (1.1) 

where m is the mass of the electron, and d is the size of the molecule.  

Within each of these electronic states, there are various vibrational states caused by 

relative motion of the electrons and the nuclei. To know the vibrational energy states, we need to 

solve the Schrödinger equation. For the diatomic molecule, Morse potential function is popularly 

used for the potential term in Schrödinger equation [49]: 

2)]}(exp[1{ errADV −−−= ,     (1.2) 

where V is the potential, re is the equilibrium internuclear distance, D, called as electronic 

dissociation energy, and A are constants.  
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Morse potential curve 

C B A 

re 

 

 

En
er

gy

Internuclear Distance r 
 

Figure 1.2 Morse potential curve of the diatomic molecule. 
 

At a given vibrational energy level, due to the attractive force between the positive ion 

and the negative ion, the ions are moving towards each other. However, the repulsive forces 

between the two nuclei and between the electrons make the ions move apart. Therefore, the ions 

are vibrating along the axis of the molecule. Figure 1.2 shows a Morse potential curve of the 

diatomic molecule and the molecule vibrates between points A and B: at points A and B, the 

potential energy reaches maximum and the velocity is zero; at equilibrium position C, the 

velocity is maximum and the potential energy is zero. The energy Ev

22
2

)
2
1(

4
)

2
1( +−+= v

D
chvhE eev νν

 of the vibrational state can 

be solved as [49]: 

, v = 0, 1, 2, 3, …   (1.3) 

where 
µπ

ν k
e 2

1
=  is the vibrational frequency of the molecule, k is the force constant, μ is the 

reduced mass of the system, v is vibrational quantum number. In equation (1.3), the first term is 
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the vibrational energy of the harmonic oscillator, and the second term is an anharmonic term, 

which is treated as a perturbation in most cases.  

Besides the electronic and vibrational energy states, the molecules have rotational energy 

states, which is caused by the rotation of the whole molecule. Thus, the total energy of the 

molecule is: [48] 

rotationallvibrationaelectronictotal EEEE ++= ,    (1.4)   

and the energy gaps between the adjacent electronic, vibrational or rotational energy levels are:  

rotationallvibrationaelectronic EEE ∆=∆=∆ 42 1010 .    (1.5) 

The wavelength corresponding to quantum transitions between electronic energy states, 

vibrational energy states and rotational energy states is ultraviolet and visible region, infrared 

region and microwave region, respectively.  Compared to electronic and vibrational energy states, 

the spacing between rotational energy states is very small, therefore it is not concerned here.  

 

1.2.1.2 Absorption and emission 

 

Figure 1.3 Illustration of the potential energy curves of ground and excited states. 
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Absorption of light is a quantum transition process to excite electrons from the lower 

energy states to higher energy states. By visualizing the molecule as an oscillating dipole, the 

quantized energy of the light can be absorbed when the resonance between the oscillating dipole 

and electromagnetic light wave occurs. 

Figure 1.3 illustrates the potential energy curves of ground and excited states. These two 

energy wells are displaced from one another, reflecting the difference in the electronic structure 

of these states. Around the equilibrium position, since the potential curve of the molecule is 

similar to that of the harmonic oscillator, the eigen functions of the vibrational states can be 

analogous to the harmonic oscillations, as shown by the shaded area. Also, the shaded areas 

reflect the probability of where the electron would be if it were in that vibrational level. If the 

absorbed photon has more energy than needed for a simple electronic transition, the molecule 

jumps to one of the higher vibrational energy level in the excited state. Then usually the 

molecule will relax to the lowest vibrational energy level in the excited state, and lose some 

energy in the form of heat, due to that the energy spacing between the vibrational states is in the 

infrared wavelength region. After that, a photon may be emitted to make the molecule go back to 

the ground state. This process is called fluorescence. And the most favored transitions will be 

those in which the shaded areas of both the ground and excited states are a maximum, as shown 

in Figure 1.3. [50] 

To describe the absorption and emission processes more clearly, Jablonski diagram is 

used to illustrate the transitions between the energy states. A typical Jablonski diagram is shown 

in Figure 1.4. In the beginning, the molecule stays at the singlet ground state S0. When it absorbs 

(A) light energy, it is excited to an excited state Sn (n > 0). In about a picosecond or less, the 

molecule rapidly relaxes to the lowest vibrational energy level in the first excited state S1, which 
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is called internal conversion (IC). Because the transition between electronic states falls in the 

visible and ultraviolet wavelength region, the molecule emits a photon to go back to the ground 

state, and this process is called fluorescence (F) emission. Since the molecule loses some energy 

before it emits the fluorescence photon, the emission wavelength is larger than the excitation 

wavelength. Also, the molecule can go through some non-radiative relaxation to go back to the 

ground state, such as dissipation as heat, fluorescence quenching with a second molecule. 

Another way to relaxation is phosphorescence (P) emission: the electron undergoes a spin 

conversion into a triplet state Tn

 

 (n > 0), a process know as intersystem crossing (ISC), and then 

emit a photon to return to the ground state, though the probability of this kind of relaxation is 

low.  

Figure 1.4 Jablonski diagram. 
 

The relaxation from the higher vibrational state to the lower vibrational state in the 

excited state may be explained by the solvent effects.[50] As shown in Figure 1.5, the molecule, 

which has a given dipole moment with respect to the molecular axis, absorbs a photon and jumps 

from the ground state G to a higher vibrational energy level S1 in excited state. Upon excitation, 
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which occurs in approximately 10-15 sec, the excited solute molecule has a dipole moment which 

is oriented differently from that of the ground state G. After approximately 10-10 sec, the nearby 

solvent molecules rearrange themselves into the most favorable alignment with the excited solute 

dipole. This results in a loss of the excited state energy and the solute molecules jump to the 

lower excited state S1’. And then the solute molecule emits a photon and goes back to a 

vibrational energy level G’ in about 10-9

  

 sec. After the dipole moment rearrangement of the 

solvent molecules, the solute molecule returns to the original ground state G.  

Figure 1.5 Relaxation from higher vibrational state to lower vibrational state.  
 

1.2.1.3 Fluorescence based sensor 

Fluorescence has provided a number of sensor applications in biological science 

especially in immunoassays. [51-54] There are two ways to observe the signal from a 

fluorescence based sensor. One is fluorescence spectroscopy, where the fluorescence intensity 

will be recorded as a function of the wavelength. Another is fluorescence imaging, where the 

fluorescence image will be seen by examining the dominant color (wavelength).   

The most common process of fluorescence based immunosensor is illustrated as follows 

(Figure 1.6): (a) A fluorophore is attached to an antibody; (b) the fluorophore labeled antibody is 

G 
G’ 

S1 

S1’ 
 

Solute molecule 
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applied to the antigen; (c) the antigen bound with the antibody can be seen by the fluorescence 

upon the excitation.  

 

Figure 1.6 Process of a typical fluorescence based immunosensor 
 

The fluorophore is a functional group in a molecule, which absorbs energy of the 

excitation light with a specifc wavelength and emits fluorescence at a longer wavelength. 

Fluorescein-5-isothiocyanate (FITC) has been one of the most common fluorophores chemically 

attached to non-fluorescent molecules, while new generations of fluorophores such as the Alexa 

Fluors is generally more photostable, brighter and less pH-sensitive. Figure 1.7 shows the 

chemical structures of FITC and Alexa 488 dye. 

 

Figure 1.7 Structures of FITC and Alexa 488 dye. 

(a) (b) (c) 

Alexa 488 carboxylic acid, succinimidyl ester 
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As an example, the following fluorescence microscope image shows the Salmonella 

bacteria bound by FITC labeled anti-Salmonella antibodies, which make the elongated elliptical 

shape of the bacteria can be clearly seen (Figure 1.8).  

 

Figure 1.8 Fluorescence image of Salmonella bacteria bound by FITC labeled anti-Salmonella 
antibodies 
 

1.2.2 Surface plasmon resonance based biosensor  

As described above, the fluorescence based sensor is to observe the excited fluorescence 

signal by examining the reaction between the fluorophore labeled analyte and the target. As 

another popular optical sensor, surface plasmon resonance sensor is to directly observe the 

change of the reflection of the light when it interacts with the target. The sensor principle is 

discussed below. 

     

1.2.2.1 Bulk plasmon 

Metal is a lattice of positive ions surrounded by a sea of free electrons. Due to the ability 

of the electrons to move independently, they respond strongly to electromagnetic field and can 

perform a collective oscillation under certain condition. The plasmon is this collective excitation 

of the electron gas, a coherent oscillation of all of the electrons. The electrons oscillate back and 

forth at the plasma frequency, which is usually characterized as [55] 
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0

2

ε
ω

m
ne

p = ,       (1.6) 

where n is the conduction electron density, e is the elementary charge, m is the electron mass and 

ε0

 

 the permittivity of free space.  

1.2.2.2 Surface plasmon wave 

In the presence of a planar boundary between a metal and a dielectric, the plasmons are 

confined to the surface and called surface plasmons. As shown in Figure 1.9, under certain 

resonant conditions, the surface plasmons are excited and traveling along the interface (x 

direction). This charge density oscillation is called surface plasmon wave (SPW) and includes a 

longitudinal wave character, 

 

Figure 1.9 A surface plasmon wave is propagating along the interface between a metal and a 
dielectric.  
 

A lot of work has been done to verify that the SPW is the solutions of Maxwell’s 

equations as illustrated below with proper boundary conditions and constitute equations. [56, 57] 

As showing in Figure 1.10, a light beam incidents onto the interface between medium a (for 

example, air) and medium m (for example, metal), and the plane composed of the incident beam 

and refracted beam is defined as the incident plane. Since the s-polarized electric field of the 
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light (the oscillation direction of the electric field is perpendicular to the incident plane) is 

continuous at the interface, we only consider the p-polarized electric field of the light (the 

oscillation direction of the electric field is parallel to the incident plane). The wave vectors in the 

two media are: 

jj c
k εω

= , maj ,= ,     (1.7) 

2
2

2
2

xjjz k
c

k −= εω , maj ,= ,     (1.8) 

where ω is the angular frequency of the incident light, ε is the dielectric constant and c is speed 

of light. The x component of the wave vector kx

 

 is conserved due to the continuity of the 

tangential electric field.  

Figure 1.10 Illustration of a p-polarized light incident on an interface between medium a and 
medium m. 
 

The generation of a SPW can be described as: a beam of p-polarized light incidents onto 

an interface of two different media, and then only propagates along the direction of the interface; 

the tangential components of the electric field, magnetic field and wave vector are continuous. 

Therefore, the components of the electric field and the magnetic field of the SPW can be written 

as:    

medium a 

medium m 
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If we apply Maxwell’s equations 
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t
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∂
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

,       (1.14) 

we find  

mz

m

az

a

kk
εε

= .        (1.15) 

One should note that we start the derivation by examining an existed SPW and then obtain 

equation (1.15). In other word, to generate a SPW, the equation (1.15) must be fulfilled. Because 

the dielectric function of the metal has a negative real portion, whose magnitude is greater than 

that of the imaginary portion, the z components of the wave vectors in air and in metal should 

have opposite sign. Also, since SPW propagates along the interface and decays into both media, 

that the z component of the wave vector should be imaginary and ikjz

axaz c
kik εω

2

2
2 −−=

z (j = a, m) should be 

negative:  

, z < 0,      (1.16) 

mxmz c
kik εω

2

2
2 −= , z > 0.      (1.17) 

We may substitute expressions for kaz and kmz into equation (1.15), and obtain 
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Since εm am εε > is negative,  is required for a real kx mx c
k εω
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automatically positive, while 0)( 2
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ax
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ε

ω
<=

, which is 

equivalent to 

,       (1.19) 

where vSPW

am εε >

 is the phase velocity of SPW. This means the phase velocity of SPW should be less 

than that of plane waves in the medium a. In summary, the conditions for SPW excitation are 

 and equations (1.18) and (1.19). 

 

1.2.2.3 Generation of surface plasmon resonance 

To generate a SPW, it is easy to have am εε > , but efforts are needed to fulfill equation 

(1.19). If a light beam with an incident angle θ directly incident onto the interface, the velocity of 

points of fixed phase along the interface between media a and m is 
θε sina

c  , which is always 

larger than 
a

c
ε

. Therefore, the SPW can not be excited. 

We first look into the dispersion relation of the SPW. Drude model gives a simple 

dielectric function of the metal as: [58] 
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where η is the damping constant, and is related to the average time τ between collisions of the 

electrons with lattice vibration by η = 1/ τ.. For most metals, η is much less than the bulk 

plasmon frequency ωp

222

22

pa

paa
x c

k
ωωωε

ωεωεω
−+

−
=

 at room temperature. Hence, substituting equation (1.20) into (1.18) 

yields 

.      (1.21) 

Therefore we have the dispersion relation between ω and k

a

xxapa kckc
ε

εωε
ω

2
)( 22222
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x 

,     (1.22) 

where 
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Figure 1.11 The dispersion of the surface plasmon )15( eVp =ω  along the interface between 
medium a and medium m (solid line) and the dispersion of plane wave in medium a (dotted line).  

At short wavelength, the surface plasmon approaches asymptotically the frequency 
22
p

a

ω
ω =   

(dashed line).  
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In the case of the interface between air and metal, εa
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The solution with “plus” sign has been omitted by considering equation (1.19). Also, the 

dispersion relation for a plane wave in the medium a (εa
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We have presented the dispersion relation ωam - kx )15( eVp =ω in Figure 1.11 by a solid curve. 

The dotted line xa ck=1ω and the dashed line 
22
p

a

ω
ω =  are asymptotic tangents. 

Now let’s consider the dispersion relation ωpm - kx of the SPW along the interface 

between another dielectric medium with a larger dielectric constant εp (for example, a prism) 

than εa and the metal. The shape of ωpm - kx is similar with ωam - kx
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 though the asymptotic 

tangents are different. The dispersion relation for plane wave in the medium p is 
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where δ1, δ2 are positive real numbers.  
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Figure 1.12 Otto configuration for surface plasmon excitation. 
 

Otto firstly proposed a three layer structure composed of prism-air-metal to excite SPW, 

as shown in Figure 1.12. [59] If a p-polarized light beam incidents from medium p onto the 

surface of medium a, at some critical angle, the total reflection will occur due to εp >  εa

γεθε sinsin ap =

. 

According to Snell’s law, 

,      (1.29) 

where γ is the refracted angle, the critical angle 
p

a
c ε

εθ 1sin−= .  If the incident angle θ is larger 

than the critical angle θc

1sinsinsin =>= c
a

p

a

p θ
ε
ε

θ
ε
ε

γ

, we have 

,     (1.30) 

which results that cos γ is imaginary. Also, the z component of the wave vector 

 γεω cosppz c
k =        (1.31) 

becomes imaginary. As a result, the refracted wave propagates only parallel to the surface and is 

attenuated exponentially beyond the interface. This evanescent wave will be able to be resonant 

with the SPW at the air-metal interface if the conditions (1.18) and (1.19) can be fulfilled. 
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The velocity of points of fixed phase along the prism-air interface is 

θε
ω

sinpx

pa
pa

c
k

v == ,      (1.32) 
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Figure 1.13 Curves ωam - kx and ωpm - kx are dispersions of surface plasmon along the interface 
between air and metal and between prism and metal, respectively. Lines ωa1 - kx and ωp1 - kx are 
the dispersions of plane waves in air and prism, respectively. Line ωpa - kx

 

 is dispersion of the 
evanescent wave in air with an incident angle θ.  

which is plotted together with the dispersion relations ωam - kx and ωpm - kx

1sin << θ
ε
ε

p

a

, as shown in Figure 

1.13. It can be seen that when , which is consistent with the excitation condition 

for the evanescent wave along the prism-air interface, the line ωpa - kx is between the dispersion 

lines ωa1 - kx and ωp1 - kx. So far, the equation (1.19) is satisfied. The cross point between ωpa - 

kx and ωam - kx means the resonance between the evanescent wave and the SPW at the air-metal 

interface, and the corresponding kx will fulfill equation (1.18).  
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1.2.2.4 Principle of surface plasmon resonance based sensor 

Since the thickness of air in Otto’s model is hard to control, Kretschmann and Raether 

demonstrated another three layer structure composed of prism-metal-air, provided that the metal 

is thin enough to allow the evanescent wave to penetrate to the other side. This configuration is 

shown in Figure 1.14.  

 

Figure 1.14 Kretschmann configuration for surface plasmon excitation. 
 

We have successfully excited the SPW along the interface between the metal and the air 

either in Otto’s configuration and the Kretschmann’s configuration by producing a cross point 

between dispersion relation lines ωpa - kx and ωam - kx. The corresponding kx

θεω sinpx c
k =

 means the 

resonance between the evanescent wave and the SPW at the interface. It is easy to write   

,       (1.33) 

therefore the SPR condition becomes 
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The total reflectance from the three layer structure will be recorded, and a dip will be 

observed when SPR occurs since the energy of the incident light has been transferred to SPW. 
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There are two ways to manipulate the SPR configuration:  angular interrogation is to fix the 

wavelength of the incident light thus fix the angular frequency ω, the dip will be found by 

scanning a range of incident angles and the angle corresponding to the dip position is called 

resonance angle θSPR; wavelength interrogation is to fix the incident angle and change the 

incident wavelength until the equation (1.18) is satisfied; and the wavelength corresponding to 

the dip position is called resonance wavelength λSPR. In either way, when the air is replaced by a 

sensing layer, which means the dielectric constant of the surrounding medium εa is changed, θSPR 

or λSPR
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Figure 1.15 Typical SPR reflectance curves by (a) angular interrogation at a fixed wavelength 
(632.8 nm) and (b) wavelength interrogation at a fixed incident angle (50°).  

 

Figure 1.15(a) shows typical SPR reflectance curves at a fixed wavelength 632.8 nm. The 

incident angle is scanned, and the SPR angle θSPR shifts from 43° to 49° when the dielectric 

constant of the surrounding medium εa is changed from 1 to 1.21. If the incident angle is fixed at 

50°, the wavelength can be scanned, and the SPR wavelength λSPR shifts from 352 nm to 547 nm 

when the dielectric constant of the surrounding medium εa

(a) 

 is changed from 1 to 1.21, as shown 

in Figure 1.15(b). Therefore, the binding events between the biomolecules on the metal surface 

(b) 
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can be monitored by measuring the shift of θSPR or λSPR

SPR sensors have been widely used in the detection of proteins,[60, 61] DNA,[62-64] 

antibody[65] and toxins.[66-68] In the field of bacteria detection, SPR sensors have been applied 

for  E. coli detection[69] and Salmonella detection. [26-28] Tremendous interest has been 

attracted on the sensitivity enhancement of SPR sensors. By optimizing the properties of the 

metal film and those of the prism, the light launching conditions, and the immobilization 

efficiency of the biocapturing elements on the sensor surface, efforts have been made by use of 

fibre optic sensor, [70-72] change of prism material, [73, 74] double layers such as gold-silver 

[71, 75] and Indium Tin Oxide (ITO)-silver, [76] and biochemical arrays. [65]  

, which is the principle of the SPR based 

sensor.  

In recent years, localized surface plasmon (LSP), i.e. electrons collectively oscillating in 

the metal nanostructures, have drawn intensive attention for SPR signal amplification. [77-87] 

These LSPs allow strong optical coupling of incidence light into resonance and the momentum 

matching is usually achieved at higher momentum than bulk SPs modes. Based on this 

knowledge, modified SPR sensing systems, such as metallic nanoparticles conjugated with target 

analytes [80, 82] or used as local resonators, [87] two-dimensional nanohole array SPR sensor, 

[83] and metallic nanowires regularly patterned on a metal film, where LSPs inside the 

nanowires strongly interact with SPs inside the metal film, [77-79, 81, 84-86, 88] have been 

proposed theoretically and experimentally. These studies show that interactions between LSPs, 

SPs, and the analytes on the nanostructures can lead to various properties such as narrow SPR 

curve width or additional shift of resonance angle.   

 

1.2.3 Localized Surface Plasmon Resonance based biosensor 
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 We have discussed that the collective oscillation of the surface plasmon propagating 

along the interface between the metal and the dielectric has different response to the different 

dielectric. When the planar surface shrinks to a spherical surface within 100 nm, the collective 

oscillation of electrons will be confined in the sphere, and their response to different dielectric 

also can be used as a transducer for an optical sensor.  

    

1.2.3.1 Localized surface plasmon resonance 

As the size of a metal structure is within 100 nm, the movement of electrons through the 

internal metal framework becomes restricted. This confined plasmon is the localized surface 

plasmon. In the visible light range, the wavelength is larger than the size of the metal 

nanoparticle, the electron density in the particle can be polarized to one surface and oscillates in 

resonance with the light’s frequency as the wave front of the light passes, as shown in Figure 

1.16(a). This is called localized surface plasmon resonance. Because the frequency of the light 

matches with the collective oscillations of the confined electrons, the energy of the incident 

photons will be absorbed, corresponding to a peak in the absorbance spectrum (Figure 1.16(b)). 

The absorbance peak is called as the plasmon peak and the corresponding wavelength is called as 

the plasmon peak wavelength λp

For a sufficiently small system, the electrons will sense the presence of the boundaries 

and modify their collective oscillation accordingly. As the shape or size of the nanoparticle 

changes, the surface geometry changes and causes a shift in the electric field density on the 

surface. Also, changing the dielectric constant of the surrounding material will have an effect on 

the oscillation frequency due to the varying ability of the surface to accommodate electron 

charge density from the nanoparticles. These will cause a change in the oscillation frequency of 

.  
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the electrons, generating different cross-sections for the optical properties including absorption 

and scattering. 

 

Figure 1.16 (a) Illustration of localized surface plasmon resonance. (b) A typical absorption 
spectrum of Ag nanoparticles.  

 

1.2.3.2 Principle of localized surface plasmon resonance sensor 

As described above, if the particle has a certain shape and size, the change of its 

absorption and scattering reflects the change of the surrounding medium. There have been 

solutions for the scattering and absorption properties of small particles in a beam of 

electromagnetic radiation. Mie originally calculated these properties by solving Maxwell’s 

equations for small spheres interacting with an electromagnetic field. The derivation is outlined 

in the Appendix.[58] According to Mie’s theory, for a metal sphere with a diameter a, its 

absorption efficiency is  
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scale, its dielectric function will be different from that of the bulk material and can be calculated 

by the following equations [89]: 

electronsfreeelectronsbound −− += εεε1 ,     (1.37) 

dx
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where Qbulk ggE ω= is the coefficient for bound electron contribution,  is the gap energy, EF is 

the Fermi energy, γb is the damping constant for bound electrons, γbulk is the damping constant 

for free electrons, ωp is the bulk plasmon frequency, S is the scattering constant and νF

The absorption Q

 is the 

electron velocity at the Fermi surface. The values of all the parameters can be found in Lucia B 

Scaffardi’s work. [89] 

abs depends on the composition (ε1), size (a), and shape (boundary 

conditions) of particles. More interesting, it will be influenced by the surrounding medium. 

When the surrounding medium around the Au NPs is changed (Figure 1.17 (a)), such as the 

analyte binding, the dielectric constant ε near Au surface is changed and therefore the plasmon 

peak wavelength λp will shift, as shown in Figure 1.17 (b). This is the basic principle of a LSPR 

sensor.   
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Figure 1.17 (a) Illustration of the change of surrounding dielectric around the Au NPs. (b) The 
shift of absorbance spectra of Au NPs from ε = 1 to ε = 1.21.  
 

1.2.3.3 Overview of present localized surface plasmon resonance sensor 

Recently, the LSPR property of the metal nanostructures has been intensively studied and 

broadly applied in various fields. Since the surrounding dielectric environment of the metal 

structure has a significant influence on the plasmon peak wavelength, the LSPR sensing process 

can be accomplished by observing the plasmon peak shift due to the binding of an analyte to the 

metal surface. With the advance in a simple optical setup, many kinds of sensors based on LSPR 

have been developed and applied in the detection of heavy metal ion,[90] toxin,[91] protein,[92] 

glucose,[93] nucleic acids,[94] biotin-strptavidin[95] and antigen-antibody[96, 97] reactions. 

Besides the sensor applications, LSPR properties of silver and gold nanoparticles have been used 

for surface enhanced vibrational spectroscopy, [98-101]  and other important optical applications 

such as non-linear optics, photoluminescence and photonic devices. [102-105]  

One of the important factors affecting these applications is the metal NPs fabrication. For 

sensor application, the uniform NPs substrate is able to produce a narrow width of the 
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absorbance spectrum and therefore enhance the sensitivity. For some other different applications, 

they may require different plasmon peak wavelength λp

 Therefore, a great amount of effort has been devoted to the fabrication of tunable LSPR 

metallic nanostructures. For nanoparticle fabrication, reduction methods are widely accepted as 

practical and versatile approaches. [102, 108, 109] However, many of the applications require 

the nanoparticles to be supported on a substrate. Thus the nanoparticles produced by this 

traditional approach need to be immobilized onto a substrate uniformly. This immobilization step 

presents a great challenge for practical applications. To overcome this difficulty, many other 

fabrication methods that directly fabricate nanoparticles onto a substrate have been proposed. In 

particular, lithography methods such as nanosphere lithography (NSL) [110-112] and electron 

beam lithography (EBL) [113] provide an accurate way to control the size, shape and spacing of 

the surface-confined nanoarrays. Nevertheless, NSL is limited in terms of structures and 

topographies generated, whereas EBL is time-consuming, expensive, and not applicable in large-

scale production. In addition, in order to achieve the goal of tuning the LSPR, one could also 

coat nanoparticles with transparent oxide to change the dielectric environment. [102, 109, 111, 

114] Another economical and direct fabrication method to produce uniformly coated 

nanoparticle substrate is physical vapor depositions, such as thermal evaporation[115] and 

sputtering[116]. The dependence of localized surface plasmon resonance wavelength on the 

 and absorbance peak properties. Thus, 

the ability to tune the LSPR property of silver or gold NPs has great significance in those 

technological applications. For example, the use of the tunable LSPR can increase the third-order 

nonlinear optical coefficient of the silver nanoparticles by a factor of 16. [106] By tuning the 

LSPR wavelength to be close to the excitation wavelength of the laser, the optimum substrate for 

surface plasmon-assisted enhanced spectroscopy has been demonstrated. [107]  
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deposition parameters substrate temperature, deposition rate, and film thickness for silver and 

gold films was explored quantitatively, though the optical properties of these films have not been 

discussed in detail. [115] As a result, a simple and low-cost method to produce the uniform and 

tunable metal NPs for the detection of molecular or bacteria interactions is desirable. 

 

1.3 Dynamic shadowing growth 

Dynamic shadowing growth (DSG) technique has evolved from the so-called oblique 

angle deposition (OAD) and glancing angle deposition (GLAD). OAD is a physical vapor 

deposition process where the collimated deposition flux is incident onto a substrate with a large 

angle θ (typically greater than 75°) with respect to the surface normal (Figure 1.18(a)). 

 

Figure 1.18 (a) A schematic of oblique angle deposition setup. (b) and (c) Shadowing effect. 
 
 

Geometrical shadowing effect and surface diffusion are the dominant OAD mechanisms 

[5,6]. As shown in Figure 1.18(b), at the beginning of the deposition, there are random nuclei 

formed on the substrate. The adatom mobility characteristic of the material and deposition 

conditions will determine the size of the isolated nuclei: deposition with high adatom mobility 

 θ 
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materials creates larger diameter nuclei than deposition with low adatom mobility materials. 

Since the deposition flux is not incident onto the substrate perpendicularly, the vapor flux can be 

decomposed into two components: a vertical component F┴, which is normal to the substrate, 

and a lateral component FII

As deposition proceeds (Figure 1.18(c)), the taller islands will act as the shadowing 

centers and block the lateral component so as that the shorter ones will not receive more 

impinging atoms. Since the adatom mobility is too low for surface diffusion, the voids produced 

by shadowing effects cannot be filled. When the adatoms land on the top of the taller islands, 

they keep part of their momentum component parallel to the substrate and diffuse in the direction 

toward the substrate normal. Consequently, this competition process and the lack of significant 

surface or bulk diffusion will leave the taller islands grow into tilted nanocolumnars.  

, which is parallel to the substrate and contributes to the shadowing 

effect. The substrate will receive the vapor flux from both of the components. Clearly, due to the 

highly oblique angle, the vertical component is very small and the main growth source comes 

from the lateral component.  

Figure 1.19 (a)-(b) show the scanning electron microscope (SEM) images of the top view 

and cross-sectional view of the tilted Si nanorods with 2000 nm normal film thickness in the 

normal direction deposited in a customer-designed e-beam evaporation system. During the 

deposition, the vapor incident angle was fixed at 86° and the deposition rate was monitored to be 

around 0.4 nm/s. In general, it is accepted that there is a fixed relationship between incident flux 

angle θ and column tilting angle α for a given set of deposition conditions, but it is complex and 

poorly understood. The empirical ‘‘tangent rule’’ θα tan)2/1(tan =  [117] is a simple 

relationship based on near normal deposition but gives very poor results for θ greater than about 

50°. A relationship by Tait et al.[118] based on geometrical analysis 
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]2/)cos1arcsin[( θθα −−=  gives much better results for highly oblique angles. While these 

relationships give some qualitative predictions of column angle α, it is affected by the physical 

properties of the source material and the deposition parameter such as substrate and film 

temperature, angular distribution of the deposition flux, background gas pressure and 

composition, and flux energetics. The density of the nanocolumns decreases with the deposition 

angle and the materials with low bulk melting temperatures tend to produce more dense films. 

 

Figure 1.19 SEM images of (a)-(b) the tilted Si nanocolumns and (c)-(d) the straight Si 
nanocolumns. 

 

Since the growth principle of OAD is closely related with the collimation of the incident 

evaporation flux, we will employ the electron beam evaporation and the thermal evaporation as 

the deposition techniques. To collimate the incident flux, a large distance of roughly 40 cm is 

(a) (b) 

(c) (d) 

α 
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used. The general experimental conditions are the following: the experiments are performed in a 

high vacuum chamber with a background pressure of 1×10-6

Glancing angle deposition (GLAD) is the combination of OAD with substrate 

manipulation, and can be used as a novel approach to control the three dimensional film 

structures on the nanometer scale. By moving the substrate in a controlled way during the 

deposition, such as rotation azimuthally at a fixed incident angle, rotation back and forth by 

changing the incident angle, and rotation azimuthally and polarly simultaneously, the shape of 

the columns can be accurately tailored on a nanometer scale. The substrate will be manipulated 

by two stepper motors inside the vacuum chamber with custom computer software and 

electronics. One controls the incident angle θ and another is responsible for the azimuthal 

rotation of the substrate.  

 Torr, and the nominal thickness is 

recorded by a quartz crystal microbalance which is perpendicular to the direction of the incident 

vapor. 

     By fixing the incident angle and continuously rotating the substrate azimuthally with a 

suitable constant speed, the vertically aligned nanocolumns can be formed. During the rotation, 

the taller islands have an equal chance to receive the same amount of the lateral component FII 

from all the directions. After a complete revolution, the total FII is zero due to the cancellation of 

FII at opposite directions, which means there is no preferred orientation of the nanocolumns. 

Eventually perpendicular and aligned columns with respect to the substrate surface are formed.  

Figure 1.19 (c)-(d) shows the SEM top view and cross section of the straight Si nanorods with 

2000 nm normal film thickness in the normal direction. During the deposition, the vapor incident 

angle was fixed at 86°, the deposition rate was monitored to be around 0.4 nm/s and the substrate 

azimuthal rotation speed was 0.25 Hz. Other factors affecting the nanostructures are the 
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deposition rate, rotation speed and material specific parameters such as surface diffusion and 

crystal plane effects.  

Through computer controlled substrate rotation, the nanocolumns can be engineered into 

a variety of unique shapes [119-123]. When the direction of arrival of the vapour flux is varied 

during deposition, the growth of individual columns will ‘‘follow’’ the position of the source and 

the desired nanostructure can be formed. By changing the incident angle, the nanocolumns with 

C shape and S shape, can be obtained [124]. With the change of only the azimuthal rotation of 

the substrate, zigzag shape, flower-like, helical columns and multilayer nanocolumns with 

different geometries can be achieved [121, 123]. By combining the change of the incident angle 

and the azimuthal rotation, sinusoidal modulated nanoculumns or honeycomb-like nanocolumns 

can be formed [125]. So far, most nanostructures fabricated by DSG were made of only one 

particular material, such as Si, Co, W, Ta, Cr, MgF2, TiO2, and SiO2

 

 [126-129]. The use of 

multiple materials within a single DSG nanostructure is also explored [130-133]. 
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CHAPTER 2  

 

AU/SI HETERO-NANOROD-BASED SENSOR FOR SALMONELLA DETECTION 

 

2.1 Introduction 

We have introduced the basic fluorescence based immunoassays in chapter 1. Obviously, 

the sensitivity depends on the number of the targets. If there are only few targets, methods need 

to be investigated to improve the fluorescence signal. In this chapter, we show that Au/Si 

“matchstick” nanorods used as a scaffold can be functionalized with anti-Salmonella antibodies 

and fluorescence dye (Alexa 488) to rapidly and sensitively detect Salmonella. We believe that 

this hetero-nanostructure not only can solve the difficulty that the recognition molecules and 

signaling molecules are immobilized onto single component nanostructures simultaneously, but 

also the Si nanorods with high surface-to-volume ratio can accommodate thousands of 

fluorescence molecules, and therefore improve the detection sensitivity.  

 

2.2 Experimental Methods 

Silicon wafers (Montco Silicon Technologies, INC.) were used as a substrate for the 

silicon (Si) nanorods growth. Gold (Au) target for SPI-MODULE™ Sputter Coater was 

purchased from SPI supplies (Structure Probe, Inc.). Fluorescent dye, Alexa Fluor® 488 

carboxylic acid succinimidyl ester was purchased from Invitrogen (Carlsbad, California). 
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Unlabeled anti-Salmonella and killed Salmonella (Salmonella typhimurium strain) were 

obtained from Kirkegaard & Perry Laboratories, Inc. (KPL, Gaithersburg, Maryland). 3-

Aminopropyltriethoxysilane (APTES) and Dithiobis-succinimidyl propionate (DSP) were from 

Sigma-Aldrich (St. Louis, MO) and Pierce Chemical (Rockford, IL), respectively. 

 

Figure 2.1 Process flow for the Salmonella detection by bio-functionalized Au/Si nanorods. (a) 
Au/Si nanorods fabrication; (b) Dye immobilization onto Si nanorod; (c) Antibody conjugation 
onto Au tip; (d) Salmonella detection via the antibody-antigen reaction. 
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Au/Si hetero-structured nanorod-based Salmonella detection is facilitated by the 

enhanced fluorescence signal elicited during the binding of Salmonella to the anti-Salmonella 

antibodies conjugated to the nanorods. The method is illustrated in Figure 2.1. The vertically-

aligned Si nanorods are fabricated on the Si substrate and the subsequent oxidation process 

provides the hydroxyl groups on the nanorod surfaces. Then, a thin layer of Au is sputter-coated 

onto the nanorods (Figure 2.1(a)). Using APTES, the silica surface is silanized with amine 

groups, which form the peptide bond with the amine-reactive carboxylic groups in the Alexa 

488-succinimide dye (Figure 2.1(b)). To immobilize antibodies onto the nanorods, a DSP 

crosslinker will chemisorb to the Au surface by breaking the disulfide bond and conjugation of 

anti-Salmonella antibody to Au is achieved by releasing of the N-hydroxysuccinimide leaving 

groups via the primary amines (Figure 2.1(c)). For detection, Salmonella can be fixed, reacted 

with the functionalized hetero-structured nanorods, and detected through signaling mediated by 

multiple Alexa 488 dye molecules bound on the Si nanorods, generate an intense fluorescence 

signals providing detection of the bound Salmonella (Figure 2.1(d)). 

In this chapter, Si nanorods with a nominal thickness of 2000 nm were fabricated by 

GLAD method. During the deposition, the incident angle was fixed at 86°; the deposition rate 

was 0.4nm/s and the azimuthal substrate rotation speed is 0.05-0.25 Hz.   

To oxidize the Si surface, Si nanorods were treated by SPI Plasma-Prep™ II Plasma 

Etcher (SPI supplies) with pure oxygen for 10 minutes. Following this, a thin layer of Au was 

sputtered onto the top of the Si nanorods by SPI-MODULE™ Sputter Coater system (SPI 

supplies). In this Coater chamber, the substrate of the Si nanorods was placed facing down to the 

Au target at a distance of 4 cm. The Au thickness was approximately monitored by the coating 

time.  
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After Au coating, 2% APTES in acetone, the coupling agent, was annealed to the 

hydroxyl groups on the oxidized Si nanorods (45˚C, overnight).  The excess reagent was 

separated from the Si nanorods by washing three times with acetone. Alexa488-succinimide ester 

was applied to the APTES/Si nanorods at room temperature for 1 hour and then transferred to 

4°C overnight.  The dye ester attached to the Si nanorods via the primary amine supplied by the 

APTES and excess dye was washed off by DI water. The Alexa488 dye immobilized on the Au-

coated Si nanorods (DNRs, Au/Si nanorod/Alexa488) were air dried and dispersed in acetone 

using BRANSON MODEL 2510 ultrasonic cleaner (Kell-Strom, Wethersfield, CT). The 

sonication time was 1-2 hours. After sonication, the original substrate had a shining silicon 

surface looking. Approximately 80-90% nanorods came off from the surface and dispersed in the 

acetone uniformly by estimating the shining surface area of Si substrate before and after 

sonication.   

The DNRs were centrifuged (Centronix microcentrifuge, National Labnet Co.) to the 

bottom of the glass vial. Then the supernatant was removed, and the DNRs were air dried. A 5 

mg/ml solution of DSP in acetone was added to the DNRs and incubated for 30 minutes at room 

temperature.  The DNRs/acetone suspension was centrifuged and the supernatant removed. Fresh 

acetone was added, and the DNRs were re-suspended by vortexing. By repeating this process, 

the DNRs were washed using acetone at least three times. Following the last wash, 100 μg/ml 

anti-Salmonella in Phosphate Buffered Saline buffer (FA Buffer, pH 7.2, for use with fluorescent 

antibody reagents, BD, Franklin Lakes, NJ) was added to the dried DNRs, and the DNRs were 

re-suspended in FA buffer by sonication. After 2 hours incubation at room temperature, the 

DNRs were transferred to the refrigerator for overnight. The anti-Salmonella-DNRs were then 

washed with FA buffer by centrifuge for several times to remove unbound anti-Salmonella 
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antibody. The final concentration of the anti-Salmonella-DNRs suspension was estimated to be ~ 

3.6×109

The microscope slides (Gold Seal, Portsmouth, NH) were cleaned using Piranah solution 

(one part Hydrogen Peroxide and four part Sulfuric acid) and rinsed with DI water. The slides 

were dried in nitrogen and prepared for use. A 2 μl suspension of 10

 nanorods/ml.  

9 cfu/ml Salmonella bacterial 

(2 × 106

The DNR suspension was used as the negative control. In this case, both the anti-

Salmonella-DNR suspension and the DNR suspension (50 μl) were applied onto the fixed 

bacteria for two hours under room temperature. The slides were maintained in a humidified 

atmosphere to avoid the suspensions from drying out during the incubation. After the incubation, 

the slides were washed by 0.05% Tween/FA buffer three times and once with DI water.   

 bacteria in total) was loaded onto the cleaned microscope slide and allowed to air dry. 

To fix the Salmonella antigen, the slide was placed in 95% ethanol for 1 min, removed, and 

allowed to air dry.  

 

2.3 Results and Discussion  

 

2.3.1 Au/Si nanorods fabrication 

The SEM images (Figure 1.19(c)-(d)) show the top-view and cross-section images of the 

Si nanorods deposited as a 2000 nm normal film thickness on the substrate. The nanorods have a 

needle shape, and by estimation, the top diameter, the bottom diameter, and the length of the 

nanorod were 150 nm, 60 nm and 900 nm, respectively. The density of Si nanorods was 

estimated to be 20 μm-2. The high aspect ratio of the nanorods can accommodate more dye 

http://en.wikipedia.org/wiki/Scanning_electron_microscope�
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molecules than the flat surface. By assuming that the Si nanorod takes a cylindrical shape, we 

calculate the surface area ratio of the nanorod surface to the flat surface is 9.48.  

A gold layer with a thickness of 5 nm was sputtered on the Si nanorods. As shown in the 

transmission electron microscopy (TEM) image (Figure 2.2(a)), the black areas are indicative of 

gold coating on the Si nanorods. Most of the gold was distributed on the top of the Si nanorod, 

however some gold clusters were deposited on the side wall of the Si nanorod, giving the 

appearance of a “match stick”. Using TEM, the gold particle size was estimated as 1 to 3 nm. 

Since the sputtering method used is based on argon plasma, and the directionality of the incident 

vapor has a wide angular distribution, the side wall Au deposition is expected. If the electron 

beam or thermal evaporation is used for Au deposition, the side wall coating will be much less. 

 

Figure 2.2 (a) Typical TEM image of Au/Si nanorod. (b) Au distribution on the Si nanorods with 
different thickness of Au sputtering.   

 

An analysis of Au distribution on the Si nanorods with different thickness of Au 

sputtering was performed. A number of TEM images were taken and each image was processed 

by Image Tool which will only keep the black part and turn other part as white color. By means 

of Matlab 6.5, each pixel with black color will be counted as 1 and otherwise 0. As shown in 
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Figure 2.2(b), 7.5 nm and 15 nm Au coating will cover almost the entire surface of the Si 

nanorods, while 2.5 nm and 5 nm Au coating can leave bare Si surface for fluorescence dye 

molecules.  

 

2.3.2 Fluorescence dye molecules immobilization 

 
 

Figure 2.3 Fluorescence scans for Alexa 488 dye immobilization on silicon surface (532nm 
excitation / 526nm short pass emission filter). (a) Si film/Alexa 488; (b) Si nanorods; (c) Si 
nanorods/Alexa 488; (d) Au/Si nanorods/Alexa 488.  

 

To examine the dye Alexa 488 immobilization on Si surface, four pieces were scanned by 

a fluorescence scanner (Typhoon Imager, Amersham): Si film/Alexa 488, Si nanorods, Si 

nanorods/Alexa 488 and Au/Si nanorods/Alexa 488, as shown in Figure 2.3. The fluorescence 

intensity ratio of the Si nanorods to that of the flat Si film is 9.45, which is consistent with the 

surface area ratio of these two surfaces, 9.48, estimated from the SEM images. After Au coating, 

the fluorescence intensity ratio of the nanorods to that of the flat Si surface reduces to 3.80, this 

is because the Au has covered part of the Si nanorods. If Au deposition can be improved by 

electron beam or thermal evaporation, there will be more space for dye molecules. 

 

(c) (a) 
 

(b) 
(d) 
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Besides Alexa 488, other fluorescence dyes also can be immobilized onto Si nanorods 

such as fluorescein-5-isothiocyanate (FITC). The procedure is as follows: 19.2 mg EDC and 11.2 

mg Sulfo/NHS was dissolved in 400 μl DI water and then mixed with 8 mg FITC which has been 

dissolved in 100 μl DMSO. The mixture was magnetically stirred for 30 minutes and dropped 

onto APTES-treated Au/Si nanorods (250 μl for the entire surface). The chip was left under room 

temperature for one hour and then transferred at 4°C overnight.  
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Figure 2.4 UV-Vis spectrum of Si nanorods (square) and Au/Si nanorods before and after the 
fluorescein-5-isothiocyanate (FITC) dye immobilization (dot and triangle).  

 

After rinsed by DI water and dried by nitrogen, the Au/Si nanorods/FITC was measured 

with the absorption spectrum and shown in Figure 2.4. Also, a piece of Si nanorods and a piece 

of Au/Si nanorods were measured under the same conditions. The peaks around 280 nm, 520 nm 

and 480 nm are corresponding to Si, Au and FITC, respectively. The absorption spectra indicate 

the gold has been coated to the Si nanorods and the dye has been conjugated to the silica surface 

of the nanorods successfully. 

In the process of dye immobilization, the Alexa 488-succinimide dye bound the amine 

group provided by APTES on the Si nanorods. To evaluate the effect of the immobilization, a 10 
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μl drop of Au-Si nanorods-Alexa488 suspension was sandwiched between the microscope slide 

and a cover slide and observed on fluorescence microscope (Olympus BX60). The fluorescent 

image of the DNR was observed under the 488 nm excitation and 100× objective as shown in 

Figure 2.5(a). The results show strong green fluorescence emitted from the nanorods 

demonstrating that the Alexa488 was successfully immobilized onto the Si nanorods. 

 

Figure 2.5 (a) Fluorescence image of Au/Si nanorods/Alexa488 (DNRs). (b) Salmonella 
observed under the optical microscope. 
 

2.3.3 Salmonella detection by anti-Salmonella-DNR 

To evaluate the efficacy of the hetero-nanostructured biosensor for detection of 

Salmonella, a 2 μl suspension of 109cfu/ml Salmonella bacterial (2 × 106 bacteria in total) was 

fixed onto the detection slides,  incubated with the anti-Salmonella-DNR suspension and the 

DNR suspension, and washed as described in the Methods. Before the incubation, the Salmonella 

were observed by microscopy (Figure 2.5(b)) and they appeared as grey, thick elongated 

particles. After the washes, the slides were transferred to the fluorescence microscope. Figure 2.6 

showed the fluorescence images taken from anti-Salmonella-DNR treated slide and control DNR 

treated slide. The anti-Salmonella-DNR treated slide exhibited strong fluorescent signaling 

compared to the control DNR treated slide (Figure 2.6), although some autofluorescence was 

(a) (b) 
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observable in the control. This may be due to non-specific interaction of the Salmonella 

specimen with the gold surface.  

  

Figure 2.6 Fluorescence images of (a) anti-Salmonella-DNR and (b) DNR treated Salmonella 
detection slides.  

 

 

Figure 2.7 Fluorescence scans for Salmonella slides by Typhoon scanner. (a) 50 μl anti-
Salmonella-DNR with 2% BSA treated slide; (b) 50 μl DNR with 2% BSA treated slide; (c) 50 
μl DNR (no BSA treatment) treated slide. 

 

To block non-specific reactivity on the gold surface, bovine serum albumin (BSA) 

solution was added in both the anti-Salmonella-DNR suspension and the DNR suspension. A 2% 

BSA blocking step effectively reduced or eliminated most of the non-specific binding. Using this 

blocking procedure, the anti-Salmonella-DNR treated slide yielded strong visible detection while 

the DNR treated slide showed almost no detectable signal (Figure 2.7(a)-(b)). As a comparison, 

(c) 

(a) (b) 

(a) (b) 
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non-BSA treated DNR suspension was also applied to a Salmonella slide, and its fluorescence 

scanned image is shown in Figure 2.7(c).  

 

 

Figure 2.8 Images for Salmonella detection. (a) 50 μl anti-Salmonella-DNR with 2% BSA 
treated slide under the fluorescence excitation (488 nm excitation); (b) 50 μl anti-Salmonella-
DNR with 2% BSA treated slide under the white light; (c) 50 μl DNR with 2% BSA treated slide 
under the fluorescence excitation (488 nm excitation); (d) 50 μl DNR with 2% BSA treated slide 
under the white light. The inserts in Figure 2.8(a) and Figure 2.8(b) are the blow-up of the 
corresponding locations in the two images. 

 

 The slides, as shown in Figures 2.7(a) and 2.7(b), were also evaluated by fluorescence 

microscope under an excitation laser with a wavelength of 488 nm and under the white light 

sequentially for the same location. Figures 2.8(a) and (b) show the anti-Salmonella-DNR treated 

Salmonella slide under laser excitation and white light, respectively. As shown in Figure 2.8(a), 

intense green spots indicating positive identification were observed on the sample that 

(a) 
 

(b) 
 

(d) 
 

(c) 
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corresponds to anti-Salmonella-DNRs. At the same location, under white light, there are also 

particles and aggregates observed in the image (Figure 2.8(b)). Comparing Figure 2.8(a) to 

Figure 2.8(b), there appears to be mostly a one-to-one correspondence between the particles or 

aggregates. To further illustrate this relationship, areas of the image in Figures 2.8(a) and (b) 

have been enlarged and presented in the inserts. The insert in Figure 2.8(a) shows 6-7 fluorescent 

particles with different orientations, while the corresponding insert in Figure 2.8(b) shows 11-12 

particles. However, the particles have two different appearances, i.e grey, thick elongated 

particle and blue, thin longer particles. From the location and orientation of the particles (Figure 

2.8(a)), it may be concluded that these blue longer particles correspond to the fluorescence 

particles, i.e., they are anti-Salmonella-DNRs, while the grey, thicker particles are Salmonella 

bacteria, similar to those shown in Figure 2.5(b). From the relative locations of the anti-

Salmonella-DNRs and the Salmonella bacteria, one may conclude that each Salmonella 

bacterium binds with one anti-Salmonella-DNR. Although only one hetero-structured nanorod 

appears to capture one Salmonella bacterium, the fluorescence signal generated from the DNRs 

is strong enough for us to obtain single bacterium detection. It may be possible to increase the 

nanorod concentration in future studies in order to potentially improve the detection signal, i.e., 

one cell capturing two or more nanorods. For the negative control, we only found very few 

fluorescent spots as shown in Figure 2.8(c), demonstrates the specificity of this novel biosensor.  

Though the detection limit and the specificity are under investigation, the results still 

show that multifunctional hetero-nanorods have promising potential for Salmonella detection. 

The Au/Si hetero-nanostructure based biosensor has several advantages in biological detection, 

particularly the potential sensitivity to detect a single bacterium. It may be possible to further 
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enhance detection, by improving Au layering on the nanorods, possibly by using a thermal or 

electron beam evaporation method.  

 

2.3.4 Respiratory Syncytial Virus (RSV) infected cells detection by anti-RSV-DNR 

Another beauty of this method is that, by varying the fluorescence dyes and antibodies, 

this biosensor technique can be used as a platform technique to detect other pathogens, or a 

mixture of pathogens. For example, by changing the anti-Salmonella antibody to the Respiratory 

Syncytial Virus (RSV) antibody, this nanorod based biosensor has also been successfully used to 

detect RSV infected cells.  

 

Figure 2.9 TEM image of RSV antibody (131-2A)/Au/Si nanorods/FITC.  
 

The RSV antibody (131-2A) was conjugated to Au/Si nanorod/Alexa 488 nanostructures 

before they were sonicated into 3 ml PBS buffer. During the sonication, ice was added in the tray 

to keep the temperature low. A TEM image of the anti-RSV-DNR was taken and shown in 

Figure 2.9. The image shows after the dye immobilization and antibody conjugation, the 

nanostructure will not be changed.  

Then both the ½ diluted and ¼ diluted nanorod suspensions were added to the RSV 

infected cells and uninfected cells. The uninfected cells were used as the control. After the 
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incubation and further rinses, the cells were scanned by the Typhoon fluorescence Scanner (532 

nm excitation / 526 nm short pass emission filter), and the results are given in Figure 2.10. The 

uninfected cells do not show any significant fluorescence signals while the infected cells show 

different fluorescence intensities for different diluted nanorod suspensions. This result indicates 

that the fluorescence signal was detected as the RSV antibodies were specifically bound by the 

RSV antigen. All the results shown here demonstrate a novel means to sensitively detect the 

important pathogens. 

 
Figure 2.10 Respiratory syncytial virus (RSV) infected cells detection by Au/Si hetero-nanorod-
based biosensor. (a) ¼ bio-functional nanorods dilution was applied to the RSV infected cells; (b) 
½ bio-functional nanorods dilution was applied to the RSV infected cells; (c) ¼ bio-functional 
nanorods dilution was applied to the uninfected cells; (d) ½ bio-functional nanorods dilution was 
applied to the uninfected cells. 

 

2.4 Conclusions 

A novel Au/Si heterostuctutred nanorod-based detection method for Salmonella has been 

developed. Single bacterium was captured by the antibodies conjugated on the Au and detected 

by the thousands of dye molecules immobilized on the Si nanorods. This fluorescence-based 

detection method provides a platform technology that may be applied to detection strategies for 
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other pathogens as in principle, the antibody used for capture can be substituted as required. For 

example, we have changed the anti-Salmonella antibody to RSV antibodies, and have 

successfully detected the RSV infected cells. Additionally, the fluorescent detection dye can also 

be replaced by other types of dyes or potentially quantum dots that may allow for multiplex 

detection. In principle, other nano-building blocks such as the spherical silica nanoparticles or 

the commercially available fluorescent silica nanoparticles, after partially coated with Au, can 

also be used as the same detection biomarkers, though other techniques will be needed to deal 

with the Au coating and the antibody conjugation. In addition, this hetero-nanostructure based 

detecting method could expand the applications in many related fields such as pathogen 

detection, drug delivery and bio-engineering.   
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CHAPTER 3 

 

LOCALIZED SURFACE PLASMON RESONANCE SENSOR BASED ON 

NANOPARTICLES FABRICATED BY DYNAMIC SHADOWING GROWTH 

 

3.1 Introduction 

In previous chapter, we have successfully demonstrated that the Au/Si nanorods based 

biosensor can be used to detect Salmonella by the enhanced fluorescence. However, the 

experimental process is a little complicated. Noble metal NPs, especially silver and gold, have 

attracted considerable interest due to their significant LSPR property and simple operation for 

sensor applications. To produce the uniform and tunable metal NPs for the detection of 

molecular or bacteria interactions, a simple and low cost fabrication method is desirable. By 

simply changing the thickness, deposition angle and rotation, DSG method can produce Ag or 

Au NPs with tunable LSPR property. Using the high affinity of avidin for biotin, Ag NPs based 

LSPR sensor showed

 

 promising capability of sensor development. To our knowledge, there has 

no report for the LSPR sensor for the whole bacteria detection. Therefore, Au NPs, which are 

more stable in aqueous solutions than Ag NPs, based LSPR sensor for Salmonella detection was 

investigated.   

3.2 Localized surface plasmon resonance property of Ag nanoparticles fabricated by 

dynamic shadowing growth 
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 In this section, the process of Ag NPs fabrication by OAD was introduced and the tunable 

LSPR properties of these Ag NPs were discussed. 

 

3.2.1 Experiments 

The thin silver NPs films were fabricated by the OAD method using a custom-designed 

electron-beam evaporation system (Torr International, Inc.). In order to perform a systematic 

study, five wedges with preset angles of θ = 45°, 70°, 75°, 80° and 85°, respectively, were all 

mounted onto a 3” diameter substrate holder, and a substrate was directly mounted to the same 

substrate holder to achieve θ = 0° deposition. The deposition for different incident angles was 

carried out simultaneously. To investigate how the optical property of Ag film changes as a 

function of film thickness d and deposition angle θ, we have prepared eleven depositions with 

the following QCM thickness reading: d = 5 nm, 10 nm, 15 nm, 20 nm, 25 nm, 30 nm, 35 nm, 50 

nm, 65 nm, 80 nm and 100 nm, respectively. Note that, the actual film thickness of Ag films for 

the same d at different deposition angles would be different due to the geometric shadowing 

effect.  

 

Figure 3.1 (a) A schematic of oblique angle deposition setup. (b) Sketch of polarized UV-Vis 
measurements. 
  

θ 
Ep 

Ag film 

Glass 

Light Incident vapor 
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 Prior to deposition, all the glass slide substrates (Gold Seal® Catalog No. 3010) were 

cleaned using piranha solution (H2SO4:H2O2

 The optical properties of the Ag films were measured by an UV-vis-NIR double beam 

spectrophotometer (JASCO V-570). The light source was not polarized. In order to obtain the 

polarized UV-vis absorption spectra, the spectrophotometer was modified by placing two 

rotatable Glan Thompson polarizers (Thorlabs Inc.) in the paths of the sample and reference 

beams. During UV-Vis measurements, the incident light was perpendicular to the Ag film 

surface. The incident plane is determined by the normal direction of the Ag film surface and the 

direction of the incident vapor as shown in Figure 3.1. If the vibration direction of the electric 

field lies in the incident plane, we define the incident light as the p-polarized light.   

=4:1). The deposition rate is 0.7 ± 0.2 Å/s. The 

source material for evaporation was Ag pellets (99.999%, Alfa Aesar). 

 The morphologies of the Ag films were characterized by an atomic force microscope 

(Veeco Dimension 3100) using the tapping mode. The scan rate was 1-2 Hz and the scan size 

was 1 μm×1 μm.  

 

3.2.2 Particle size and roughness of Ag nanoparticles film  

The typical AFM images for the Ag films with thickness d = 10 nm, 15 nm, 25 nm, 35 

nm, 50 nm at deposition angles of θ = 0°, 70°, 80°, 85°, respectively, are shown in Figure 3.2.  

The images are all 1.0 μm×1.0 μm in dimension and arranged in the order of increasing d (row) 

and θ (column). The different contrast may come from the different scale used in the images. 

From visual inspection, a clear correlation between the particle size (diameter) D and θ or d is 

evident in the images. At θ = 0° and d < 25 nm, the Ag film is composed of small and uniform 

nanoparticles. As d increases, the particle size increases and the size distribution becomes more 
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random. When d ≥ 25 nm, the surface morphology loses regularity. At θ ≥ 70°, the Ag 

nanoparticles grow slowly with thickness and the AFM images show regular surface features.  

 

                        

                        

                        

                        

                        
 
Figure 3.2 AFM images of representative Ag films on the glass substrates for different film 
thickness d and deposition angle θ. 

 

d = 15 nm  

d = 10 nm  

d = 25 nm  

d = 35 nm  

d = 50 nm  

θ = 0° θ = 70° θ = 80° θ = 85° 
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 Figure 3.3(a) plots the average particle size (diameter) D as a function of nominal film 

thickness d for θ = 0o, 70o, 80o and 85o, respectively. The error bar was plotted and it became 

larger when the thickness increases to 50nm. The general trend is that the particle size increases 

with the increasing film thickness and the average particle growth rate r for θ = 0o, 70o, 80o and 

85o is 2.1, 0.65, 0.58 and 0.18 (unit: nm in particle size per nm in film thickness), respectively. It 

decreases monotonically with the increasing deposition angle. We found r drops from 2.1 to 0.2 - 

0.6 when the deposition angle increases from θ = 0o
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 to θ ≥ 70°. In addition, we obtained the root-

mean-square (RMS) roughness w, which describes the fluctuations of the surface heights around 

an average surface height, as a function of the thickness d. As shown in Figure 3.3(b), at θ = 0°, 

the RMS roughness w increases first (d ≤ 25nm) and then begins to decrease. This may be caused 

by the coalescence between the particles, which can produce broadly distributed particles on the 

surface and result in a small RMS roughness. For θ ≥ 70°, the RMS roughness w increases with 

the increasing film thickness monotonically.  
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Figure 3.3 (a) The relationship between the particle diameter D and the film thickness d. (b) The 
relationship between the RMS roughness and the film thickness d for different deposition angle θ. 
 

3.2.3 Power spectra of Ag nanoparticles film 

(a) (b) 
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 For LSPR spectra, the particle size and the size distribution are critical. From the AFM 

images, we could not obtain the accurate distribution of particle sizes due to the difficulty to 

determine a threshold, but visually one could see that if there are more uniform particles on the 

surface (such as d = 25 nm, θ = 85° in Fig. 3.2), the surface morphology looks more regular. The 

regularity of surface feature can be characterized by power spectrum. Figures 3.4(a) and 3.4(b) 

shows two characteristic 2D power spectra of d = 35 nm, θ = 0°, and d = 35 nm, θ = 85° samples. 

From the AFM images, the d = 35 nm, θ = 0° sample has a broad distribution of particle sizes, 

and there is no surface regularity. The power spectrum shows a diffuse pattern symmetrically 

around the origin. For the d = 35 nm, θ = 85° sample, there are recognized periodicity, and the 

power spectrum shows a diffused ring structure, as shown in Figure 3.4(b). The power spectrum 

also shows a slightly anisotropic pattern. The location of the ring, kc

To determine k

, reflects the spatial period, 

or the wavelength of the structure. 

c, a circular average power spectrum, which will include information from 

all the directions, can be obtained and fitted with a Gaussian function. If there is a ring structure, 

the circularly averaging will give a one-dimensional power spectrum with the peak position 

located at the center of the ring. Figures 3.4(c) and 3.4(d) show two pairs of characteristic 

circular averaged power spectra (P(k)) for d = 10 nm and 35 nm at θ = 0° and 85°, respectively. 

These spectra have been smoothened by five point adjacent average. The characteristic spatial 

frequency kc

ck
π2

, corresponding to the maximum intensity of the power spectrum, is inversely 

proportional to the averaged wavelength of the periodic morphology of the Ag nanoparticle 

surface, or the characteristic length ζ, the average distance between the centers of two adjacent 

Ag nanoparticles, which is defined as ζ = . As long as the power spectrum shows a distinct kc, 
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the particles are distributed uniformly, while if there is no kc or kc → 0, the particles have a 

random distribution.     
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Figure 3.4 (a) The characteristic 2D power spectra of d = 35 nm, θ = 0° sample. (b) The 
characteristic 2D power spectra of d = 35 nm, θ = 85° sample. (c) The characteristic circular 
averaged power spectra of d = 10 nm at θ = 0° and 85°. (d) The characteristic circular averaged 
power spectra of 35 nm at θ = 0° and 85°. 

 

As we can see in Figure 3.4(c), for d = 10 nm at θ = 0° and 85°, there is kc for both cases. 

Normally, as kc

(d) 

 increases, the smaller the particle size distribution becomes.[134] From the AFM 

images, we observe the Ag nanoparticles at d = 10 nm and θ = 85° have more uniform size 

(c) 

(a) (b)  

50 (nm-1) 50 (nm-1) 

20 (nm-1) 
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distribution than those at d = 10 nm and θ = 0° but have a smaller kc. The reason is that the 

particles are not close packed and the gap between the particles in the case of θ = 85° has also 

been counted into the particle size when the power spectrum calculation is used. As shown in 

Figure 3.4(d), when the thickness increases to 35 nm, in the case of θ = 0°, kc
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 is approaching to 0 

and this is due to the coalescence between the large grains, which breaks the regularity of the 

surface.  

 

Figure 3.5 The relationship between the averaged wavelength of the periodic morphology ζ and 
the film thickness d. 
 

The relationship between the kc

ck
π2

 and the film thickness has been summarized in Figure 3.5. 

At θ = 0°, 70°, the characteristic length ζ (= ) increases with the increasing d until the large 

particle starts to appear (d ≥ 20 nm), which gives the random and rough morphology. At θ = 80°, 

85°, ζ decreases first and then increases slightly with the increasing d. According to the AFM 

images, we can see that the nanoparticles did not form a closely packed monolayer at d ≤ 25 nm, 

therefore the gap between the nanoparticles has also been counted into the characteristic length 

calculation. While increasing d, the gap between particles becomes smaller, which makes a small 
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ζ initially. After the gap closes, with increasing d, the particle size D increases of which leads to 

an increasing ζ. In addition, ζ is smaller at the larger deposition angle for the fixed thickness.   

 

3.2.4 UV-Vis spectra of Ag nanoparticles film 
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Figure 3.6 (a) Representative UV-Vis absorption spectra of Ag films at d = 5nm. (b) 
Representative UV-Vis absorption spectra of Ag films at d = 50nm. 

 

Figures 3.6(a) and 3.6(b) show the typical un-polarized absorption spectra of thin Ag 

films on the glass substrates. For each UV-Vis spectrum, a SPRW λp was assigned as the 

wavelength corresponding to the extinction maximum. At d = 5 nm, the SPRW λp shows a clear 

trend of blue shift with increasing deposition angle. At d = 50 nm, we did not observe the SPRW 

for θ = 0° and θ = 45° in the wavelength range from 250 nm to 700 nm. For θ ≥ 70°, the SPRW 

λp decreases with the increasing deposition angle at a fixed film thickness. In fact, for each 

deposition angle, there is a critical thickness, dc, beyond which one could not obtain the SPRW 

λp in the 250 nm-700 nm wavelength region. For example, at θ ≥ 70°, the critical thickness dc > 

100 nm; at θ = 45°, the critical thickness dc = 35 nm; at θ = 0°, the critical thickness dc

(a) 

 = 25 nm. 

We can expect that the Ag island film deposited at θ = 0° (normally d  > 25 nm), which is 

(b) 
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composed of large grains instead of nanoparticles, will have its plasmon peak located in the 

infrared region and the particle size distribution will be quite broad, which will result a broad 

width and is not favored by sensor application. These conditions make the normal deposited Ag 

island films not convenient and feasible for the biological test or sensor applications.  
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Figure 3.7 (a) The relationship between the SPRW λp

 

 and the film thickness d. (b) The 
relationship between the FWHM Δλ and the film thickness d. 

Figure 3.7(a) plots the relationship between the SPRW λp and the film thickness d.  We 

observe the following characteristics: first, λp red shifts with the increasing thickness for a fixed 

θ and the λp – d relationship is consistent with D – d relationship shown in Figure 3.3(a), 

indicating a monotonic relationship between the size of the nanoparticle and the SPRW. One 

should note that since there is a large error bar for the particle size D when the thickness d 

increases to 50nm, this may be a reason for a relative small increment in SPRW λp in the 

corresponding range. It is well known that the optical properties of Ag particles within 20 nm to 

200 nm diameters are strongly influenced by size effects. [135, 136] From the Mie theory, the 

SPRW λp red shifts with the increasing particle size. [58, 137] The average SPRW λp

(a) 

 shift rate is 

decreasing with the increasing deposition angle as shown in Figure 3.7(a). At θ = 0°, the shift 

(b) 
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rate is 6.5 nm red shift in wavelength per 1 nm increment in film thickness. At θ = 45°, the rate 

becomes 4.04, with a further increase of θ, the rate becomes 2.17, 1.18, 0.70 and 0.22 for θ = 70°, 

75°, 80° and 85° respectively. These results indicate that the finer tunability can be achieved by 

using a large deposition angle. By estimation, the SPRW λp

In addition to the peak shift, one also notes that the resonance absorbance band becomes 

narrower as θ increases for a fixed d. To characterize the width of the resonance absorbance band, 

a Lorentz function was used to fit each absorbance peak and the full width at half maximum 

(FWHM) Δλ was obtained. Some of the spectra for the thicker Ag films are asymmetric (such as 

d = 50 nm, θ = 70° in Figure 3.6(b)), and are not able to be fitted by the Lorentz function. 

Therefore there are no FWHM data for those films. The relationship between the FWHM Δλ and 

the film thickness d is plotted in Figure 3.7(b). It shows a similar trend as that between λ

 has an averaged red shift of 2-10 nm 

per 1 nm increment in particle size at θ ≥ 70°.  

p and d: 

the FWHM Δλ increases with the increasing film thickness d for the fixed θ. Also, for a fixed d, 

Δλ decreases with θ. The FWHM Δλ is an indirect reflection of the particle size distribution. The 

more uniform the particle distributed, the narrower the Δλ. This Δλ - d relationship is consistent 

with ζ – d relationship shown in Figure 3.5 for d > 15nm. As verified by the circular average 

power spectra, the particle size distribution is more uniform at the large deposition angle for a 

fixed d, or at the small d for a fixed θ. From the size effect, the SPRW is increasing with the 

increasing particle size, therefore a broad size distribution will result a broad FWHM. As we 

know, a narrow FWHM is advantageous for sensor application since the sharper the peak is, the 

easier the peak shift can be identified. The FWHM Δλ of the Ag films at d = 5 nm or θ = 85° is 

between 75 nm to 125 nm, which are comparable to the LSPR sensor reported recently. [138, 

139]  
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3.2.5 Polarized UV-Vis spectra of Ag nanoparticles film 

When θ ≥ 70°, the growth is governed by a so-called geometric shadowing effect [123] 

which makes the vapor incident direction as the preferred growth direction of the particles. It is 

expected that most particles may have anisotropic shape and therefore the optical response of 

those particles is polarization dependent.  
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Figure 3.8 (a) Typical polarized UV-Vis absorption spectra of the Ag film (d = 25 nm, θ = 80°). 
(b) The relationship between the SPRW ratio rps

 
 and the film thickness d. 

We carried out the polarized UV-Vis spectra measurements and found that the p-

polarized SPRW red shifted compared with the s-polarized SPRW in most cases. One example is 

shown in Figure 3.8(a). At d = 25 nm and θ = 80°, the s-polarized SPRW located at 426 nm and 

the p-polarized SPRW red shifted to 438 nm. The ratio of the SPRWs for the p- and s-

polarizations was defined as the SPRW anisotropic ratio rps. The relationships between rps and 

the film thickness d for different θ were plotted in Figure 3.8(b). The SPRW ratio fluctuates 

around 1 at θ ≤ 70° and one cannot tell a defined trend. At θ ≥ 75°, the SPRW anisotropic ratio 

rps

(a) 

 increases with the increasing film thickness. This is because the shadowing effect is more 

notable at θ ≥ 75°. 

(b) 
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According to the power spectrum analysis, the particles have elongated shape and 

therefore can be treated as spheroid particles. In Gans theory, the absorption of spheroid particles 

is only dependent on the aspect ratio of the particles and not on the absolute dimensions. [58, 137] 

According to the oscillation direction of the incident electric field, the absorption band has two 

different modes: the high-energy band or the transverse mode (small SPRW) corresponds to the 

oscillation of the electrons perpendicular to the long axis of the particles (the direction of s 

polarization), and the low-energy band or the longitudinal mode (large SPRW) is caused by the 

oscillation of the electrons along the long axis of the particles (the direction of p polarization). 

The larger the aspect ratio is, the larger the energy separation between the resonance frequencies 

of these two plasmon modes, which means an increasing SPRW anisotropic ratio rps

  

, as shown in 

Figure 3.8(b).  

3.3 Ag nanoparticle based localized surface plasmon resonance biosensor for biotin-

neutravidin interaction 

 

3.3.1 Stability of Ag nanoparticle based LSPR biosensor  

The Au or Ag nanoparticles have been used as chemical and biological sensors by 

measuring the shift in SPRW λp due to the adsorption of molecules on the particles’ surfaces [92, 

93, 138-142]. As a sensor material, the disadvantage of Ag is its ability of easy contamination 

from the environment.  Therefore there is a need that the Ag nanoparticle film should provide a 

stable SPRW prior to the target analyte adsorption on the Ag surface.  
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Figure 3.9 (a) Stability test for Ag nanoparticle film in DI water. (b) Stability test for SSC coated 
Ag nanoparticle film in DI water. 
  

 In most sensor applications, since the LSPR chip will be treated with the aqueous 

solutions, we first tested SPRW λp stability of the Ag nanoparticle film in the deionized water 

(DI water). To test the stability, we measured the UV-Vis absorption of three pieces of as-

deposited Ag nanoparticle film (d = 10 nm and θ = 85°, d = 20 nm and θ = 85° and d = 50 nm 

and θ = 85°, respectively) before and after soaked them in DI water. For the samples d = 10 nm 

and θ = 85°, d = 20 nm and θ = 85°, since there is less Ag on the substrates, the intensity 

decreased significantly after the DI water treatment. Therefore we did not use them for further 

tests. The absorbance spectra of the sample d = 50 nm and θ = 85° were measured in real time 

for 28 hours during the water treatment, and the SPRW λp was extracted. Figure 3.9(a) shows 

how the λp changes by the water treatment: right after the Ag film was soaked in DI water, the 

SPRW λp red shifted from 466 nm to 480 nm,  a change of ∆λ ~14 nm (t = 0h). This shift is due 

to the change of the dielectric environment; the refractive index of the water is larger than that of 

the air [143] and the sensitivity can be roughly estimated as 42 nm/refractive index unit (RIU). 

After one hour, the peak began to blue shift. The SPRW λp

(a) 

 shifted faster in the first 5 hours and 

(b) 
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then slowed down. After 28 hours of water treatment, the SPRW λp changed from λp = 480 nm (t 

= 0 h) to λp = 417 nm, a change of ∆λ ~ 63 nm. The SPRW at t = 28 h is even smaller than the λp

To prevent this oxidation effect, a self assembled monolayer (SAM) can be used to 

protect the Ag surface. In the meantime, the SAM layer can also act as a linker between the Ag 

nanoparticle surface and the analyte. Based on this idea, we soaked a piece of as-deposited Ag 

film (d = 50 nm and θ = 85°) in 1X SSC buffer (150 mM Sodium Chloride, 15 mM Sodium 

Citrate) for 22 hours and performed the absorption measurement. The Ag nanoparticle film was 

then washed by DI water and immersed in DI water. The UV-Vis absorption spectra were 

measured and the change of SPRW λ

 

of the as-deposited sample in air and could not be due to the dielectric environment effect. We 

believe that this is caused by the oxidation of Ag nanoparticle in the water. The Ag nanoparticles 

could be continuously oxidized in water and the Ag metal cores become increasingly smaller. 

The oxidation behavior of nanometallic particles has been studied both experimentally and 

theoretically [144-146], and the reduction of the metal core can be fitted by an exponential decay 

function.  Since the initial particle size is a constant, the Ag metal core size, which is the 

difference between the initial particle size and the oxide thickness and is roughly proportional to 

the SPRW, shall also exponentially decay with time. An exponential decay fitting is shown in 

Figure 3.9(a).  

p as a function of water treatment time is plotted in Figure 

3.9(b). The LSPR λp blue shifted from 469 nm to 365 nm after SSC incubation. This blue shift 

may be due to the etching of Ag nanoparticle in Cl- solution.  When the SSC coated Ag 

nanoparticle film was immersed in DI water, the λp red shifted from 365 nm to 401 nm due to the 

change of the dielectric environment. This shift corresponds to a sensitivity of ~108 nm/RIU. In 

the following 25 hours, the λp was stable and the SPRW shift is within 5nm during the whole 
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process. This result means that a SAM layer is an effective way to avoid the Ag nanoparticle 

oxidation in aqueous solutions. 

 

3.3.2 Monitoring the specific binding of NeutrAvidin to Biotin  

 To study the selectivity of the LSPR based Ag nanoparticle film sensor, the system 

Biotin/NeutrAvidin was used for their high affinity. Figure 3.10 shows the process flow for 

monitoring the specific binding of NeutrAvidin to Biotin on the Ag nanoparticle surface. First, 

the Ag nanoparticles were fabricated on the glass substrate by OAD method. Second, to modify 

the Ag nanoparticle with biotin, a SAM of N-[6-(Biotinamido)hexyl]-3′-(2′-pyridyldithio) -

propionamide (Biotin-HPDP) was immobilized on Ag surface. From the results discussed in 

Section 3.3.1, we believe that the Ag nanoparticles have been protected by Biotin monolayer. As 

a proof, the Biotin coated chip was put into DI water for stability test. After that, bovine serum 

albumin (BSA) was used to block the non-specific sites on Ag surface. Finally, different 

concentrations of NeutrAvidin were applied to Biotin modified Ag nanoparticle film, and the 

corresponding UV-Vis spectra were measured.  

 

 

 

 

Figure 3.10 Process flow for monitoring the specific binding of NeutrAvidin to Biotin on the Ag 
nanoparticle film. 
 

 Biotin-HPDP was purchased from Thermo Scientific Pierce Protein Research Products 

(Rockford, IL) and NeutrAvidin was purchased from Pierce (Rockford, IL). Sodium chloride and 
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sodium citrate were all from J.T. Baker (Phillipsburg, NJ). All the chemicals were used as-

received. 
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Figure 3.11 (a) Representative absorption spectra of Biotin/NeutrAvidin binding process. (b) The 
SPRW λp
 

 shift during Biotin/NeutrAvidin binding process. 

The absorption spectra and the detailed λp shift are shown in Figures 3.11(a) and 3.11(b), 

respectively. Before any treatments, the absorbance spectrum of a fresh piece of Ag film (d = 50 

nm and θ = 85°) was measured by UV-Vis spectrophotometer and λp was located at 447 nm. 

Then this Ag nanoparticle film was soaked in 10-4 M Biotin-HPDP solution and incubated under 

room temperature overnight. This Biotin coating made the SPRW λp red shift to 462 nm. To test 

the stability, the sample was immersed in DI water for 24 hours. As shown in Figures 3.11(a) and 

3.11(b), the absorbance spectrum is stable after the DI water treatment, indicating no λp shift. 

Since there was a possibility of exposed bare Ag surface and the metal surface might be sticky 

for proteins, 5% BSA was used to block the non-specific sites for overnight. This treatment made 

the SPRW λp red shift 28 nm, which means the Biotin coating did not cover the entire Ag surface. 

And we believe the concentration of BSA is high enough and the incubation time is long enough 

to block the non-specific sites. Finally, the chip was exposed to 10-6

(a) 

 M NeutrAvidin at 4°C 

(b) 
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overnight. The result indicated a further red shift of 19 nm due to the reaction between the Biotin 

and NeutrAvidin (Figure 3.11(b)). During the process, the Ag nanoparticle film was washed by 

DI water, dried in N2
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 and measured by UV-Vis spectrophotometer after each step. These results 

are repeatable. 

 

Figure 3.12 Concentration dependence of NeutrAvidin for SPRW shift Δλp
 

. 

 To further monitor the specific binding between the Biotin and the NeutrAvidin, we 

varied the concentration of NeutrAvidin between 10-10 M and 10-5 M and measured the shift of 

λp after BSA blocking. Since the stability has been verified in the previous experiments, we 

skipped the water treatment step. As shown in Figure 3.12, a clear concentration dependence 

relationship further verified the specific binding between the Biotin and the NeutrAvidin. In 

detail, after treated by 10-6 M NeutrAvidin, a shift of 18 nm in SPRW λp was obtained and 

further increment of the NeutrAvidin concentration did not make the shift larger, which means 

the Ag surface coated with Biotin has a limited accommodation for NeutrAvidin molecules and 

the maximum detectable concentration is ~ 10-6 M for our current LSPR sensor. While 10-10 M 
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NeutrAvidin made SPRW λp shift 4 nm and still left some spaces for detection of even lower 

concentration. Since this λp shift falls into the error range in the stability test, we could say that 

the limit of detection (LOD) for this LSPR based Ag film sensor is 10-10 M for NeutrAvidin. 

There is still much room to improve the detection dynamic range. For example, the large λp

 

 shift 

after BSA blocking means the surface coverage of Biotin is not optimum. One can further 

optimize the Biotin coating so that the Ag surface can accommodate more NeutrAvidin 

molecules, therefore improving the LOD. On the other hand, we used the Ag films with 50nm 

thickness and 85° deposition angle in these experiments. Since we can easily tune the λ and 

change the band width of the absorption spectrum, we believe there is also space left for LOD 

optimization.  

3.4 Au nanoparticle based localized surface plasmon resonance biosensor for Salmonella 

detection 

In our previous work, we have demonstrated that Ag NPs film fabricated OAD technique 

is good LSPR substrate for the biotin-NeutrAvidin reaction.[147] However, the Ag NPs suffer 

from chemically unstable problem when directly exposed to the outer environment, especially in 

the aqueous solutions. In order to overcome this problem, we aim to build a LSPR sensor for 

Salmonella detection using Au NPs fabricated by OAD. 

 

3.4.1 Au nanoparticles fabrication and their response to the surrounding medium 

We believe that, regarding the morphologies and absorption spectra of the Au NPs and 

the Ag NPs, the trends should be similar except that their plasmon peak locations will be 
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different. In this section, we are going to discuss the fabrication of Au NPs and their LSPR 

response of Au NPs to the change of the surrounding medium.  

 

3.4.1.1 Au NPs fabricated by OAD and GLAD  

Au NPs were fabricated by OAD and GLAD method using the custom-designed electron-

beam evaporation system (Torr International, Inc.). The morphologies of the Au NPs substrates 

were characterized by an AFM (VEECO Dimension 3100) with a tapping mode. The scan rate 

was 1-2 Hz and the scan size was 1μm×1μm. For all the depositions, the background pressure in 

the chamber was 1 × 10-6

 

 Torr, and the deposition rate was approximately 0.1-0.3 Å/s. The 

absorbance spectrum of the substrate was measured by an UV-vis-NIR double beam 

spectrophotometer (JASCO V-570). The light source was unpolarized. Au (99.99%), Ti 

(99.995%) and Cr (99.998%) were from Kurt J. Lesker Company (Clairton, PA). 
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Figure 3.13 Absorbance spectra of Au NPs made by (a) OAD and (b) GLAD.  
 

 The absorbance spectra of Au NPs made by OAD and GLAD are shown in Figure 3.13. 

As we can see, the plasmon peak positions are different for OAD samples: for 20 nm thickness, 

the peaks are 523 nm and 529 nm; for 30 nm thickness, the peaks are 533 nm and 531 nm 

(a) (b) 
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(Figure 3.13 (a)). While for the GLAD samples, eight substrates were measured and found that 

their peaks are all at 521 nm (Figure 3.13(b)). In OAD configuration, the distance between 

different substrate to the material source is varied, which will influence the real thickness of Au 

NPs. Therefore, during the deposition, the rotation of the substrate can diminish the space 

difference and make the substrates more uniform than those made by OAD.    

 

Figure 3.14 (a) Normalized absorbance spectra of substrates A, A/B and A/B/A. A: Au NPs 
made by GLAD (QCM reading 30 nm). B: TiO2

 

 deposition by GLAD (QCM reading 5 nm). 
AFM images of substrates (b) A, (c) A/B and (d) A/B/A.    
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(c) (d) 
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 Further, TiO2 film with QCM reading 5 nm was deposited onto Au NPs (30 nm) made by 

GLAD. After that, 30 nm more Au was deposited onto TiO2 by GLAD. Figure 3.14 (a) shows 

the normalized absorbance spectra of the above substrates. It can be seen that, after TiO2 

deposition, the plasmon peak shifts from 521 nm to 534 nm due to the changing dielectric around 

Au NPs. Interestingly, another 30 nm Au deposition does not make the plasmon peak further 

shift. According to the AFM images (Figure 3.14 (b) - (c)), TiO2

 

 deposition does not increase the 

size of the NPs, while after the second Au deposition, the size of the NPs increases greatly 

(Figure 3.14 (d)). Though it is not clear if the increasing Au NPs surface area is helpful for 

Salmonella detection, we believe that this kind of interesting structure has potential for LSPR 

sensor applications.   

3.4.1.2 Au nanoparticles’ LSPR response to the surrounding medium 

Au NPs were fabricated by OAD method using a thermal evaporator (Thermionics 

Laboratory, Inc.). The experimental setup was the same with the Ag NPs fabrication: we used the 

same angled wedges with preset angles of θ = 75°, 80° and 85°, and mounted them onto the flat 

substrate holder. The QCM reading of Au NPs deposition would be fixed as 10 nm in the entire 

discussion.  

In order to see how the local environment changes the LSPR property of Au NPs, Ti was 

deposited onto the Au NPs using the custom-designed electron-beam evaporation system (Torr 

International, Inc.) in three different ways: (1) at a fixed deposition angle θTi = 0°, different 

thickness of Ti dTi = 2, 5, 8, 10, 15 and 20 nm was deposited onto Au NPs samples with different 

deposition angles of θ = 75°, 80° and 85°, respectively; (2) at a fixed thickness dTi = 2 nm, Ti 

was deposited at different deposition angles of θTi = 0°, 45°, 65° and 85° onto Au NPs samples 
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with different deposition angles of θ = 75°, 80° and 85°, respectively; (3) at a fixed deposition 

angle θTi = 85°, different thickness of Ti dTi
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Figure 3.15 Relationship between the plasmon peak shift of Au NPs and (a) thickness of Ti dTi at 
θTi = 0°; (b) deposition angles of Ti θTi at dTi = 2 nm; (c) thickness of Ti dTi at θTi

 

 = 85°. (d) A 
representative AFM image of Au nanoparticles (D = 30 nm). 

First, as shown in Figure 3.15 (a), for all the Au NPs substrates, the plasmon peak shift 

Δλp before and after Ti deposition increases with the increasing thickness of Ti dTi at θTi = 0°. 

When dTi ≤ 5 nm, the Δλp

(a) 

 for different deposition angles of Au NPs is close to each other. The 

(b) 

(c) 
(d) 
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discrepancy becomes large when dTi

)1(
2

dl
z

e
−

−

 > 5 nm, though there is no obvious trend for different Au 

NPs substrates. As a matter of fact, researchers have found that the plasmon peak shift is 

proportional to , where z is the distance from the metal NP and ld is the characteristic 

decay length of the local electric field.[148, 149] Because of the exponential increase, the shift 

will saturate at a critical distance zc, which depends on the size, shape distribution and 

composition of the metal NPs.[150, 151] Combining the results of the Au spherical NPs based 

LSPR sensors from literature [150, 152, 153] and the measured results, we estimate that the 

critical distance zc for Au NPs in this study is 20 nm and the maximum Δλp

As shown in Figure 3.15 (b), the plasmon peak shift Δλ

 is around 100 nm.  

p decreases with the increasing 

deposition angles of Ti θTi at dTi = 2 nm. Due to the geometric effect, the area receiving the Ti 

atoms on the Au NPs is different for different deposition angles of Ti θTi. Since the smaller 

coverage on the Au NPs can cause smaller change of the surrounding medium, the plasmon shift 

will be smaller. Also, the plasmon peak shift Δλp increases slowly with the increasing thickness 

of Ti dTi at a smaller coverage (θTi = 85°), as shown in Figure 3.15 (c). For example, at dTi = 10 

nm, Δλp is around 95 nm for θTi = 0° but only 10 nm for θTi

 

 = 85°.  

3.4.2. Salmonella detection by Au NPs based LSPR sensor 

 

Figure 3.16 Flow chart of Salmonella detection by Au NP based LSPR sensor. 
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We choose the Au NPs substrate with a thickness of 10 nm at deposition angle θ = 85° 

for Salmonella detection. A typical atomic force microscope (AFM) image of the Au NPs 

substrate with a thickness of 10 nm at deposition angle θ = 85° is presented in Figure 3.15 (d). 

As we can see, the particles have a roughly spherical shape and the size distribution is uniform. 

By estimation, the average diameter D of the Au NPs is around 30 nm. Since the substrate will 

be treated by aqueous solutions, a thin adhesion layer of Cr film with a thickness of 2 nm is 

thermally deposited onto the glass prior to the Au deposition.  

To detect the Salmonella bacteria, the Au NP substrate was treated step by step by 

following the flow chart shown in Figure 3.16. First, 100 μl of 5 mg/ml dithiobis(succinimidyl 

propionate) (DSP) which has been dissolved in dimethylsulfoxide (DMSO) was applied to the 

Au surface for a half hour under room temperature (RT). Since the N-hydroxysuccinimide (NHS) 

esters can easily react with the water, the Au NPs substrate was rinsed by DMSO and the 

deionized (DI) water to remove the unbound molecules, and immediately dried in nitrogen. Then 

100 μl of 100 μg/ml anti-Salmonella in phosphate buffered saline (PBS) was added to the sample 

chip, which was then incubated for one hour under RT and transferred to 4°C overnight. After 

that, 100 μl of 5% bovine serium albumin (BSA) in PBS was used to block the non-specific sites 

on the sample surface and incubated under RT for two hours. The concentration of BSA can be 

determined by finding out the saturated plasmon shift when using different dilutions of BSA. 

The functionalized Au NP substrate was now ready for Salmonella detection, and it was 

incubated with 100 μl of Salmonella in PBS under RT for one hour and then transferred to 4°C 

overnight. After each step, the substrate was rinsed by DI water, dried by nitrogen, and the 

absorbance spectrum measured. 
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DSP was from Pierce Chemical (Rockford, IL). DMSO, BSA and PBS were all from 

Sigma-Aldrich (St Louis, MO). Unlabeled anti-Salmonella, anti-Salmonella labeled with 

fluorescein isothiocyanate (FITC) and killed Salmonella (Salmonella typhimurium strain) were 

obtained from Kirkegaard & Perry Laboratories, Inc. (KPL, Gaithersburg, MD). All the 

chemicals were used as received. 

Figure 3.17 (a) shows the absorbance spectra measured during the Salmonella detection 

step by step. First, Au NPs with a diameter D = 30 nm is measured in air and the plasmon peak 

locates at 609 nm. Then DSP in DMSO is applied to the surface and the disulfide linkage rapidly 

chemisorbs to gold surface. The measured result shows that the plasmon peak only red-shifts by 

2 nm. After being rinsed by DMSO and DI water in sequence, anti-Salmonella antibodies are 

added to the DSP-coated Au NP’s surface and the active NHS esters on either end of DSP are 

reactive toward primary amine groups of antibodies. As we expected, the anti-Salmonella 

conjugation makes a significant plasmon peak shift from 611 nm to 638 nm. Since the antibody 

has a larger molecular weight than that of DSP, it should be able to change the surrounding 

dielectric constant more than DSP does. To block the non-specific sites on the surface, BSA in 

PBS is used as the blocking agent. Due to the high concentration of anti-Salmonella used for the 

sample, most of surface should have been covered by antibodies. Thus the BSA blocking only 

makes the plasmon peak shift by 5 nm. After finishing the above procedures, the functionalized 

Au NPs substrate is ready for Salmonella detection, which can be accomplished by the binding 

of Salmonella cells onto the anti-Salmonella. A high concentration of Salmonella, 108

However, we find that the plasmon peak blue-shifts from 643 nm to 640 nm. To further 

understand the detection result, we use five different concentrations of Salmonella, i.e., 10

 cfu/ml, is 

used in this test.  

4, 105, 
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106, 107, and 108 cfu/ml, to explore if there is a concentration-dependent relationship. The 

plasmon peaks λp after each step are plotted in Figure 3.17 (b). First, different Au NPs substrates 

in the same batch are not exactly uniform and their plasmon peaks range from 602 nm to 613 nm. 

After DSP coating, the plasmon peaks red-shift by 0~2 nm except for that of the 106 cfu/ml 

Salmonella. Consistently, the anti-Salmonella conjugation makes all the plamon peaks λp of 

different substrates shift by 25-27 nm. However, after BSA incubation, the plasmon peaks either 

red-shift or blue-shift in a small range, and Salmonella binding only makes a shift of 3, 0, 3, -2, -

3 nm for 104, 105, 106, 107, and 108
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Figure 3.17 (a) Absorbance spectrum (b) Plasmon peaks of Salmonella detection by LSPR sensor. 

 

There are two possible reasons for the detection results. One is that Salmonella is not 

been captured by the anti-Salmonella coated on the Au NPs surface. Another is that the detection 

ability of this LSPR sensor is limited. We first use the straight forward methods to inspect the 

binding between Salmonella and anti-Salmonella. Figure 3.18 (a) is the cross section scanning 

electron microscopy (SEM, LEO 982) image of the Au NPs substrate after 107

(a) 

 cfu/ml 

Salmonella incubation. Clearly, there are a lot of elongated black particles on the surface, which 

(b) 
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we believe are Salmonella bacteria. Since they have different orientations, their length appears to 

be different. To further verify the binding between Salmonella and anti-Salmonella, 100 μl of 

100 μg/ml FITC labeled anti-Salmonella is applied to the sample after 107 cfu/ml Salmonella 

treatment and incubated under RT for one hour and transferred to 4°C overnight. After rinsing 

with DI water the sample is imaged by the fluorescence microscope (Olympus BX60, 100× 

objective) and the image is shown in Figure 3.18 (b).  

 
 

Figure 3.18 (a) SEM image (cross section) and (b) Fluorescence image of the Au nanoparticles 
substrate after 107 cfu/ml Salmonella detection.    
 

 As observed in the SEM image, there are a lot of particles on the surface. Since we use 

FITC labeled anti-Salmonella as the probe, it can be confirmed that these particles are 

Salmonella bacteria which have been captured by anti-Salmonella coated on the Au NPs surface. 

Therefore, the binding between Salmonella antigen and anti-Salmonella antibody is successful, 

but the LSPR sensor does not response to the concentration change. 

 

3.4.3 Silica beads and polystyrene spheres detection by Au NPs based LSPR sensor  

Compared to the Au NPs (D = 30 nm), the bacterium is much larger (~ 2 μm long). Thus, 

the contact area between Au NPs and bacteria could be too small, and there may not be enough 
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change for the surrounding environment of a single NP, and resulted in a definite plasmon peak 

shift. This prompts us to explore the limitation of the LSPR sensor and bring up an important 

assumption: the bacterium is a rigid body. If such an assumption is correct, any rigid body with a 

larger size than that of the Au NPs should not induce a significant plasmon peak shift. To verify 

this, we use silica beads (Bangs Laboratories, Inc.) with a radius R = 1 μm and polystyrene 

spheres (PS, Bangs Laboratories, Inc.) with a radius r = 25 nm as the analogs. To see if the rigid 

spheres can be detected by the LSPR sensor, 100 μl of 200 mg/ml silica beads or PS in DI water 

were dropped onto the Au NP-coated surface and air dried. As shown in Figure 3.19 (a), a silica 

bead coating makes the plasmon peak of Au NPs red-shift by 3 nm averagely and the absorbance 

intensity significantly increases due to the scattering by beads. Similarly, the averaged plasmon 

peak shift is about 6 nm in the case of PS coated Au NPs substrate (Figure 3.19 (b)). We note 

that the plasmon peak shifts due to the silica beads or PS are very close to those induced by 

Salmonella bacteria. From the point of view with the LSPR sensor principle, it becomes essential 

to know how the surrounding environment of the Au NPs is changed by the coated particles. 
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Figure 3.19 Absorbance spectra of (a) silica beads and (b) polystyrene coated Au nanoparticles 
substrates.  
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We take SEM (FEI Inspect F) images for silica beads coated on the substrate to obtain 

more information about the surrounding environment of the Au NPs. The SEM top view (Figure 

3.20 (a)) shows that there are multilayers on the surface and the number of layers are different at 

different locations, which corresponds to the different absorbance intensities shown in Figure 

3.19 (a). Figure 3.20 (b) is the SEM cross section image, which clearly shows that the silica 

beads have a point contact with the Au NPs surface, thus most of the local environment of the 

Au NPs is still air. We believe that the situation will be the same for the PS because they are all 

rigid spheres.         

   
 

Figure 3.20 (a) SEM top view image and (b) SEM cross section image of silica beads coated on 
Au nanoparticles substrates. 

 

3.4.4 Limitation of the LSPR sensor and the theoretical explanation 

After introducing the effective medium theory, we continue to discuss the above 

detection results by the Au NPs based LSPR sensor. According to the SEM images shown in 

Figure 3.20 (b), the surrounding environment of Au NPs is still dominantly occupied by air after 

the particle coating. To understand how the plasmon peak of Au NPs will shift under the above 

(a) (b) 
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situation theoretically, we construct a simplified contact model for NP-rigid body system as 

shown in Figure 3.21 (a): a single Au NP with a diameter of d is point contacted with a spherical 

particle which has a radius of r; the shell between the Au NP and the dotted sphere with a 

diameter of (d + 2t) will be considered as the surrounding medium of the Au NP. It is well 

known that the change of the dielectric constant of the surrounding medium will cause the Au 

NP’s plasmon peak to shift, which can be calculated by Mie theory:[154]  
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where Q is the extinction, N is the area density of Au NPs, d is the diameter of Au NP, ε is the 

dielectric constant of the surrounding medium, λ is the wavelength of the incident light, εi and εr

Auε

 

are the imaginary portion and the real portion of the Au NP’s dielectric function , 

respectively, which is calculated by following Lucia B Scaffardi’s work.[89] We should address 

two points here; 1) since the angular frequency ω is related to the wavelength λ, Auε  is a function 

of the incident light wavelength λ; 2) in addition, for nanoparticles, the damping frequency γ has 

been modified to be a function of Au NP’s diameter D, thus Auε  also depends on the size of Au 

NPs. 

If we treat the shell between the Au NP and the dotted sphere as an effective medium 

layer (EML) with a thickness of t, divide the part of the spherical particle (silica bead or PS) 

enclosed in the EML into many small spheres and uniformly embed them in the EML, the 

dielectric constant ε of the surrounding medium can be estimated by Maxwell-Garnett effective 

medium theory (Appendix B):[155] 
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where εp and εa are the dielectric constants of particles and air, respectively; L is the 

depolarization factor and is 1/3 for the sphere; fp
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 is the volume fraction of the particles: 
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Combining the equations (3.15) – (3.19), we realize that the extinction Q is a function of 

the incident light wavelength λ and the EML thickness t. For a given t, there is an extinction 

spectrum curve E vs. λ, which can be calculated by using MatLab 6.1 (The MathWorks, Inc.), 

and two typical curves are shown in Figure 3.21 (b).  With a zero thickness of t, the plasmon 

peak of Au NP (d = 30 nm) in air is 505 nm. When t = 15 nm (silica bead coating), the plasmon 

peak red-shifts to 508 nm.  

It is clear that there is a one-to-one correspondence between the EML thickness t and the 

plasmon peak λp

This model can be extended to the case of Salmonella which has been assumed to be a 

rigid rod, and the configuration is shown in Figure 3.22 (a). To calculate the effective dielectric 

constant of the EML, we need to know the refractive index of Salmonella. According to the 

literature,[156, 157] researchers normally use n

.  Thus, the plasmon peak shift Δλ after the PS or silica bead coating will also be 

a function of t, and this Δλ - t relationship has been plotted in Figure 3.21 (c). As a whole, the 

plasmon peak shift Δλ increases with the increasing thickness t. In detail, when t ≤ 2 nm, the 

plasmon peak has no shift; when t increases to 5 nm, Δλ is only 1 nm; when t > 5 nm and t ≤ 25 

nm,  Δλ increases from 1 nm to 4 nm for silica bead and from 1 nm to 2 nm for PS. By 

comparison, silica bead makes a larger and faster-increasing plasmon peak shift than PS. 

1 = 1.45 as the refractive index of the protein 
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layer. Therefore we use it as the lower limit and use a higher one n2 = 1.55 as the upper limit. 

Based on these assumptions, the relationship between plasmon peak shift Δλ and the EML 

thickness t is shown in Figure 3.22 (b). As we can see, when t ≤ 2 nm, the plasmon peak has no 

shift; when t increases to 5 nm,  Δλ is only 1 nm; when t > 5 nm and t ≤ 25 nm, Δλ increases 

from 1 nm to 4 nm for n1 = 1.45 and from 1 nm to 5 nm for n2 = 1.55. For a larger refractive 

index of Salmonella, the plasmon peak shift Δλ is larger and increases faster with the increasing 

EML thickness t.   
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Figure 3.21 (a) Theoretical model of Polystyrene or silica bead detection by single Au NP. (b) 
The relationship between the plasmon peak shift Δλ and the thickness of effective medium layer t.   
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The above results indicate that the farther the local electric field of the Au NP goes into 

the target particle, the more the plasmon peak of Au NP shifts. We have estimated that the 

critical distance zc for Au NPs in this study is 20 nm. As a result, the plasmon peak shift caused 

by PS, silica bead, and Salmonella is 2, 3, 3 to 4 nm, respectively. This is very close to our 

experimental results.  
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Figure 3.22 (a) Theoretical model of Salmonella detection by single Au NP. (b) The relationship 
between the plasmon peak shift Δλ and the thickness of effective medium layer t.   

 

Regarding the concentration dependence, our previous study shows a clear concentration-

dependent relationship between biotin and NeutrAvidin, because the surface coverage on the Au 

NP increases with the increasing concentration of NeutrAvidin.[147] However, in the case of PS, 

silica bead, or Salmonella bacterium, a Au NP can at most contact with one sphere or bacterium 

cell, which only can induce a plasmon peak shift of 2-4 nm as theoretically verified above. 

Therefore, we conclude that the rigid bodies such as PS, silica beads, and Salmonella bacteria 

can be detected via the LSPR sensor with a small plasmon peak shift, but the concentration 

dependence can not be obtained. On the other hand, since the local electric field exponentially 

decays in the EML,[148, 149] we actually overestimated the dielectric constant of the EML by 

(a) (b) 
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uniformly distributing the small target analyte spheres into the EML, which means the theoretical 

plasmon peak shift might be even smaller. In addition, a simple test for the instrumental 

systematic error is performed by adding ten absorbance measurements of air to a typical 

absorbance spectrum of Au NP, and the calculated standard deviation is 2.14 nm. We think the 

overestimation and the systematic error should be responsible for the discrepancy between 

theoretical and experimental results, and the blue shifts observed in the experimental results.  
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Figure 3.23 Dielectric constant of EML ε calculated from Maxwell-Garnett theory and 
Bruggeman theory. 

 

One issue we should point out is that the effective medium theory used in this study. 

Maxwell Garnett theory has the limitation for the large volume ratio fm.[158] Note that fm 

increases with the increasing thickness of EML t, while fm for polystyrene, Silica bead, 

Salmonella at t = 25 nm are only 0.0987, 0.2391, 0.2448, respectively. One can also use another 

popular effective medium (EM) theory, the Bruggeman theory, to estimate the effective 

dielectric constant ε:[28] 
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Figure 3.23 shows the comparison of the dielectric constant ε as a function of t calculated by 

both EM theories. The ε calculated from Maxwell-Garnett theory is ~ 0.015 larger than that 

calculated from Bruggeman theory, which means the Maxwell-Garnett theory could overestimate 

the change of the dielectric constant. For the concerns we investigate here, this overestimated ε 

will guarantee the conclusion we have drawn above. 

  

3.5 Conclusion 

In conclusion, oblique angle deposition (OAD) was used to fabricate Ag and Au NPs 

films and the tunable localized surface plasmon resonances were achieved by simply changing 

the film thickness and the deposition angle.  

We experimentally demonstrated that SPRW red shifted with the increasing particle size 

and the FWHM of the LSPR peak increased with the decreasing of θ at a fixed thickness d. At 

large deposition angle θ, both λp and Δλ shift much slower with d and Δλ is much narrower than 

those at small deposition angle. Compared with the normal deposited Ag island films, the Ag 

films fabricated by OAD at a large deposition angle have the advantage that the surface plasmon 

resonance wavelength (SPRW) will be finely tuned in the visible range. For example, the 

average SPRW λp increment is less than 3nm per 5 nm in film thickness at θ = 85°. The observed 

LSPR behaviors are consistent with the surface morphology and particle distribution of the Ag 

nanoparticle films. This deposition configuration provides an efficient way to fine tune the LSPR 

of Ag nanoparticle films.  
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While the size and roughness are very important to the optical properties of the Ag films, 

shape effects seem to be even more pronounced in the polarized optical absorption spectrum. 

Shadowing effect produced the elongated particles at θ ≥ 75°, which was verified by the 

polarized UV-Vis measurement. The polarized optical absorption presents a shift between the p 

polarized SPRW and the s polarized SPRW and the SPRW ratio increases with the increasing 

film thickness.  

The response of the localized plasmon peak to the outer environment was also 

investigated by depositing Ti with different thickness or deposition angle onto Au NPs. At 

normal deposition (θTi = 0°), we estimated that the critical distance zc for Au NPs in this study is 

20 nm and the maximum plasmon peak shift Δλp is around 100 nm. By fixing the thickness of Ti, 

we also found that the plasmon peak shifts less with a larger deposition angle θTi

The sensor application of those Ag nanoparticle films has been explored using the 

Biotin/NeutrAvidin system. Though we found the Ag film could be oxidized in the aqueous 

solution with a blue shift of λ

, because the 

smaller coverage of Ti on Au NPs can only change a smaller part of the surrounding medium.   

p, a self assembled monolayer such as SSC or Biotin could be used 

to protect the Ag surface and a stable λp can be achieved. To our knowledge, this is the first 

report for the Ag nanoparticle oxidation in DI water in real-time study. We also showed that the 

Ag nanoparticle films based LSPR sensor can monitor the binding between Biotin and 

NeutrAvidin, and the limit of detection (LOD) is 10-10 M. The LOD of this LSPR sensor 

produced by the simple OAD method is comparable to the current LOD level reported in the 

literature[140, 159] and there is space left for further development. Although the results 

presented in this work are not optimized, the advantages of tunable LSPR-based sensors by OAD 
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method will open the possibilities of further developments in a wide range of chemical and 

biological applications. 

Since Au is more stable than Ag in aqueous solutions, we fabricated Au NPs based LSPR 

sensor for Salmonella detection. In this sensor application, Salmonella bacteria, polystyrene 

spheres, and silica beads were coated onto the Au NP substrates, and the absorbance spectra 

before and after the coating were measured. According to the results, the plasmon peaks 

randomly blue- or red-shift and the peak shifts were less than 6 nm. By utilizing the Mie theory 

and effective medium theory, we constructed a simplified theoretical model and found that the 

plasmon peaks would theoretically shift 2-4 nm for the above samples, which was very close to 

the experimental results. Combining the considerations of the systematic error and the 

overestimated theoretical results, we believe that the detection ability of the LSPR sensor has a 

limitation for whole bacteria cells if using a conventional UV-Vis spectrometer.  
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CHAPTER 4 

 

AG NANOROD MEDIATED SURFACE PLASMON RESONANCE SENSOR FOR 

SALMONELLA DETECTION  

 

4.1 Introduction 

As we know, the decay length (~ 200 nm) of the local electric field of SPR is longer than 

that (~ 20 nm) of LSPR [148], and the conventional SPR sensor has been applied for bacteria 

detection. However, by incorporating the nanostructure into the metal/environment interface, it 

could potentially increase the surface area which may enhance detection sensitivity. On the other 

hand, it also could alter the SPR curves and the SPR properties. So far, no one has performed 

such a study yet. In this chapter, a nanorod mediated SPR sensor was proposed and the influence 

of different structural parameters on its performance was firstly explored theoretically. We 

believed that the nanorods surface would provide more surface area for analyte adsorption thus 

increase the dynamic range; more importantly, the LSPs would be generated inside the nanorods 

under certain structural conditions therefore the SPR properties can be enhanced due to the 

interaction between LSPs and SPs. Experimental investigation was then performed by comparing 

Ag film and Ag nanorods/film structures, and the connections between theoretical and 

experimental results were discussed. 
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4.2 Effective medium theory based Ag nanorod mediated SPR sensor 

 

4.2.1 Theoretical model and derivation 

4.2.1.1 Ag nanorod mediated SPR sensor model 

Figure 4.1(a) illustrates our model as a SPR sensory system with a Kretschmann 

attenuated total reflection configuration. Since we have incorporated an anisotropic nanorod 

layer into our sensing system, we consider a modified four-layer model with the structure of 

prism - metal film - nanorods - sensing layer: a glass prism (layer 1), a metal thin film with a 

thickness of df (layer 2), a layer of aligned nanorod array which has the same orientation with 

respect to the surface normal (layer 3), and a sensing layer which can be air or the target analyte 

(layer 4).  

 
Figure 4.1 (a) A schematic of prism-metal film-nanorods-sensing layer model. (b) Incident plane 
and the plane defined by nanorods and normal direction of interface are all in the xz plane. The 
x',y',z' system has each axis parallel to one of the optical axes defined by the nanorod. (c) 
Multireflected ray in anisotropic nanorod layer.   

  

We define that the effective medium layer with a thickness of de is composed of the 

nanorods and the voids between, and the voids have the same material as the sensing layer. The 

tilting angle, length of nanorod, and diameter of nanorod are β, l and D, respectively.  A 
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monochromatic light beam containing wave vector k


 incidents on the interface between metal 

thin film and glass prism, and the reflectance R will be measured as a function of incident angle 

θ.  

 

4.2.1.2 Fresnel equations 

In typical SPR sensors, the reflectance versus incident angle of the monochromatic light 

are the fundamental data for analyzing signals caused by the refractive index changes. 

Kretschmann is the first to provide a theoretical equation of the SPR curve for prism - metal film 

- sensing layer structure by using three-layer Fresnel equations [160]. With the four-layer model 

in Figure 4.1(a), using three-layer Fresnel equations, we can obtain the general four-layer Fresnel 

equations and the reflectance R of the light relating to p-polarization can be derived as follows: 
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where r12, r23 and r34 are the reflectance amplitude given by the Fresnel formula relating to p-

polarization for adjacent layer interfaces; εj and kjz are the dielectric constant and the wave 

vector component perpendicular to the interface in layer j (j = 1, 2, 3, 4); kx

Since we have introduced an anisotropic layer (layer 3) into this four-layer model, the 

dielectric constant ε

 is the component of 

the incident wave vector parallel to the interface and remains constant in each interface; ω and λ 

are the angular frequency and the wavelength of the incident light; c is the speed of light in 

vacuum.  

3 is a tensor, which makes the calculation of r23 and r34

 

 complicated. Thus, 

we need to investigate the wave propagation in this anisotropic layer, determine the effective 

dielectric constant, and modify the four-layer Fresnel equations accordingly.    

4.2.1.3 Wave propagation in anisotropic nanorod  layer 

Figure 4.1(b) shows a p-polarized light beam with wave vector k


 incidents onto the 

interface between glass prism (layer 1) and metal thin film (layer 2). The plane of incidence 

defined by the incident beam and surface normal of the interface is taken to be parallel to the 

plane defined by the direction of the tilted nanorods and surface normal of the interface, and is 

defined as xz plane, shown in Figure 4.1(b). Consequently, the components of the dielectric 

tensor ε3 in the coordinate system xyz are all non-zero.  
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To simplify the representation of the tensor ε3, we rotate the system xyz an angle of β 

around y axis and make each axis of the new system x’y’z’ parallel to one of the principal axes 

defined by the nanorod, as shown in Figure 4.1(b). The dielectric constants in three principal 

axes, εx’, εy’, and εz’
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, only depend on the material and the shape of nanorods. For a cylindrical 

and spheroid shaped nanorod, the dielectric constant tensor  
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 in xyz coordinates can be written as: 

(4.11) 

Using Maxwell’s equations, the wave vector k3z propagating in the anisotropic layer and the 

effective dielectric constant of this layer in terms of k3z 
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We note that the wave vector k3z has two solutions, which reveals that the phenomenon of 

nonsymmetrical reflection occurs when the wave propagates from an anisotropic to an isotropic 

medium. This behavior has been reported by Jen and Lee. [164] The solution k3z+

zkxkk zx ˆˆ 3 ++ +=


 corresponds to 

the reflected ray in an backward direction, , whereas the solution k3z- 
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corresponds to the reflected ray in a forward direction, zkxkk zx ˆˆ 3 −− +=


, as illustrated in Figure 

4.1 (c). [164] 

Considering the nonsymmetrical reflection, we re-derive the reflectivity and 

transmittance coefficients for the interfaces between the anisotropic layer and the isotropic layer, 

and finally obtain the modified Fresnel equations as follows: 
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The detailed derivation of equations (4.12) - (4.14) has been listed in Appendix C. 

 

4.2.1.4 Effective Medium Theory 

Now the problem is reduced to the calculation of effective dielectric constants along three 

principal axes εx’, εy’, and εz’. This can be accomplished by means of effective medium theory 
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(Appendix B). In this study, we take the metal as the host thus the MG theory is used, which 

yields [162, 165] 
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where εm and εs are the dielectric constants of metal and sensing material, respectively; fm is the 

volume fraction of metal; Li are the depolarization factor. In this paper, we consider three kinds 

of shape of the nanorod: prolate spheroid, oblate spheroid and sphere. The corresponding 

depolarization factor Li

]1)
1
1ln(

2
1[1

2

2

' −
−
+−

=
e
e

ee
eLz

 can be calculated as follows: [58] 
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where r is the aspect ratio of the nanorod. 

 

4.2.1.5 Parameters for Numerical Calculation 

To determine the dielectric constant of the Ag layer 2ε , as well as the effective dielectric 

constant 3ε , Drude model is used as [160] 
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where ωp and ωτ
∞
2ε are the plasma frequency and the damping frequency, respectively;  is the 

background frequency of the metal at a frequency of infinity. Those parameters are:  48.22 =∞ε , 

ωp = 1.35 × 1016 rad/s and ωτ = 7.62 × 1013 rad/s for Ag. [166] In our calculation, other constants 

are determined as follows: the refractive indices of air and glass prism are 1 and 1.51, 

respectively; the wavelength of the incident light λ = 632.8 nm; the speed of light c = 3×108

 

 m/s. 

 
Figure 4.2 (a) Representative SEM image of the cross section of Ag nanorods fabricated by OAD. 
(b) Representative AFM image of the Ag nanorods fabricated by OAD. (c) Bearing curve of the 
AFM image. (d) Geometry relationship between effective layer thickness de

 

 and tilting angle β, 
length of nanorod l, diameter of nanorod D. 

As we can see, to calculate the reflectance R, we need six structural parameters: tilting 

angle β, volume fraction of metal fm, thickness of the effective medium layer de, thickness of the 

film df, diameter of nanorod D and length of nanorod l. First, from previous SPR experiment 

results (not shown), we have known that the thickness of the film df plays a significant role in 

(c) 

(b) 

1μm 

β 

(a) 

(d) 
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SPR properties. Second, during OAD deposition, by changing the vapor incident angle, 

deposition rate and film thickness, we can control the tilting angle β, volume fraction of metal fm

For most of our experiments reported thus far, we fix the vapor incident angle as 86°, 

thus the tilting angle β and volume fraction of metal f

, 

diameter of nanorod D and length of nanorod l.  

m are fixed. Figure 4.2(a) is a representative 

scanning electron microscopy (SEM) (FEI Inspect F) image of the cross section of Ag nanorods 

fabricated by OAD. The tilting angle can be measured by ImageTool and the statistically 

averaged β is 73°. [167] Figure 4.2(b) shows atomic force microscopy (AFM) (Veeco Dimension 

3100) image of the Ag nanorods and the scan size is 1 μm × 1 μm. The bearing analysis can 

reveal how much of a surface lies above or below a given height by giving the depth, which is 

the difference between the tallest point and the measured point in Figure 4.2(c). The ratio 

between area under the bearing curve and whole area will be fm, which has been calculated as 0.4. 

Therefore, we will fix β = 73° and fm = 0.4 in our calculation. Since we have assumed that the 

nanorod has a shape of spheroid, the thickness of the effective medium layer de

)
4

(2 2xBDlAx
B

de −+=

 is determined by 

tilting angle β, diameter D and length l of nanorod as shown in Figure 4.2(d). A simple geometry 

calculation can be accomplished as follows: 

,       (4.28) 
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To investigate how the other structural parameters such as thickness of the film df, 

diameter of nanorod D, and length of nanorod l, influence the SPR properties, we carry out the 

calculation by varying these parameters in the following range: df

 

 = 30, 40, 50 nm; D = 5, 10, 30, 

50, 70, 100 nm; l = 10, 20, 40, 60, 80, 100, 150, 200 nm. All the calculations are performed by 

Matlab 6.1. 

4.2.2 Optical properties of Ag nanorod mediated SPR sensor  

A set of typical SPR curves (df = 40 nm, D = 30 nm) for different length of nanorods 

calculated by this effective medium theory based four-layer model are shown in Figure 4.3. In 

general, the SPR curve can be characterized by three parameters: reflectance minimum at 

resonance Rm, SPR resonance angle θr, which is defined as the angle associated with the 

reflectance minimum, and width w at the half of the dip height. Figure 4.3(a) shows that the SPR 

curves corresponding to the refractive index of sensing layer n = 1.00. As we can see, when 

length of nanorod increases from l = 10 nm to l = 20 nm, the reflectance minimum Rm and width 

w decrease while the SPR resonance angle θr red shifts. With further increase of length l, the 

reflectance minimum Rm and the width w increase while the SPR resonance angle θr blue shifts. 

When l = 200 nm, the SPR dip becomes inconspicuous. Figure 4.3(b) shows the SPR curves 

generated with the same structure but the surrounding refractive index changes from n = 1.00 to 

n = 1.33 (water). Obviously, all SPR angles red shift with an increasing reflectance minimum 

and a broadened width.    
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Figure 4.3 (a) Typical nanorod mediated SPR curves with df

 

 = 40 nm, D = 30 nm at (a) n = 1.00 
and (b) n = 1.33. 

 For a detailed comparison of SPR curves in air (n = 1.00) and in water (n = 1.33), we 

summarize the reflectance minimum Rm, SPR resonance angle θr and width w of the nanorod 

mediated SPR curves with film thickness df = 40 nm as a function of length of nanorod l in 

Figure 4.4. In air (Figure 4.4(a)), reflectance minimum Rm increases with increasing diameter of 

nanorod D at fixed length of nanorod l as shown in Figure 4.4(a). For different diameter of 

nanorod D, Rm first decreases until the aspect ratio r approaches 1 and then begins to increase. 

Figure 4.4(b) shows that SPR angle θr behaviors differently at different diameter of nanorod D 

and varies in the range between 43.5° and 48.5°. At D = 5 nm, θr increases with increasing l; at 

D = 10 nm, θr decreases first and then increases with increasing l; at D > 10 nm, θr reaches 

maximum as the aspect ratio r approaches 1 and at which point it begins to decrease. The SPR 

width w almost overlaps at D = 5 and 10 nm, and it increases with increasing l as shown in 

Figure 4.4(c). The trend becomes different at D > 10 nm, and the w - l behavior has almost the 

opposite trend compared to the θr

(a) 

 - l  relation: w decreases first until aspect ratio is close to 1 and 

(b) 
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then increases with increasing l. The minimum width w for different D is ranging from 0.5° to 

0.75°. 
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Figure 4.4 (a) Reflectance minimum Rm, (b) SPR angle θr and (c) SPR curve width w as a 
function of length of nanorod l at n = 1.00. (d) Reflectance minimum Rm, (e) SPR angle θr

 

 and (f) 
SPR curve width w as a function of length of nanorod l at n = 1.33. 

 In water, SPR signal can not be obtained under the following conditions: D = 50 nm and l 

= 40, 60, 80, 120 nm; D = 70 nm and l > 10 nm; D = 100 nm. Figure 4.4(d) shows reflectance 

minimum Rm obtained under specific conditions for water.  It increases with increasing length of 

nanorod l at D = 5 and 10 nm and is close to 1 at D > 10 nm. The SPR angle θr shifts to a larger 

angle ranging from 71° to 82.5° when the surrounding dielectric constant increases to n = 1.33 

(Figure 4.4(e)). At D = 5 and 10 nm, θr remains the same trend as that in air except that θ 

decreases slightly at l > 150 nm. At D = 30 nm, θr locates its maximum at smallest length of 

nanorod (l = 10 nm) and then decreases with increasing length of nanorod l except for a peak at l 

= 60 nm. There is an overall trend that θr

(a) 

 converges for different diameter of nanorod D at a 

large length of nanorod l (l = 200 nm). Figure 4.4(f) shows that width w becomes apparently 

broad in water as we observe in Figure 4.3(b). At D = 5 and 10nm, w has a minimum about 4° at 

l = 10 nm and then quickly increases to 12° at l = 100 nm. After that, it decreases slightly with l. 

At D = 30 nm, w is around 11° and has a slightly higher value at l = 100 nm. At D > 30 nm, w is 

(b) 

(c) 

(d) 
(e) 

(f) 



98 

randomly distributed and larger than 10°. From the above discussion, we find that most 

configurations of the nanorods mediated SPR structure at D > 30 nm will lose the SPR signal in 

water. Therefore, the discussion will be focused on D = 5, 10, 30 nm in the following parts, since 

for the real applications, most sensing processes will be performed in the aqueous solutions. 
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Figure 4.5 (a) Reflectance minimum Rm, (b) SPR curve width w as a function of length of 
nanorod l at different film thickness df

 

 = 30, 40, 50 nm and diameter of nanorod D = 5, 10, 30 
nm. 

Practically, small reflectance minimum Rm and narrow width w are desirable for sensing 

applications while the thickness of the thin metal film df plays a vital role in determining these 

two parameters. To find out how reflectance minimum Rm and width w change with film 

thickness df, we plot them as a function of length of nanorod l for df = 30, 40, 50 nm at n = 1.00 

in Figure 4.5. According to Figure 4.5(a), at D = 5 and 10nm, when df = 30 nm, Rm reaches a 

minimum at l = 40 nm; when df = 40 nm, Rm has a minimum at l = 20 nm; when df = 50 nm, Rm 

does not have a minimum, and increases with increasing l monotonically. The general trend is 

that smaller df has its minimum Rm at larger l. At D = 30 nm, Rm has the minimum located at l = 

20 nm for all film thickness df. Figure 4.5(b) shows that the trends of width w stay the same 

when the film thickness df changes to df 

(a) 

= 30 and 50 nm, as described in Figure 4.4(e). One 

(b) 
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should note that the width w decreases with increasing df for fixed diameter D and length l of the 

nanorod. In other words, by changing the film thickness df, we find that reflectance minimum Rm 

and width w have a trade-off relationship; i.e., a small reflectance minimum Rm

 

 can be obtained 

at the expense of a large width w.   

4.2.3 Dynamic range and sensitivity enhancement of Ag nanorod mediated SPR sensor 

We have thus far discussed the effect of nanorod length, nanorod diameter and film 

thickness on SPR curves by inspecting its reflectance minimum Rm and width w at a specific 

refractive index n = 1.00. For chemical or biological sensors, we are more interested in how the 

SPR signal, i.e. the position of SPR angle θr, shifts with the change of refractive index n. There 

are two important parameters associated with sensing: the dynamic range and the sensitivity. 

First we calculate the dynamic range, which is defined as the detectable refractive index change, 

by plotting the SPR angle θr as a function of refractive index n, for df = 30, 40, 50 nm from n = 

1.00 to n = 1.34. Since their dynamic ranges have the same trends, the discussion will focus on 

the structure with df = 40 nm. Figures 4.6(a)-6(c) compare the dynamic ranges for different 

lengths of nanorod l at D = 5, 10, 30 nm, respectively. As shown in Figure 4.6(a), SPR angle θr

dn
ds rθ

=

 

red shifts with increasing length of nanorod l at the fixed refractive index n. More interestingly, 

at a fixed l, SPR angle θ not only red shifts, but also has an increasing slope, which is defined as 

the local sensitivity s of the SPR sensor , with increasing n. This means that this nanorod 

mediated SRP structure has an increasing sensitivity s when the refractive index n increases. 

Figure 4.6(b) shows a similar trend except in the case of D = 10 nm, l = 10 nm, which 

corresponds to the spheres with a diameter of 10 nm. In this case, SPR angle θr is overlapped 

with that of the structure D = 10nm, l = 40nm at n < 1.25. With further increasing of refractive 
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index n, the sensitivity increases rapidly. At D = 30 nm (Figure 4.6(c)), the phenomenon 

becomes more interesting. First, at l = 20 and 40 nm, i.e. as the aspect ratio r → 1, the SPR angle 

θr red shifts and the slope increases with increasing refractive index n when n ≤ 1.30. From n = 

1.30 to n = 1.34, SPR angle θr blue shifts with n, thus the slope suddenly becomes negative. In 

other cases, for l = 10, 60, 80 nm, SPR angle θr red shifts and the slope increases with refractive 

index n when n ≤ 1.32. With further increasing of the refractive index n, θr slightly red shifts or 

blue shifts, which means it becomes more difficult to differentiate SPR angle shift due to the 

change of refractive index n. Figure 4.6(d) shows a typical comparison for different diameter of 

nanorod D at a fixed length of nanorod l = 20 nm. As we can see, SPR angle θr
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 and the 

sensitivity s increases with increasing D at a fixed refractive index n except that θ begins to blue 

shift when n ≥ 1.30 at D = 30 nm.    

 
Figure 4.6 Dynamic range of nanorod mediated SPR sensor with df

 

 = 40nm at fixed diameter of 
nanorod (a) D = 5 nm, (b) D = 10 nm, (c) D = 30 nm. (d) Typical dynamic range at a fixed length 
of nanorod l = 20 nm.   

(b) 

(c) 

(d) 
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 In real SPR sensor applications, we are more concerned about the local sensitivity s 

around some certain refractive index n. In other words, how much is the smallest amount of 

analyte we can measure when the refractive index n is only changed in a very small range. We 

still take the structure with df
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 = 40 nm as an example and consider the sensitivity s when the 

refractive index n changes from n = 1.00 to n = 1.05 (in air) and from n = 1.30 to n = 1.34 (in 

water), as shown in Figures 4.7(a) and 4.7(b), respectively. From n = 1.00 to n = 1.05, the 

sensitivity s increases with increasing diameter of nanorod D at fixed length of nanorod l but it 

changes differently with l when D is fixed (Figure 4.7(a)): at D = 5 nm, s increases with 

increasing length of nanorod l monotonically; at D = 10 nm, s first decreases to its minimum at l 

= 20 nm and then increases with l; at D = 30 nm, s is much larger than that at D = 5 and 10 nm 

and it reaches its maximum around r → 1 before it decreases with l. From n = 1.30 to n = 1.34 

(Figure 4.7(b)), at D = 5 and 10 nm, s shows the similar trends as from n = 1.00 to n = 1.05 and 

is higher than that at D = 30 nm. Corresponding to the negative slope described in Figure 4.6(c), 

at D = 30 nm, the sensitivity s becomes negative around r → 1 though the absolute value is 

larger than those when r > 1 or r < 1.  
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Figure 4.7 Sensitivity s of nanorod mediated SPR sensor with df
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When we are dealing with the SPR curves generated by the theoretical model, we have no 

difficulties recognizing the SPR signal even if the reflectance minimum is close to 1. However, 

in the real measurements, we need to consider the signal-to-noise ratio and the significance of the 

SPR dip, thus we set a reasonable threshold for Rm and require Rm
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 < 0.6 as a valid SPR signal for 

the following sensitivity comparison.  
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Figure 4.8 (a) Sensitivity comparison between nanorod mediated SPR sensor and conventional 
SPR sensor, and (b) the corresponding SPR curves from n = 1.00 to n = 1.05.   
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Figure 4.9 (a) Sensitivity comparison between nanorod mediated SPR sensor and conventional 
SPR sensor, and (b) the corresponding SPR curves from n = 1.30 to n = 1.34.   
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To see the enhancement by incorporating the nanorod structure into SPR configuration, 

we compare the sensitivity s between the nanorod mediated SPR configurations with df = 30, 40, 

50 nm, D = 5, 10, 30 nm and the conventional SPR configurations composed of Ag film with 

thickness of 30, 40, 50 nm as shown in Figures 4.8-4.9. The sensitivity s calculated when the 

refractive index n changes from n = 1 to n = 1.05 is plotted in Figure 4.8(a). First, sensitivity 

behaviors are similar as film thickness changes from df = 40 nm to df = 30, 50 nm. Second, 

sensitivity s of the nanorod mediated SPR configurations is higher than that of the conventional 

Ag film SPR configuration. In this case, the best configuration is the nanostructure with df = 30 

nm, D = 30 nm and l = 20 nm. Since the sensitivities for all the conventional SPR configurations 

are very close, we take the most commercially used film structure with 50nm thickness as a 

comparison with the best nanostructure, and their SPR curves are plotted in Figure 4.8(b). From 

n = 1 to n = 1.05, SPR angle θr shifts 2.91° for film structure while 3.74° for nanostructure, 

though the width increases in the case of nanostructure. It has been reported that the broadening 

in SPR curve is caused by the excited LSPs, which involve a large number of damping modes 

and the decreased effective mean free path of conduction electrons. [58, 77] From n = 1.3 to n = 

1.34, the negative values of the sensitivity are filtered out due to the large Rm and the data is 

plotted in Figure 4.9(a). The configuration with the highest s is the nanostructure with df = 50 nm, 

D = 10 nm and l = 10 nm, which corresponds to the spheres with diameter of 10 nm. It is 

compared with 50 nm film structure in Figure 4.9(b) and the SPR dips indicate a shift of 4.47° 

for film structure while 8.54° for nanostructure. The enhancement is almost two-fold at the 

expense of broadened width. In a word, the optimal nanorod mediated SPR configuration 

depends on the changing range of refractive index, and the large enhancement of sensitivity will 

be obtained when the targeting analyte is associated with a large refractive index.      
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4.3 Experimental investigation of Ag nanorod mediated SPR sensor 

 In order to validate the theory, we have performed some prelimilary SPR experiments on 

Ag nanorods/Ag film substrates. 

 

4.3.1 SPR setup  

In the experiments, we fix the incident light wavelength at 632.8 nm, scan the incident 

angle onto the sample and collect the reflected light by a line camera. The optical path is shown 

in Figure 4.10.   

 

Figure 4.10 Optical path of SPR sensor. 
 

The incident light beam first goes through a neutral density (ND) filter, then is reflected 

from a mirror and goes into a polarizer. We have mentioned in section 1.2.2.2 that only p-

polarized light will interact with the interface between the prism and the metal, therefore the 

polarizer will turn the incident light into p-polarized light. Since s-polarized light is treated as the 

background, a ½ λ waveplate is placed behind the polarizer so that the p-polarization state and s-

polarization state can be easily switched. To filter out the spatially varying "noise" intensity of 

the input Gaussian beam, a space filter is used, which contains an aspheric lens and a 10 μm 
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pinhole. When the input beam is focused by the aspheric lens, it is transformed into a uniform 

Gaussian spot (on the optical axis) with side fringes that represent the unwanted noise. By 

centering a pinhole on the central Gaussian spot, the clean portion of the beam can pass while the 

noise fringes are blocked. And then the beam goes through the aperture, lens 1 and lens 2, and 

incidents onto a semi-cylindrical prism. Though the incident beam has a shape of cone, which 

contains a small range of incident angles onto the backside of the prism, the subtle bending at the 

curve surface of the prism will be ignored. The sample is attached on the backside of the prism, 

and the reflected beam goes through lens 3 and enters a line camera.  

 

Figure 4.11 Side view of the dashed part in Figure 4.10. 
  

 As described above, the incident beam cone only contains a small range of the incident 

angles, which means we need rotate the sample and the line camera to look for the SPR 

resonance angle when necessary. Figure 4.11 is the side view of the dashed part in Figure 4.10. 

The connections between these optical components are: the prism holder is fixed on the 

rotational stage B; the rotational stage B, lens 3 and line camera (CCD) are fixed on a small 
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bread board; the bread board is fixed on the rotational stage A. Therefore, if rotate the stage A, 

the prism, lens 3 and CCD will rotate simultaneously; if rotate the stage B, only the prism will 

rotate. 

 

Figure 4.12 Illustration of measurement method.  
 

 In the beginning of the measurement, the central beam has an incident angle of θ = 45°, 

and the central reflected beam is perpendicular to the surface of the CCD, as shown in Figure 

4.12(a). When SPR occurs, the energy of the incident beam will be absorbed by the oscillating 

electrons in the metal, which corresponds to a black line in the reflected beam spot. To find the 

black line, rotate the stage A and hold a piece of white paper to follow the reflected beam until 

the black line is in the center of the reflected beam spot. If the stage A rotates an angle of α, the 

incident angle will change α while the reflected angle will change 2α. Thus, the central beam has 

an incident angle of θ = 45° + α (Figure 4.12(b)), the normal line of CCD surface rotates an 

angle of α, and the reflected beam deviates the normal line of CCD surface an angle of α. The 
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next steps are to move the black line to the center of CCD. To do so, first continue to rotate the 

stage A an angle of α, which makes the reflected beam deviates the normal line of CCD surface 

an angle of 2α (Figure 4.12(c)); then rotate the stage B an angle of – α, which will bring the 

prism back to the position in Figure 4.12(b) and the reflected beam back to the normal direction 

of CCD surface (Figure 4.12(d)). 

 

Ag film or Ag nanorods were fabricated by OAD at a deposition angle θ = 0° or 86° 

using the custom-designed electron-beam evaporation system (Torr International, Inc.). The 

background pressure in the chamber was 1 × 10

4.3.2 Ag nanorods/Ag film fabrication 

-6 Torr, and the deposition rate was 

approximately 0.8-1.0 Å/s.  

  

Figure 4.13 AFM images of (a) Ag film 40 nm and (b) Ag nanorods 200 nm on Ag film 40 nm. 
The thickness is the QCM reading and the scan size is 5 μm ×5 μm. 

 

The morphologies of Ag film 40 nm and Ag nanorods 200 nm on Ag film 40 nm were 

examined by AFM, as shown in Figure 4.13. As we know, the actual thin film does not have a 

(a) (b) 
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perfectly smooth surface. Instead, the thin film surface has a roughness around 3 nm (Figure 

4.13(a)). For the Ag nanorods/film sample, since the AFM tip can not go into the gap between 

the tilted nanorods, we only can see many islands with a mean diameter of 100 nm on the surface 

and the roughness increases to 7-8 nm (Figure 4.13(b)).    

 

Figure 4.14 SEM top views of Ag nanorods with a nominal thickness of (a) 200 nm; (b) 300 nm; 
(c) 600nm and (d) 800nm. The cross sections have been inserted on top of each image and have 
the same scale bar.  
  

To visualize more Ag nanorods samples systematically, Ag nanorods with the nominal 

thickness of 200, 300, 600 and 800 nm were grown on the Si substrate at the deposition angle θ = 

(a) (b) 

(c) (d) 
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86° using the e-beam evaporator. Cross section and top view of these samples were observed by 

SEM and are shown in Figure 4.14. For the Ag nanorods 200 nm, there are islands with random 

shapes on the surface and the anisotropism subtly can be seen from the cross section (Figure 4.14 

(a)). When the nominal thickness increases to 300 nm, the size of those islands increases and the 

nanorods start to grow (Figure 4.14(b)). As the growth proceeds, the nanorods can be clearly 

seen for the nominal thickness 600 and 800 nm, as shown in Figures 4.14(c) and 4.14(d). By 

rough estimation, the diameter of the Ag nanorods with a nominal thickness 200, 300, 600 and 

800 nm are 93, 93, 70 and 70 nm, respectively; the length are 70, 209, 535 and 744 nm, 

respectively.  

 

4.3.3 Experiment results 

4.3.3.1 SPR measurements of Ag film and Ag nanorods/Ag film 

 SPR measurements of Ag film and Ag nanorods/Ag film were first performed in air. The 

SPR reflectance is defined as the ratio between the reflectance from p-polarized incident light 

and that from s-polarized incident light.  

 

Figure 4.15 (a) Top view of the prism and the sample (without the flow cell)

   

. (b) Side view of 
flow cell.  
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Figure 4.15(a) is the top view of the prism and the Ag nanorods/film sample (without the 

flow cell). Ag nanorods and Ag film are deposited on the glass substrate and the other side of the 

glass slide is attached to the backside of the semi-cylindrical prism by using the index matching 

fluid (Cargille Laboratories Inc., Cedar Grove, NJ). The incident beam focuses on the interface 

between Ag film and the glass substrate, and interacts with Ag nanorods/film structure. Then the 

reflected beam is recorded as a function of the incident angle. When the measurement is 

performed in the aqueous solution, a flow cell made of teflon is attached onto the Ag surface and 

fixed by two screws. The side view of the flow cell is illustrated in Figure 4.
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15(b): the solution 

goes into the flow cell from the top and drains out from the bottom, and an O-ring is used to seal 

the cell (not shown).  

 

Figure 4.16 SPR reflectance curves of Ag film 40 nm. 
  

Ag film with a thickness of 40 nm was measured at different locations and is shown in 

Figure 4.16. The surface looks uniform and has a SPR resonance angle located at 42.4°, which is 

a little different from the theoretical value 43.08°. The possible reasons are the error in film 

thickness (the effect on SPR angle by film thickness can refer to Figure 4.21), the error in the 
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SPR system. And in the theory, the film is supposed as perfectly smooth surface while the actual 

film has roughness.  

 
Figure 4.17 Measurement orientations of the Ag nanorods/Ag film sample.  
 

Ag nanorods with a nominal thickness of 200 nm on Ag film with a thickness of 40 nm 

were measured by SPR system. Since the tilted Ag nanorods are anisotropic, four different 

orientations are chosen for the measurement (Figure 4.17). One should notice that the top view 

plane is parallel to the incident plane. For orientations A and B, the tilted nanorods are within a 

plane which is perpendicular to the incident plane. While for orientations C and D, the tilted 

nanorods are within the incident plane. The reflectance curves measured for different 

orientations are shown in Figure 4.18(a). There is a large SPR resonance angle for orientation A 

(solid line) and a small one for orientation B (dashed line). While the curves for orientations C 

(dotted line) and D (dot-dashed line) are almost overlapped with each other. Also, different 

locations were measured for each orientation and the SPR angle vs. locations is plotted in Figure 

4.18(b). Similarly, it can be found that the measurement in orientation A has the largest SPR 

angle, the measurement in orientation B has the smallest SPR angle, the measurements in 
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orientations C and D only have the averaged 0.02° difference in SPR angle. For the Ag nanorods 

with a nominal thickness of 500 nm on Ag film 40 nm, we did not observe any SPR signal.   

Smith has examined the transmittance and reflectance of an anisotropic nanorods layer in 

his paper and found that the reflectance is independent on the sign of the incident angle if the 

nanorods are lying in the incident plane. [163] This conclusion is consistent with the above 

measurements in orientations C and D. Though there is no complete theory regarding the 

orientations A and B, the results show that, when the tilted nanorods are in a plane perpendicular 

to the incident plane, different orientation would cause different SPR resonance angle.  
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Figure 4.18 (a) SPR measurements in different orientations for Ag nanorods 200 nm/Ag film 40 
nm sample. (b) SPR resonance angle vs. different locations for each orientation. 
  

We define the Q-factor as  

w
Q SPRθ

= ,        (4.32) 

where θSPR

(a) 

 is the SPR resonance angle and w is the width (FWHM) of the SPR curve. By 

normalizing the SPR curve, the width w is calculated as half of (1 – reflectance minimum). The 

comparison of the Q-factor between Ag film 40 nm and Ag nanorods 200 nm/Ag film 40 nm is 

(b) 
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shown in table 4.1: the Ag nanorods/film shows a larger SPR resonance angle and a narrow 

width than Ag film, therefore has a higher Q-factor. 

Table 4.1 Comparison of the Q-factor between Ag film and Ag nanorods / film. 
 Ag film 40 nm Ag nanorods 

200 nm / film 
40 nm (A) 

Ag nanorods 
200 nm / film 
40 nm (B) 

Ag nanorods 
200 nm / film 
40 nm (C) 

Ag nanorods 
200 nm / film 
40 nm (D) 

w (°) 0.33493 0.23063 0.19905 0.21436 0.20797 
θSPR 42.45178  (°) 42.56293 42.48679 42.53963 42.51673 
Q-factor 126.7482 184.5507 213.4478 198.4495 204.4368 

 

Efforts have also been put on the SPR measurements of Ag film and Ag nanorods/Ag 

film in DI water. Ag film with a thickness of 50 nm was fabricated and a thin layer of Ti film (1 

nm) was deposited prior to the Ag deposition to enhance the adhesion in water.  

40.5 41.0 41.5 42.0 42.5 43.0 43.5 44.0
0.4

0.5

0.6

0.7

0.8

0.9

1.0

41.95944

 

 

 Ag film 50 nm
       /Ti film 1 nm in air

Re
fle

ct
an

ce
 (p

/s
)

Incident Angle (o)
64 65 66 67 68 69 70 71 72

0.0

0.2

0.4

0.6

0.8

1.0

67.37976

 

 

 

 
Re

fle
ct

an
ce

 (p
/s

)

Incident Angle (o)

 Ag film 50 nm
       /Ti film 1 nm 
       in water

 

Figure 4.19 SPR reflectance curve of Ag film 50 nm/Ti film 1 nm (a) in air and (b) in water. 
 

 Figure 4.19(a) shows the reflectance of Ag film 50 nm in air and the SPR angle is 41.96°. 

When measurement was performed in DI water, the flow cell was attached on the Ag film 

surface and the water was pumped in. After a few minutes, the pump was stopped and the data 

was collected. Figure 4.19(b) shows the reflectance of Ag film 50 nm in water and the SPR angle 

shifts from 41. 96° to 67.38°. Though the absolute SPR angles are a little different from the 

(a) (b) 
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theory, the experimental shift 25.38° is very close to the theoretical value 25.04°. Obviously, the 

width becomes broad when the Ag surface is contacted by water, as the theory predicts. The 

curve looks a little noisy and we believe that this is caused by the line camera. 

Ag nanorods with a nominal thickness of 200 nm was deposited onto Ag film 50 nm / Ti 

film 1 nm and measured in air. As shown in Figure 4.20, the SPR angle is 42.16°. However, we 

could not find any SPR signal when the Ag nanorods were contacted with DI water.  
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Figure 4.20 SPR reflectance curve of Ag nanorods 200 nm/Ag film 50 nm/Ti film 1 nm in air. 
 

4.3.3.2 Comparison and discussion between Ag nanorods mediated SPR theory and experimental 

results 

 From the theory developed previously, in the case of Ag nanorods 200 nm/Ag film 40 nm 

(D = 93 nm, l = 70 nm), the minimum reflectance, SPR resonance angle and width in air are 0.9, 

47.2° and 0.8°, respectively. However, the experimental results show that the minimum 

reflectance, SPR resonance angle and width in air are 0.2, 42.5° and 0.2°, respectively. We 

believe that the inconsistency is caused by the difference between the theoretical model and the 

actual morphology of the Ag nanorods 200 nm/Ag film 40 nm. As a matter of fact, it is hard to 
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treat the islands with the random shapes on the surface as the “spheroids”. In the case of Ag 

nanorods 500 nm/Ag film 40 nm, its morphology should be something between Figures 4.14(b) 

and 4.14(c), which is close to the theoretical model. According to the theory, if the length of the 

nanorods is larger than 200 nm, the minimum reflectance is very close to 1 and the SPR signal 

can not be observed. In addition, one can notice that all the nanorods have a diameter larger than 

70 nm, indicating the SPR signal can not be observed in water.   

 It will be a little hard to discuss the trend of the width because there is a contradictory: 

the theory predicts that the Ag nanrods/film structure will result a broad width, while the 

experiments show the Ag nanorods 200 nm/Ag film 40 nm sample has a narrower width than the 

Ag film 40 nm sample.  

 Consider the conventional thin film SPR configuration and recall the SPR dispersion 

relation (1.13) 

ma

ma
x c

k
εε

εεω
+

= .       (4.33) 

We have known that the resonance angle and the width are correlated to the real and imaginary 

part of kx

''' εεε im +=

, respectively [77], i.e., a large real part induces a large resonance angle and a large 

imaginary part leads to a large width. Assuming  and 22 ''' εε >> , the real and 

imaginary part of kx
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In addition, the complex refractive index of the metal  

mmmcom inn κε +== ,      (4.36) 
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where the absorption coefficient mκ of noble metal is much larger than the refractive index mn . 

When the thickness of the thin film increases, the absorption coefficient mκ  increases and thus 

'ε  increases. In general, aεε >' , therefore Re(kx) and Im(kx

According to the SEM image of Ag nanorods 200 nm/Ag film 40 nm shown in Figure 

4.14(a), the morphology is more close to film structure instead of nanorods structure. Therefore, 

the increasing film thickness results in a narrow width as listed in Table 4.1. However, the SPR 

angle of Ag nanorods 200 nm/Ag film 40 nm actually increases and the reason is still unknown.   

) will decrease, indicating a small 

SPR angle and a narrow width. The relationships between SPR angle or width and the thin film 

thickness also can be simulated by the three-layer Fresnel equations and are plotted in Figure 

4.21.  
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Figure 4.21 Relationships between SPR angle or width and the thin film thickness. 
  

In the case of theoretical Ag nanorods structure, if we regard the nanorods layer and the 

thin film as an effective layer, the effective medium dielectric constant will have a smaller 'ε  

due to the porosity. According to equation (4.35), Im(kx) will become larger and results in a large 

width.   
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Though we have not experimentally verified the enhancement predicted by the Ag 

nanorods/film structure, and tested the Ag nanorods mediated SPR sensor for Salmonella 

detection, we believe that there is a great potential for this sensor development. 

 

4.4 Conclusion 

In conclusion, we have carried out theoretical modeling of a nanorod mediated SPR 

sensor using anisotropic effective medium theory and studied the impact of various structural 

parameters such as the metal thin film thickness df, length l and diameter D of the nanorod on the 

properties of this SPR sensor. Compared with the conventional SPR configuration, nanorod 

mediated SPR sensor shows a larger resonance angle shift and its sensitivity increases with 

increasing refractive index of the target analyte. According to the calculation, the sensor with df 

= 30 nm, D = 30 nm and l = 20 nm performs best when the refractive index changing from n = 1 

to n = 1.05; while in another index changing range, n = 1.3 to n = 1.34, the sensor with df = 50 

nm, D = 10 nm and l = 10 nm enhances the sensitivity by two-fold. For the protein detection 

using a prim with the refractive index equal to 1.78, from n = 1.45 to n = 1.46, the sensor with df

Experiment investigation has been carried out for the Ag nanorods mediated SPR sensor. 

Due to the anisotropic property of the nanorods, it shows that different measurement orientation 

will result different SPR resonance angle. Compared with the conventional Ag thin film with a 

thickness of 40 nm, Ag nanorods 200 nm/Ag film 40 nm presents a larger SPR angle and a 

narrower width, therefore a higher Q-factor. However, the narrow width is thought as the result 

 

= 50 nm, D = 10 nm and l = 10 nm also enhances the sensitivity by two-fold. The results suggest 

that a nanorod mediated SPR sensor should be designed based on estimated index changes 

induced by target interactions.  
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of the “film-like” morphology, since the theory has proofed that the nanorods mediated SPR 

sensor should have a broadened width. Efforts have also been put on the measurements in 

aqueous solution such as DI water, but no SPR signal is observed for Ag nanorods/film structure. 

According to the theory, if the nanorods have a diameter larger than 70 nm and the measurement 

is performed in water, the reflectance minimum will be too close to 1 and is hard to be seen 

experimentally. We still believe that there is space left for the nanorods mediated SPR sensor for 

Salmonella detection, though the nanorods with a smaller diameter fabrication will be the first 

challenge to be faced.    
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE WORK 

 

In this dissertation, the nanostructures fabricated by dynamic shadowing growth (DSG), 

which includes oblique angle deposition (OAD) and glancing angle deposition (GLAD), were 

investigated for Salmonella detection by means of optical sensors such as fluorescence 

immunosensor, localized surface plasmon resonance sensor and surface plasmon resonance 

sensor.  

By combining GLAD and the sputtering technique, we have successfully fabricated 

Au/Si matchstick nanorods based immuno-fluorescence sensor for Salmonella detection. Single 

bacterium was captured by the antibodies conjugated on the Au and detected by the thousands of 

dye molecules immobilized on the Si nanorods. This fluorescence-based detection method 

provides a platform technology that may be applied to other pathogens detection, as the antibody 

used for capture can be substituted as required. For example, we have changed the anti-

Salmonella antibody to Respiratory Syncytial Virus (RSV) antibodies, and have successfully 

detected the RSV infected cells.   

Noble metal nanoparticles based localized surface plasmon resonance (LSPR) sensors 

were investigated by OAD produced Ag and Au nanoparticles (NPs). The tunable localized 

surface plasmon resonances of Ag NPs were achieved by simply changing the film thickness and 

the deposition angle. Compared with the normal deposited Ag islands film, the Ag NPs film 

fabricated by OAD at a large deposition angle has the advantage that the surface plasmon 
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resonance wavelength (SPRW) could be finely tuned in the visible range. For example, the 

average SPRW λp

The response of the Au nanoparticle’s localized plasmon peak to the outer environment 

was also investigated by depositing Ti with different thickness or deposition angle onto Au NPs. 

At normal deposition (θ

 increment is less than 3nm per 5 nm in film thickness at θ = 85°.    

Ti = 0°), we estimated that the critical distance zc for Au NPs in this 

study is 20 nm and the maximum plasmon peak shift Δλp is around 100 nm. By fixing the 

thickness of Ti, we also found that, with a larger deposition angle θTi, the plasmon peak shifts 

less because the smaller coverage of Ti on Au NPs can only change a smaller part of the 

surrounding medium. We recently found that the Au NPs fabricated by GLAD were more 

uniform than those made by OAD, which is promising for the optimization of the Au NPs based 

LSPR sensor. Also, a sandwich structure of Au NPs/TiO2

The sensor applications of Ag or Au NPs films have been explored. Though we found the 

Ag film could be oxidized in the aqueous solution with a blue shift of λ

/Au NPs was found that the second Au 

NP deposition increased the surface area of the NPs but not made the plasmon peak red-shift.  

p, a self-assembled 

monolayer such as SSC or Biotin could be used to protect the Ag surface and a stable λp can be 

achieved. We also showed that the Ag NPs based LSPR sensor can monitor the binding between 

Biotin and NeutrAvidin, and the limit of detection (LOD) is 10-10

Since Au is more stable than Ag in aqueous solutions especially containing salt, we 

fabricated Au NPs based LSPR sensor for Salmonella detection. In this sensor application, 

Salmonella bacteria, polystyrene spheres, and silica beads were coated onto the Au NP substrates, 

and the absorbance spectra before and after the coating were measured. According to the results, 

the plasmon peaks randomly blue- or red-shift and the peak shifts were less than 6 nm. By 

 M. There is space left for 

enhancement if the Ag NPs film with narrower width is used.  
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utilizing the Mie theory and effective medium theory, we constructed a simplified theoretical 

model and found that the plasmon peaks would theoretically shift 2-4 nm for the above samples, 

which was very close to the experimental results. Combining the considerations of the systematic 

error and the overestimated theoretical results, we believe that the detection ability of the LSPR 

sensor has a limitation for whole bacteria cells if using a conventional UV-Vis spectrometer. 

However, we should point out that this conclusion is based on the assumption that Salmonella 

bacteria have a rigid body. There might be other reasons for the unsuccessful detection, which 

are still under investigation. 

Surface plasmon resonance (SPR) sensor has been commercially developed, which 

contains a thin film of Au or Ag with a thickness of 50 nm. To enhance the sensor sensitivity, Ag 

nanorods mediated SPR sensor was studied theoretically using anisotropic effective medium 

theory. Compared with the conventional SPR configuration, nanorod mediated SPR sensor 

shows a larger resonance angle shift and its sensitivity increases with increasing refractive index 

of the target analyte. According to the calculation, the sensor with df = 30 nm, D = 30 nm and l = 

20 nm performs best when the refractive index changing from n = 1 to n = 1.05; while in another 

index changing range, n = 1.3 to n = 1.34, the sensor with df

Experiment investigation has been carried out for the Ag nanorods mediated SPR sensor. 

Due to the anisotropic property of the nanorods, it shows that different measurement orientation 

will result different SPR resonance angle. Compared with the conventional Ag thin film with a 

thickness of 40 nm, Ag nanorods 200 nm/Ag film 40 nm presents a larger SPR angle and a 

narrower width, therefore a higher Q-factor. Efforts have also been put on the measurements in 

aqueous solution such as DI water, but no SPR signal is observed for Ag nanorods/film structure. 

 = 50 nm, D = 10 nm and l = 10 nm 

enhances the sensitivity by two-fold.  



 

122 

According to the theory, if the nanorods have a diameter larger than 70 nm and the measurement 

is performed in water, the reflectance minimum will be too close to 1 and is hard to be seen 

experimentally.    

In the future, it will be interesting to perform the following search. For the Au/Si 

nanorods based biosensor, the fluorescent detection dye can be replaced by other types of dyes or 

potentially quantum dots that may allow for multiplex detection. Also, other nano-building 

blocks such as the spherical silica nanoparticles or the commercially available fluorescent silica 

nanoparticles, after partially coated with Au, can be used as the same detection biomarkers, 

though other techniques will be needed to deal with the Au coating and the antibody conjugation.  

To overcome the limitation of the Au NPs based LSPR sensor for Salmonella, if the technique 

permits, we might lyse the bacterial cells into fragments, which are smaller than the NPs. 

Another alternative is that we can apply the antibody labeled Au NPs to the bacteria which have 

been captured on the substrates. Third, the sandwich structure of Au NPs/TiO2/Au NPs has a 

great potential for the LSPR sensing. Regarding the nanorods mediated SPR sensor, we believe 

that there are ways to control the dimensions of the Ag nanorods and make the actual sensor 

structure close to the theoretical model, and therefore enhance the sensitivity of Salmonella 

detection. Additionally, the fine tune LSPR property of Ag or Au NPs is very useful for LSPR 

and SPR sensors. 
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APPENDIX A 

 

ABSORPTION EFFICIENCY OF METAL SPHERE BY MIE THEORY 

 

Let us consider a homogeneous and isotropic sphere of radius a, which is illuminated by 

an arbitrarily polarized monochromatic wave. The field inside the sphere is denoted by ( 1E


, 1H


); 

the field ( 2E


, 2H


) outside the sphere is the superposition of the incident fields ( iE


, iH


) and the 

scattered field ( sE


, sH


):  
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and k


 is the wave vector in surrounding medium outside of the sphere. The fields should satisfy 

the Maxwell equations: 
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Combining these equations give the vector wave equations: 

022 =+∇ EkE


,       (A.9) 

022 =+∇ HkH


.       (A.10) 

To find the expressions for the fields, first we construct two vector functions 

)( ϕrM 



×∇=  and 0=⋅∇ M


,     (A.11) 

k
MN
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 ×∇
= ,        (A.12) 

where r  is a vector from the origin of the sphere to a point outside the sphere and φ is a scalar 

function. If  

022 =+∇ ϕϕ k ,       (A.13) 

we have 
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022 =+∇ NkN
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which satisfy the vector wave equation. To obtain the expressions for M


 and N


, we need solve 

the equation (A.13). In spherical polar coordinates (Figure A.1), equation can be written as 
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Letting the generating function )()()(),,( φθφθϕ ΦΘ= rRr  yields three separating equations: 
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Figure A.1 Spherical polar coordinates with the origin at the center of the sphere. 
 

where m and n are constants. By solving the three equations, we obtain 
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where m = 0,1, …, n = m, m+1, …, the subscripts e and o denote even and odd. )(cosθm
nP  is the 

associated Legendre function and zn
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 is any of the four spherical Bessel functions: 

,      (A.22) 

)(
2

)(
2
1 ρ

ρ
πρ

+
=

nn Yy ,      (A.23) 

)()()()1( ρρρ nnn iyjh += ,      (A.24) 

)()()()2( ρρρ nnn iyjh −= ,      (A.25) 

kr=ρ ,        (A.26) 

x 

y 

z 
r  

θ 

φ 



 

138 

where 
2
1

+n
J  and 

2
1

+n
Y  are Bessel functions of first and second kinds. Therefore, the vector 

spherical harmonics generated by emnϕ  and omnϕ  are 

)( emnemn rM ϕ


×∇= ,       (A.27) 

)( omnomn rM ϕ


×∇= ,       (A.28) 

k
MN emn

emn



 ×∇
= ,       (A.29) 

k
MN omn

omn



 ×∇
= .       (A.30) 

Then suppose a plane x-polarized wave illuminates the sphere, and the permeability of 

the particle and the surrounding medium are the same, the incident electric field is 

x
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With great difficulties, the incident fields can be expanded as a series of the above vector 

spherical harmonics: 
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The superscript (1) denotes the generating function is specified by jn
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where cn and dn are coefficients.  
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At the boundary between the sphere and the surrounding medium, the tangent 

components of the field should be continuous: 

0)()( 11 =×−+=×−+ rsirsi eHHHeEEE 
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The expansion of the scattered field is therefore 
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The superscript (3) denotes the generating function is specified by )1(
nh . And an and bn

From the expansions (A.32) - (A.35), (A.37) – (A.38), the boundary conditions (A.36) in 

component form can be eventually written as the following four equations: 

 are 

scattering coefficients. 

)()()( )1( xjbxhcmxj nnnnn =+ ,       (A.39) 
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)()()( )1( xjaxhdmxmj nnnnn =+ ,      (A.41) 

)]'([)]'([)]'([ )1( xxjmaxxhmdmxmxj nnnnn =+ ,     (A.42) 

where the prime indicates differentiation with respect to the argument in parentheses and  

λ
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ε
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k
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where k1 is the wave vector inside the sphere, ε1

  By solving above four equations, the scattering coefficients can be obtained as follows: 

 and ε are dielectric functions inside and outside 

the sphere, respectively.  
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where nψ  and nξ  are Riccati-Bessel functions: 

)()( ρρρψ nn j= , )()( )1( ρρρξ nn h= .      (A.46) 

So far, we have had all the expressions for the fields inside and outside the sphere. We 

will obtain the cross sections by investigating the energy rate going into and out of the sphere. 

The energy extinction rate Wext is the sum of the energy absorption rate Wa and the energy 

scattering rate Ws

φθθθφφθφθ

π

θφ

π
ddrHEHEHEHEWWW isissisisaext sin)(Re

2
1 2***

0

*2

0
+−−=+= ∫∫

:  

,  (A.47) 

φθθθφφθ

ππ
ddrHEHEW sssss sin)(Re

2
1 2**

0

2

0
−= ∫∫ .      (A.48) 

It follows that the extinction cross section is 
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Similarly, the scattering cross section is 
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where Ii is the incident irradiance. For a very small sphere, x << 1, we only retain the first few 

terms in the scattering coefficients an and bn
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The absorption efficiency 
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For a sufficiently small x, the absorption efficiency can be simplified as 
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APPENDIX B 

 

MAXWELL-GARNETT THEORY AND BRUGGEMAN’S THEORY 

 

A brief introduction of effective medium theories, Maxwell-Garnett (MG) theory and 

Bruggeman (BR) theory, will be outlined in the following. The MG theory applies to particles 

embedded in a host while the BR theory presumes structural equivalence between two 

constituents, as shown in Figure B.1. 

In MG theory, there are particles with dielectric constant ε1 imbedded in a host with the 

dielectric constant ε0

loc
E


, we are trying to find out the effective dielectric constant ε of this 

composite system (Figure B.1(a)). For a particle embedded in the host, it experiences a local 

field  and Lorentz assumed that  
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03
1
ε

+= ,      (B.1) 

where E


 is the macroscopic field and P


 is the polarization. The dipole moment of the particle 

p  is given by 
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where α is the polarizability. Then the polarization P
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 is 
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where the sum is over all particles j, and Nj

∑+=
j

jjNPEP αε )
3
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 is the number of particles per unit volume. 

Aussuming that the local field is identical for all particles, we can substitute equation (B.1) into 

(B.3): 

.     (B.4) 

By solving for the polarization P


, we obtain the dielectric susceptibility 

∑

∑

−
==

j
jj

j
jj

N

N

E
P

α

α

ε
χ

3
110





.     (B.5) 

In terms of the dielectric constant )1(0 χεε += , equation (B.5) can be rearranged as 
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For a spherical particle with dielectric constant ε1
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 and radius a, its dielectric susceptibility is 
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Substituting equation (B.7) into (B.6) gives the Maxwell-Garnett formula: 
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where ∑=
j

jNa3
1 3

4πη  is the volume fraction of particles. Therefore, by solving equation (B.8), 

the effective dielectric constant ε of this composite system can be calculated. 

 However, when using Maxwell-Garnett formula, we have to choose the host and the 

inclusions, and different choices do not yield the same results for the effective dielectric constant 

ε. Also, in this theory, the effective dielectric constant reflects the host’s property even the 

volume fraction of the inclusions is high, which means a conductor remains a conductor until the 
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volume fraction of the insulators becomes 1. Therefore, when the volume fraction of the 

inclusions is high, this formula can not give the correct result. 

 

Figure B.1 Illustration of (a) Maxwell-Garnett theory and (b) Bruggeman theory. 
 

 

Figure B.2 A particle with dielectric constant ε1
 

 and radius a in a binary composite. 

 Bruggeman made an improvement to the Maxwell-Garnett theory by considering a binary 

system with fractions η1 of dielectric constant ε1 and η2 of dielectric constant ε2 respectively, as 

shown in Figure B.1(b). In this system, the two components are equivalent. To calculate the 

effective dielectric constant ε, we first exam a spherical inclusion of radius a and dielectric 
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constant ε1

0E


 in the homogeneous effective medium, as illustrated in Figure B.2. Far from this 

inclusion, the electric field is a constant , then the potential inside the sphere can be calculated 

as:  
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ε cos
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The electric field inside the sphere therefore is 
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With these expressions we can now calculate the electric flux deviation due to the polarization 

by the inclusion. For a sphere, we take the cross section normal to the direction of 0E


 and its 

area is πa2
1∆Φ. Then the flux deviation  is  
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Similarly, for the particle of radius a and dielectric constant ε1
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 in the homogeneous effective 

medium, we have  
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Bruggeman hypothesized that there should be zero average flux deviations in this system, i.e. [1] 

02211 =∆Φ+∆Φ ηη ,      (B.13) 

Then equation (B.13) can be written as 
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This is the Bruggeman formula. Both MG and BR theories can be applied to the inclusions with 

spheroid shape, which is used in chapter 4.  
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APPENDIX C 

 

FRESNEL EQUATION OF THREE-LAYER STRUCTURE CONTAINING AN 

ANISOTROPIC LAYER 

 

Consider a three-layer structure containing an anisotropic layer as shown in Figure C.1. 

To simplify the problem, the notations might be different from those in chapter 4.  

 

Figure C.1 Illustration of three-layer structure containing an anisotropic layer. 
 

In the medium with a dielectric constant ε1

θε sin10kkx =

, we have 
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Where the x-component kx k


 of the wave vector  is conserved in all the layers. Suppose the 

incident light is a plane wave: 
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Appling Maxwell’s equations 
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to equations (C.4) and (C.5) gives: 
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 The dielectric function ε2
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and 

'' yx εε = .       (C.15) 

In the coordinate xyz, 
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Let ĉ  is a unit vector along z’, then in the coordinate xyz: 

zcycxcc zyx ˆˆˆˆ ++= ,  1ˆ 2 =c ,     (C.17) 
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It is easy to write the components of ε2

jixzij

ixzxii

cc
c

)(
)(

''

2
'''

εεε
εεεε

−=
−+=

 as 
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Decompose equations (C.10) – (C.13) into the coordinate x’y’z’ and let x’→1, y’→2, z’→3 for 

simplicity: 

102332 HEkEk ωµ=− ,      (C.20) 

203113 HEkEk ωµ=− ,       (C.21) 

301221 HEkEk ωµ=− ,      (C.22) 

1102332 EHkHk εωε−=− ,      (C.23) 

2103113 EHkHk εωε−=− ,      (C.24) 

3101221 EHkHk εωε−=− .      (C.25) 
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0333222111 =++ EkEkEk εεε ,      (C.26) 

0332211 =++ HkHkHk .      (C.27) 

Multiplying equation (C.20) by 22εk  gives: 
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Multiplying equation (C.21) by 11εk  gives: 
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Substituting equations (C.28) and (C.29) into equation (C.26) gives: 
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Multiplying equation (C.23) by 2k  gives: 
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Multiplying equation (C.24) by 1k  gives: 
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Substituting equations (C.33) and (C.34) into (C.27) gives: 
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One should note that 
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where the “prime” means the corresponding vectors in coordinate x’y’z’.  

When the incident light is p-polarized,  
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the term in square bracket in equation (C.32) should vanish: 
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Recall equation (C.19) and rewrite equation (C.39) in the coordinate xyz: 
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This is equation (4.12) in chapter 4. And +zk2  and −zk2  are thought of as the forward and reverse 

waves. The effective dielectric constant of the anisotropic layer is: 
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This is equation (4.13) in chapter 4. 
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 Since the z component of the wave vector in the anisotropic layer has two solutions, +zk2  

and −zk2 , the reflection of the wave vector inside the anisotropic layer is not symmetric, as 

shown in Figure C.2. The electric fields can be written as 
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Figure C.2  Illustration of the ansymmetric reflection on the interface between an anisotropic 
layer and an isotropic layer. The incident light is p-polarized.  
 

Recall equation (C.10), we have 
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Because the tangential components of electric and magnetic fields are continuous, we have 
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tri tr θθθ coscoscos 1212 =− ,       (C.51) 
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Solve the reflection coefficient r12
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equation (C.53) can be rewritten as: 
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Similarly, the transmission coefficient t12
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 Then consider three-layer structure A/B/C, where A and C are isotropic layers, B is an 

anisotropic layer with a thickness of t (Figure C.3). The notations are different from those in 

section C.2.1. Using equations (C.55) - (C.56) and rziz kk = , we can write the reflection and 

transmission coefficients at the points on the interfaces A/B and B/C: 
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 Figure C.3 Illustration of three-layer structure sandwiching an anisotropic layer. 
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24 BCBC rr = ,        (C.62) 

35 BABA rr = ,        (C.63) 

35 BABA tt = ,        (C.64) 

… and so on.  

Then the reflection at each point on the interface A/B can be written as: 
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… and so on. 

Therefore, the total reflection from the three-layer structure A/B/C is 
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This is equation (4.14) in chapter 4.  
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