
THE FABRICATION AND APPLICATION OF PLASMONIC NANOPATTERNS BY SHADOW 

NANOSPHERE LITHOGRAPHY 

by 

WHITNEY INGRAM 

(Under the Direction of Yiping Zhao) 

ABSTRACT 

Nanoplasmonic materials are metals with nanoscale dimensions that possess strong localized 

electric fields at specific resonance wavelengths. Such a fascinating optical property can be 

exploited in numerous applications such as chemical and biological sensors, solar cell technology, 

metamaterials (cloaking technology), localized heating,  biological imaging methods, etc. The 

ability to control and tune the plasmonic resonance of nanomaterials is critical, and depends 

strongly on the material’s design and fabrication technique. For practical applications, the design 

procedures shall be simple and straightforward while the fabrication method must be scalable and 

inexpensive. In this dissertation, we utilize a simple, inexpensive, and scalable nanofabrication 

technique known as shadow nanosphere lithography (SNSL), which combines the nanosphere 

lithography with the dynamic shadow growth method, to design several new plasmonic 

structures/materials.  

 Based upon the principles of SNSL, we introduce four specific strategies for designing 

plasmonic nanopatterns with tunable plasmonic properties: silver (Ag) films on nanospheres, Ag 

triangular networks, Ag double triangles, and Ag-Cu alloy nanopatterns. Each structure possesses 

unique morphologies that can be predicted through numerical simulations based on the shadowing 

effect of the nanosphere template. By systematically changing the nanopattern’s morphology or 



material composition, the localized surface plasmon resonance can be tuned to specific 

wavelengths. The relationship between the nanopattern morphology and its plasmonic properties 

are understood through finite-difference time-domain simulation, while the effect of composition 

variation on the optical properties are predicted by an empirical equation derived from bulk 

materials.  

Finally, we establish that by tuning the localized surface plasmon resonance of these 

plasmonic nanomaterials, the sensitivity of these structures can be optimized for sensors based on 

surface enhanced Raman spectroscopy and localized surface plasmon resonance principles.  
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CHAPTER 1 

 

OVERVIEW OF PLASMONIC NANOMATERIALS 

 

1.1 Introduction 

Plasmonics is the study of the optical properties of metals with nanometer scale 

dimensions. Particularly, this research field focuses on a metal’s ability to generate plasmons when 

excited by light, a property also observed in large scale (or bulk) metals. Plasmons are the 

collective movement of free electrons within a metal. At the boundary between a metal and a 

dielectric (such as air), plasmons couple with light to produce a wave that propagates along the 

metal/dielectric interface known as surface plasmons polaritions (SPP). When the dimensions of 

the metal are confined to nanometer-length, SPP no longer propagate.  Its motion is restricted by 

the boundary of the metal’s surface. Instead, a standing wave forms inside the confined metal 

surface called localized surface plasmon (LSP). Due to LSP, nanoscale metals possess optical 

Figure 1.1.1 An example of stained glass made from gold and silver nanoparticles. [1] 
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features that are not observed in their bulk counterparts. For instance, they can change in color. 

Such properties have been employed by mankind for centuries. Medieval artisans, for instance, 

unknowingly mixed gold nanoparticles with molten silica to create beautiful red stained glass, and 

similarly used silver nanoparticles to create yellow stained glass as illustrated Figure 1.1.1. [1] 

The cause of the optical changes in these materials was unknown until the beginning of the 20th 

century. In 1908 Gustav Mie analytically solved Maxwell’s equations for the interaction of a plane 

EM wave and a spherical particle. [2,3] His theory predicted that a conductive nanoparticle can 

scatter light intensely at specific wavelengths, which can make it appear in a different color. 

Currently, the optical properties of nanoscale metals that Mie predicted are now understood to be 

the result of their LSP. In short, when metal nanomaterials are excited by light at a specific LSP 

frequency, a strong localized electromagnetic (EM) field is generated at the metal surface that can 

intensely absorb and/or scatter light. This optical phenomenon is an important property known as 

localized surface plasmon resonance (LSPR).  

The ability to absorb or scatter light at specific visible wavelengths makes plasmonic 

nanomaterials attractive for many applications. In fact, plasmonic nanomaterials play a crucial role 

in chemical and biological sensing techniques like LSPR sensing [4-6] and surface enhanced 

Raman spectroscopy (SERS) [7-9], solar cell technology [10-12], metamaterials, [13,14], localized 

heating [15,16], and optical imaging techniques. [17-19]  

However, many applications require the LSP to resonate at a specific wavelength range 

and to reach a certain strength. SERS, for instance, is a sensory technique that detects scattered 

light due the vibrations of molecules adsorbed on a plasmonic nanomaterial’s surface. When the 

nanomaterial is excited at its LSPR wavelength, the strong localized electric field generated can 

amplify the Raman scattering signal induced by the molecule [4-6,20] Similarly, in studies of 
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plasmonic nanomaterials coated on solar cells, the nanomaterials must be made to enhance and 

expand the absorbance of visible light. [10-12] Therefore, plasmonic nanomaterials with tunable 

LSPR wavelengths have become increasingly important for those practical applications.  

The LSPR wavelength of a plasmonic nanomaterial can be tuned by its composition, size, 

shape, proximity to other plasmonic materials, and surrounding dielectric environment, which can 

be controlled by the material’s fabrication technique. [4] In general, nanofabrication techniques 

can be divided into two categories: top-down and bottom up methods. For practical applications, 

these nanofabrication methods should easily tune the morphology of a nanomaterial and be 

inexpensive, quick, and scalable. However, many methods suffer from limitations that prevent 

practical use. 

Shadow nanosphere lithography (SNSL) is a promising method to fabricate plasmonic 

nanomaterials in a simple and practical manner. It is the combination of a bottom-up strategy called 

dynamic shadow growth (DSG) and a top-down method called nanosphere lithography (NSL). 

SNSL is simple, inexpensive, and scalable fabrication method that can generate predictable and 

controllable nanomaterial patterns. In this dissertation, SNSL is used to fabricate new plasmonic 

nanomaterial patterns. For each nanopattern, the LSPR wavelength can be tuned by systematically 

changing the material’s morphology and/or composition. We show that this strategy is an effective 

method to optimize the sensitivity of SERS and LSPR sensing strategies. 

  In this chapter, the fundamental concepts, applications, and an overview of a commonly 

used nanofabrication techniques for plasmonic materials are introduced. Specifically, in Section 

1.2., the basic theory of plasmonics, factors that affect the LSPR wavelength, and LSPR sensing 

principles are discussed. In Section 1.3, SERS detection is elaborated. Then, in Section 1.4, the 
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dynamic shadowing growth and nanosphere lithography are discussed in detail. Lastly, an 

overview of the dissertation is given in Section 1.5.  

1.2 Fundamentals of Plasmonics 

1.2.1 Basic theory 

Maxwell’s equations in matter 

The interaction between metals and EM fields can be understood through classical 

electrodynamics (quantum effects are not significant so long as the metal dimensions are above 10 

nm). [21] Classical EM behavior is governed by the Maxwell’s equations, 

∇ × 𝑫 =  𝜌𝑒𝑥𝑡,                                                               (1.1) 

∇ ⋅ 𝑩 = 0,                                                                    (1.2) 

∇ × 𝑯 =  𝑱𝑒𝑥𝑡 +
𝜕𝑫

𝜕𝑡
 ,                                                             (1.3) 

∇ × 𝑬 =  
𝜕𝑩

𝜕𝑡
 ,                                                                  (1.4) 

where D is the displacement field, E is the electric field (E-field),  𝜌𝑒𝑥𝑡 is the free charge density 

in the material, Jext is the current density in the material, H is the magnetic field, and B is the 

magnetic induction field. 

For homogeneous and isotropic media, the four fields are related by the following 

constitutive relations, 

𝑫 ≡ 𝜀0𝑬 + 𝑷= 𝜀0(1 + 𝜒𝒆)𝑬 =𝜀𝑬,                                          (1.5) 

𝑯 ≡  
1

𝜇0
𝑩 − 𝑴 =   

1

𝜇0
(1 + 𝜒𝑚)−1𝑩 = 

1

𝜇
𝑩,                                    (1.6) 

where P is the polarization,  𝜒𝒆  is the electric susceptibility, 𝜀0 is the permittivity of free space,  𝜀 

is the dielectric function, M is the magnetization, 𝜒𝑚 is the magnetic susceptibility, 𝜇0 is the 
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permeability of free space, and  𝜇 is the relative permittivity. For the plasmonic materials discussed 

below, they are usually assumed to be nonmagnetic, thus  𝜇 = 1. 

Bulk Plasmons 

 The unique optical property of plasmonic nanomaterials is determined by their dielectric 

function, which is closely related to their bulk counterparts. The dielectric function of metals is 

related to the motion of its free electrons in the presence of an EM field. In metals, free electrons 

move independently against a stationary lattice of positive ion cores. But, when an EM wave 

interacts with a metal, the free electrons are accelerated due to the EM force. This force causes the 

electrons to oscillate. A quanta of the collective oscillation is called a plasmon. The harmonic 

motion of free electrons can be described analytically by the following kinematic equation, 

𝑚�̈� + 𝑚𝛾�̇� =  −𝑒𝑬(𝑡),                                                      (1.7) 

where m is the mass of the electron, e is the charge of the electron, 𝛾 is a damping coefficient, x is 

the displacement of the electron, and the dot represents a time derivative. 

 For a time-dependent E-field, (E(t) =𝑬0𝑒−𝑖𝜔𝑡, where 𝜔 is angular frequency) the 

displacement of free electrons is also time harmonic, and the solution to Equation (1.7) is 

𝒙(𝑡) =  
𝑒

𝑚(𝜔2+𝑖𝛾𝜔)
𝑬(𝑡).                                                      (1.8) 

Such a displacement of free electrons contributes to a polarized field P = -nex, where n is the 

number density of electrons. Thus, Equation (1.8) can be as, 

𝑷 =  −
𝑛𝑒2

𝑚(𝜔2+𝑖𝛾𝜔)
𝑬(𝑡).                                                         (1.9) 

Then, according to Equation (1.5), P is related to D and E ,  

𝑫(𝑡) =  𝜀0 [1 −
𝑛𝑒2

𝑚(𝜔2+𝑖𝛾𝜔)
] 𝑬(𝑡) .                                               (1.10) 
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According to Equations (1.5) and (1.10) the dielectric constant of a metal, 𝜀(𝜔), can be derived 

as 

𝜀(𝜔) = 1 −
𝜔𝑝

2

𝜔2+𝑖𝛾𝜔
 ,                                                        (1.11) 

where, 𝜔𝑝, called the bulk plasma frequency, is defined as 𝜔𝑝 =  
𝑛𝑒2

𝑚𝜀0
.  

 Equation (1.11), also known as the Drude model, describes the complex dielectric function 

of a metal as a function of 𝜔. It can be written as a real and an imaginary component 𝜀(𝜔) =

 𝜀1(𝜔) + 𝑖𝜀2(𝜔), where 

𝜀1(𝜔) =  1 −
𝜔𝑝

2𝜏2

1+𝜔2𝜏2 ,                                                   (1.12) 

and 

𝜀2(𝜔) =  
𝜔𝑝

2𝜏2

𝜔(1+𝜔2𝜏2)
 ,                                                   (1.13) 

where 𝜏 =1/𝛾 is called the relaxation time. According to Equations (1.12) and (1.13), when  𝜔 > 

𝜔𝑝, the 𝜀 is predominately real (and negative), and light can propagate through the metal. When  

𝜔 < 𝜔𝑝, the 𝜀 is predominately imaginary (and positive) and light is attenuated through metal 

absorption or scattering. Table 1.2.1 shows the 𝜔𝑝 and 𝜏 for some common metals. In addition to 

EM waves, these relations also hold for plasmons (longitudinal waves) in the metal. Plasmons that 

propagate throughout the volume of the metal are called bulk plasmons.  

Table 1.2.1 The plasma frequency (units of Peta (1015) hertz (PHz)) and relaxation time (units of 

pico (10-12) seconds (ps)).[22-24] 
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Surface Plasmon Polaritions 

At the boundary between a metal and dielectric (i.e. air, water, etc.), plasmons can be 

excited and propagate along the metal/dielectric interface, known as surface plasmon polaritions 

(SSP). Figure 1.2.1 illustrates SSP propagating along an interface: the metal with a dielectric 

constant  𝜀𝑚(=𝜀1 + 𝑖𝜀2), is located at z < 0,  whereas a dielectric with 𝜀𝑑 is located at   z > 0. The 

SSP propagates along the metal/dielectric interface in the along x-direction, with a wave vector 

𝑘𝑥, along the metal-dielectric interface. The wave is continuous at the boundary (z = 0). Note, that 

both 𝜀𝑑 and 𝜀𝑚  are assumed to be homogeneous in the x-y plane.  

  Conceptually, SPPs can be treated as a “hybrid wave” that results from the coupling 

between light and free electron displacement on the metal/dielectric surface. To describe SPP 

mathematically, a common strategy is to define a wave equation that can allow the propagation of 

light at the metal/dielectric interface, i.e., the wave must have an E-field component  normal to the 

interface (Ez), but must also have a component in the propagation direction (for SPP to propagate, 

Ex). Thus, only transverse magnetic (TM, or p-polarization) light under certain conditions can 

 

Figure 1.2.1. A diagram of SPP propagating in the x-direction along the metal (𝜀𝑚) and 

dielectric (𝜀𝑑) interface.  
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excite the SPP as shown in Figure 1.2.1 [25,26] . By solving the wave equation (derived from 

Equations (1.3-1.4)) for a TM plane wave propagating along the x-direction, the electric and 

magnetic fields can be written as[25]:  

𝑯(𝑟, 𝑡) = 𝐴1 𝑗̂𝑒𝑖(𝑘𝑥𝑥−𝜔𝑡)𝑒−𝑘1𝑧 ,                                          (1.14) 

𝑬(𝑟, 𝑡) =  (𝐴1
𝑖𝑘1

𝜔𝜀0𝜀𝑑
𝑖̂ − 𝐴1

𝑘𝑥

𝜔𝜀0𝜀𝑑
�̂�) 𝑒(𝑘𝑥𝑥−𝜔𝑡)𝑒−𝑘1𝑧  ,                         (1.15) 

for 𝑧 > 0 (dielectric), and 

 𝑯(𝑟, 𝑡) = 𝐴2 𝑗̂𝑒𝑖(𝑘𝑥𝑥−𝜔𝑡)𝑒𝑘2𝑧,                                           (1.16) 

𝑬(𝑟, 𝑡) =  (−𝐴2
𝑖𝑘2

𝜔𝜀0𝜀𝑚
𝑖̂  − 𝐴2

𝑘𝑥

𝜔𝜀0𝜀𝑚
�̂�) 𝑒𝑖(𝑘𝑥𝑥−𝜔𝑡)𝑒𝑘2𝑧,                           (1.17) 

for 𝑧 < 0 (metal), where A1 and A2 are the magnitude of the fields in the dielectrics and metal, 

respectively, k1 and k2 are the z-components of the wave vector in the dielectric and metal, 

respectively. 

 Continuity of the EM fields at z = 0 of the interface requires that A1 = A2 and, 

𝑘1

𝑘2
=  

𝜀𝑑

𝜀𝑚
.                                                               (1.18) 

Additionally, the wave vectors must follow the relationships [26], 

𝑘1
2 = 𝑘𝑥 −  

𝜔2

𝑐2 𝜀𝑑,                                                       (1.19) 

and 

𝑘2
2 = 𝑘𝑥 −  

𝜔2

𝑐2 𝜀𝑚,                                                      (1.20) 

where c is the speed of light in a vacuum. By combining Equations (1.18-1.20), the dispersion 

relationship for a SPP wave can be obtained as, 

𝑘𝑥
2 =  (

𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
)

𝜔2

𝑐2
 .                                                     (1.21) 
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Equation (1.21) describes the frequency-dependent coupling between the excitation light and SPP 

waves.  At frequencies close to the bulk plasma frequency 𝜔𝑝, the surface plasmons will not be 

able to directly couple with the incident light. As a result the SPP frequency will approach an upper 

limit value called the surface plasma frequency [27], 

𝜔𝑠𝑝 =
𝜔𝑝

√1+𝜀𝑑
.                                                               (1.22) 

According to Equation (1.22), resonance of SPP waves depends upon the 𝜀𝑑. In air (where,  𝜀𝑑 = 

1), for instance, SPP resonance occurs at 
𝜔𝑝

√2
.  At resonance, SPP no longer propagates, but becomes 

standing waves called surface plasmons. 

Localized Surface Plasmons  

 When the dimensions of a metal are about or smaller than the skin depth 𝑙𝑠 of an EM wave 

that was defined as [28], 

𝑙𝑠 =
𝜔

𝑐
[𝑅𝑒 (

−𝜀𝑚
2

𝜀𝑚+𝜀𝑑
)

1
2⁄

]

−1

,                                                  (1.23) 

an EM wave can propagate throughout the entire volume of the metal. Free electrons oscillate in 

response to the E-field creating surface plasmons that are spatially confined to the nanomaterial in 

the form of standing waves called localized surface plasmons (LSP). Figure 1.2.2 illustrates the 

behavior of free electrons in a metal nanosphere. As the EM field propagates along the x-direction, 

displaced free electrons result in opposite charge distribution along the metal surface. Since the E-

field is proportional to surface charge density, such a concentrated electric charge will generate an 

enhanced localized E-field near the surface of the nanosphere. 

 G. Mie derived an analytical solution for the interaction of EM waves with a metal 

nanoparticle. A detailed derivation and explanation of Mie’s theory can be found in Ref. [29]. In 

short, Mie’s theory shows that the total scattering (𝜎𝑠𝑐𝑎), extinction (𝜎𝑒𝑥𝑡), and absorption (𝜎𝑎𝑏𝑠) 
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cross-sections from a conducting nanosphere are given as, 

𝜎𝑠𝑐𝑎 =
2𝜋

|𝑘|2
∑ (2𝐿 + 1)(|𝑎𝐿|2 + ||𝑏𝐿|2|)∞

𝐿=1 ,                                        (1.24) 

𝜎𝑒𝑥𝑡 =
2𝜋

|𝑘|2
∑ (2𝐿 + 1)(𝑅𝑒(𝑎𝐿 + 𝑏𝐿))∞

𝐿=1  ,                                      (1.25) 

𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑎,                                                       (1.26) 

where L=1, 2, 3… is an integer representing the dipole and higher multipoles of the nanoparticle,  

aL and bL represent parameters that are composed of the Bessel functions 𝜓𝐿 and 𝜒𝐿, 

𝑎𝐿 =  
𝑢𝜓𝐿(𝑢𝜂)𝜓𝐿

′ (𝑥)−𝜓𝐿
′ (𝑢𝜂)𝜓𝐿(𝜂)

𝑢𝜓𝐿(𝜂𝑥)𝜒𝐿
′ (𝜂)−𝜓𝐿

′ (𝑢𝜂)𝜒𝐿(𝜂)
,                                             (1.27) 

𝑏𝐿 =  
𝜓𝐿(𝑢𝜂)𝜓𝐿

′ (𝜂)−𝑢𝜓𝐿
′ (𝑢𝜂)𝜓𝐿(𝜂)

𝜓𝐿(𝑢𝜂)𝜒𝐿
′ (𝜂)−𝑢𝜓𝐿

′ (𝑢𝜂)𝜒𝐿(𝜂)
 ,                                             (1.28) 

where u ≡ �̃�𝑚 𝑛𝑑⁄  where �̃�𝑚 is the complex index of refraction of the metal ( �̃�𝑚= 𝑛𝑟 + 𝑖𝜅),  𝑛𝑑 

is the index of refraction in the dielectric medium,  𝜂 ≡ kd𝑟, where kd is the wavenumber in the 

dielectric medium and r is the radius of the conductive nanoparticle. 

Figure 1.2.2 An illustration of localized surface plasmon resonance (LSP), which shows the 

coupling of an electromagnetic field and metal nanospheres. 

Electric field

Metal nanoparticle
(

Free electron gas

+++

- - -
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+++
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Dielectric medium
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 Equations (1.25) can be simplified by approximating the Bessel functions as a power 

series. By only considering the dipole term, the 𝜎𝑒𝑥𝑡 can be expressed as [27], 

𝜎𝑒𝑥𝑡 =  
9𝜔𝜀𝑑

3/2
𝑉

𝑐

𝜀2(𝜔)

[𝜀1(𝜔)+2𝜀𝑑]2+𝜀2(𝜔)
 ,                                            (1.29) 

where V is the volume of the particle, and 𝜀1 and 𝜀2 are the real and imaginary components of 𝜀𝑚. 

 In Equation (1.29), 𝜎𝑒𝑥𝑡 is maximized when the frequency 𝜔0 satisfies 𝜀1(𝜔0) =

−2𝜀𝑑(𝜔0). At 𝜔0, the oscillating electrons generate a strong localized EM field. This phenomenon 

is called the localized surface plasmon resonance (LSPR). Based on the Drude model (Equation 

(1.12)), and assuming 𝜔𝑝 ≫ 𝛾 , 𝜀1 can be simplified as,  

𝜀1 ≈ 1 −
𝜔𝑝

2

𝜔2,                                                            (1.30) 

where this relation assumes 𝜔𝑝 ≫ 𝛾. Therefore,  𝜔0 can be approximated as, 

𝜔0 =  
𝜔𝑝

√2𝜀𝑑+1
 ,                                                            (1.31)  

or 

𝜆0 = 𝜆𝑝 √2𝜀𝑑 + 1,                                                        (1.32) 

 where the LSPR wavelength 𝜆0 =  
2𝜋𝑐

𝜔0
. According to Equations (1.31) and (1.32), the 𝜆0 is clearly 

dependent on the dielectric environment. However, there are other factors that can affect the 

resonance wavelength. They include the composition 𝜀1 and 𝜀2, size V, shape, and proximity of 

the nanomaterial to other nanomaterials. Each of these factors are discussed in more detail in the 

following sections. 
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1.2.2 The LSPR Wavelength Dependence 

Metal Composition 

 The composition of the metal is an intrinsic factor that can influence 𝜆0. Equation (1.31) 

clearly demonstrates that 𝜔0 is proportional 𝜔𝑝, the bulk plasmon frequency. Based on the values 

listed in Table 1.2.1, different materials have different 𝜔𝑝. Figure 1.2.3 shows the extinction 

spectra of silver (Ag), copper (Cu), and gold (Au) triangular nanopatterns of the same size. The 

spectra show that the 𝜆0 redshifts for metals with higher 𝜆𝑝. Other metals can also shift the LSPR 

resonance, but their 𝜆0 is usually in the IR wavelength range. [30]  

 In addition, the imaginary dielectric component of the metal, 𝜀2, can also affect the 

extinction magnitude at 𝜆0. The strongest 𝜎𝑒𝑥𝑡 values occur when -𝜀1  ≫ 𝜀2. In order to reduce the 

optical loss, 𝜀2 needs to be small in magnitude. In fact, a term called the quality factor, QLSP, is 

used to estimate the relative 𝜎𝑒𝑥𝑡  value of a specific metal at the LSPR, [22] 

 

Figure 1.2.3 The normalized extinction spectra for Ag, Cu, and Au nanotriangles. Inset shows an 

SEM image of the triangular nanopattern.[31] 
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  𝑄𝐿𝑆𝑃 ≡
−𝜀1

𝜀2
 .                                                               (1.33) 

The maximum QLSP can be determined by substituting the Drude model in Equation (1.11) and 

solving for QLSP as a function of 𝜔. The maximum QLSP, 𝑄𝐿𝑆𝑃
𝑚𝑎𝑥, is defined as [22] 

 𝑄𝐿𝑆𝑃
𝑚𝑎𝑥 =  

2(𝜔𝑝
2−𝛾2)

3 2⁄

3𝛾𝜔𝑝
2√3

 .                                                         (1.34) 

Figure 1.2.4 shows the 𝑄𝐿𝑆𝑃
𝑚𝑎𝑥 and corresponding frequency at which  𝑄𝐿𝑆𝑃

𝑚𝑎𝑥 occurs (in eV) for 

most metals on the periodic table. The optical constants used to evaluate 𝑄𝐿𝑆𝑃
𝑚𝑎𝑥 were calculated 

from experimental measurements (see Ref.[22] ). Among all metals shown in Figure 1.2.4, Ag 

possess the highest 𝑄𝐿𝑆𝑃
𝑚𝑎𝑥. Other metals that have high 𝑄𝐿𝑆𝑃

𝑚𝑎𝑥 are highlighted in blue, including Cu, 

Au, aluminum (Al), and the alkaline metals. 

In most plasmonic research, Au and Ag are used frequently because of their high 𝑄𝐿𝑆𝑃
𝑚𝑎𝑥 

and optical response in the visible wavelength range. However, for mass production, both Ag and 

Au are expensive. Copper is also considered as a promising plasmonic material. Not only does it 

have a relatively high 𝑄𝐿𝑆𝑃
𝑚𝑎𝑥, but it is also more abundant and less expensive compared to Ag and 

Au. Unfortunately, Cu rapidly oxidizes into Cu2O and CuO when exposed to air, which greatly 

attenuates its LSPR response. [30] Recent studies show that the oxide layer can be temporarily 

removed with acetic acid. [31] Another strategy to reduce or prevent the Cu oxidation process is 

by covering the Cu surface with graphene, polymers, or corrosion inhibitors. [32-34] These 

treatments make it possible for Cu to be used as a plasmonic material. An alternative strategy to 

reducing the Cu oxidation layer is to alloy Cu with another metal. Li, et al. showed that the 

oxidation of copper thin films can be reduced by alloying it with metals such as titanium (Ti), 

nickel (Ni), chromium (Cr), etc. [35] Similarly, Tsuji et al., shows that plasmonic Cu-Ag core-

shell nanoparticles suppress oxidation. [36]  
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Figure 1.2.4 A plot of the periodic table of elements showing the maximum quality factor (Max 

QLSP) value and frequency (in eV) for selected metals. [22] 

 

In addition to oxidation protection, noble metal alloys or mixed phase materials can be 

used to change the 𝜆0. By changing the composition of the alloy or mixed phase material, the 𝜆0 

will shift. [30,37-43] Nanomaterials fabricated from alloys can also produce unique plasmonic 

responses not observed in pure metals. For instance, Gong et al. fabricated Ag-Cu, Au-Cu, and 

Ag-Au plasmonic thin film alloys. [43] They showed that at specific compositions the alloy 

possessed higher surface plasmon polarization than that of the corresponding pure metals.  

Overall, varying material and/or composition plays a significant role in determining and 

controlling the LSPR. 

Size  

 The size 𝑉 of a nanomaterial can affect its 𝜆0. This relationship can be understood by 

examining Mie’s theory for a conductive spherical particle. In Equation (1.29),  𝜎𝑒𝑥𝑡  is 

proportional to the volume of the nanoparticle V. Thus, as the radius of the particles becomes 

larger, the optical extinction will increase.  

 Another consequence of increasing 𝑉 is that the particle can no longer be approximated by 

its dipole approximation, which is the assumption to derive in Equation (1.29). Higher order 



 

15 

resonant modes, such as quadrupole resonances, become important. This effect can be seen by 

including the quadrupole contribution to Equation (1.29), [44] 

𝜎𝑒𝑥𝑡 ≈
4𝑑

𝜋𝑟2 (𝑔𝑑 +
𝑑2

12
𝑔𝑞 +

𝑑2

30
(𝜀2 − 1)),                                              (1.35) 

 where 𝑔𝑑 is the dipole contribution, 𝑔𝑑 =
𝜀𝑚−𝜀𝑑

𝜀𝑚−2𝜀𝑑
, gq is the quadrupole contribution, 𝑔𝑞= 

𝜀𝑚−𝜀𝑑

𝜀𝑚−3
2⁄ 𝜀𝑑

, 

da = 
2𝜋𝑟(𝜀𝑑)−

1
2

𝜆
 , where 𝑟 is the radius of the spherical nanoparticle, and 𝜆 =  

2𝜋𝑐

𝜔
. 

From Equation (1.35), one can see that as 𝑟 increases, the contribution of the quadrupole 

term becomes more significant. Moreover, at resonance, there will be two 𝜆0, one from the dipole 

resonance, 𝜆0𝑑, and one from the quadrupole resonance, 𝜆0𝑞. To illustrate and determine the effect  

 

 

Figure 1.2.5. The E-field enhancement for Ag spheres with (a) r = 30 nm and (b) r = 60 nm 

excited by p-polarized light. (c-d)The extinction spectra (black line) and the average enhanced 

electric field spectra (blue, red, and green lines, respectfully) for (c) r = 30 nm and (d) r = 60 

nm[44] 

(a) 

(b) 

(c) 

(d) 
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of 𝑟, Figure 1.2.5 (a-b), shows the simulated E-field enhancement, |𝑬2| of a single Ag sphere with 

r =30 and 60 nm excited by p-polarized light. [44]  As light excites the 30 nm-radius sphere, a 

strong E-field is generated. This response is due primarily to the dipole component, which is 

located along the upper and lower regions of the sphere. The E-field enhancement for the 60 nm -

radius sphere, on the other hand, shows a dominant quadrupole resonance, which is indicated by 

the four distinct enhancement regions surrounding the sphere.  

The corresponding plot of the extinction spectra, the average E-field, and localized E-field 

at specific locations (indicated as Point 1 and 2) are plotted in Figure 1.2.5 (c-d). By comparing 

the extinction spectra (the solid black line) from each diameter, one can see that the 30 nm diameter 

particle has a single dipole resonance peak, while the 60 nm diameter particle has two resonance 

peaks associated with the dipole and quadrupole effect. Figure 1.2.5 (c-d) also shows the field 

enhancement at the dipole and quadrupole locations for each particle.  In the figure, Point 1 

indicated the dipole field, while Point 2 represents the quadrupole field. Theoretically, the 𝜆0𝑑 for  

 

 

Figure 1.2.6 (a) The extinction spectra of Ag nanoparticles with different diameter d. (b) The 

dipole resonance wavelength plotted as a function of d [45] 
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both sized spheres should be the same, but the coupling effect between the dipole and quadrupole 

resonance depolarizes the dipole plasmon resonance, resulting in a smaller average field and 

redshifted peak. [44,46] Thus, the simulation results illustrate that as  𝑟 increases, the effects of 

higher order modes, 𝜆0𝑞 in this case, become important, and can redshift and broaden 𝜆0𝑑. 

 The above calculations are consistent with experimental studies. Figure 1.2.6 (a), for 

instance, shows the extinction spectra of Au spherical nanoparticles with diameters ranging from 

10 nm to 100 nm. The spectra show that as 𝑟 (or d, the diameter) increases, the magnitude of 𝜎𝑒𝑥𝑡 

at 𝜆0𝑑 increases, and the 𝜆0𝑑 redshifts. The 𝜆0𝑞 can be observed when 𝑑 > 70 nm.  Figure 1.2.6 

(b) plots 𝜆0𝑑 versus d, and clearly shows that the 𝜆0𝑑 redshifts with increasing d. And although 

𝜆0𝑞  is not plotted, this peak also redshifts with d. This example is a simple case of the size-

dependent effect of 𝜆0, but similar trend has been observed in other shaped plasmonic materials. 

[27,47,48] 

Shape  

 The effect of a nanomaterials’ shape on 𝜆0 can be understood through the example of a 

spheroid-shaped nanoparticle. Gan’s theory generalizes Mie theory for the case of an ellipsoid of 

any aspect ratio. Analogous to Equation (1.29), the 𝜎𝑒𝑥𝑡 of a nanospheriod can be expressed as  

[49,50] 

 𝜎𝑒𝑥𝑡 =  
2𝜋𝜔𝑉𝜀𝑑

3 2⁄

3𝑐
∑

(1 𝑃𝑗
2⁄ )𝜀2

(𝜀1+
1−𝑃𝑗

𝑃𝑗
𝜀𝑑)

2

+𝜀2
2

𝑗 ,                                         (1.35) 

where Pj (with the indexes j = a, b, c) is the depolarization factor that corresponds to the three 

primary axes from a general equation of an ellipsoid, 
𝑥2

𝑎2
+

𝑦2

𝑏2
+

𝑧2

𝑐2
 = 1. In the case of a spheroid 

with a > b = c, Pj  can be written as [51], 
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𝑃𝑎 =  
1−𝑒2

𝑒2
[

1

2𝑒
ln (

1+𝑒

1−𝑒
) − 1] ,                                                (1.34) 

and 

𝑃𝑏 =  𝑃𝑐 =  
1−𝑃𝑎

2
 ,                                                     (1.35) 

where e is the eccentricity defined as, 

𝑒 =  √1 − (
𝑏

𝑎
)

2

.                                                           (1.36) 

 Equation (1.35) shows the depolarization factors, Pj will determine number of 𝜆0, which  depends 

upon the nanomaterial shape.  Since there are two Pj terms, the spheroid will have two 𝜆0; one that 

corresponds to a, the long axis of the spheroid, is often referred to as the longitudinal mode, 𝜆0𝐿; 

and the other that is related to b, the short axis, is called the transverse mode, 𝜆0𝑇. Figure 1.2.7 (a) 

shows the calculated extinction spectra of a spheroid with an aspect ratio, R = 3.3 (where R = a/b). 

Both 𝜆0𝐿 and 𝜆0𝑇 are labeled in the spectrum.  By changing the shape of the spheroid, i.e., the 

aspect ratio R = b/a, both 𝜆0𝐿 and 𝜆0𝑇 will also change.  Figure 1.2.7 (b) shows the extinction 

spectra of spheroid nanoparticles with different R. As the R increases, both 𝜆0𝐿 and 𝜆0𝑇 redshift, 

and their corresponding 𝜎𝑒𝑥𝑡 peaks increase. The inset in Figure 1.2.7(b) shows a plot of 𝜆0𝐿 as a  

 

 

Figure 1.2.7. Numerical calculations for an ellipsoid by Gans Theory. (a) Absorbance spectra of 

a spheroid with R = 3.3 and (b) ellipsoids with different aspect ratio R. [51] 

(a) 
(b) 

𝜆0𝐿 

𝜆0𝑇 
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function of R, which indicates a linear relationship between 𝜆0𝐿 and R. Link et al., used numerical 

method to determine the relationship between𝜆0𝐿 and R, and derived the following empirical 

expression for 𝜆0𝐿, 

𝜆0𝐿 =  (𝛽1 − 𝛽2𝑅)𝜀𝑑 + 𝛽3,                                                    (1.37) 

where 𝛽1, 𝛽2, and 𝛽3 are constants. By fitting Equation (1.37) with 𝜆0𝐿 as a function of R (Figure 

1.2.7 (b)), 𝛽1, 𝛽2, and 𝛽3 were determined to be 33.34, 46.31, and 472.31, respectively.  Similar 

results has been obtained for 𝜆0𝑇 .  

For shapes such as cubes or triangles, edge effect can lead to additional plasmon 

resonances. Fruch et al. theoretically and experimentally studied the optical properties of cube-

shaped particles, and showed that, when excited, the edges of the cube become strongly charged 

and each corner induced a resonance peak. [52] Experimentally, the extinction spectra of cubical 

metal particles showed multiple, but broad resonance peaks. The edge effect observed in Fruch’s 

work is consistent with the results for other shaped plasmonic materials published in literature.[4] 

Nearest Neighbor Proximity 

The proximity between two nanoparticles/patterns is another factor that can shift 𝜆0, which 

is the result from the EM coupling. The EM coupling effects of plasmonic nanomaterials can be 

easily understood by simulations. As an example, Clarkson et al. calculated the scattering spectra 

of two spherical Ag nanoparticles (dimer) with fixed center-to-center separation distance L (=200 

nm), and varying radius r (from 10 to 100 nm) as shown in Figure 1.2.8 (a). [53] The spectra show 

that for small r/L (or smaller spheres, since L is fixed) ratio, a dipole resonance peak, 𝜆0𝑑, is 

observed. As r/L increases, a second peak due to the quadrupole resonance  𝜆0𝑞 is observed. As 

r/L increases both resonances redshift. Since the size of the nanoparticles and their separation 

distance changes, it is important to distinguish which property causes the shift of  𝜆0. Figure 1.2.8  
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Figure 1.2.8 (a) The calculated scattering spectra of Ag dimers with fixed center-to-center 

separation distance L, and varying radius, r.(b) A plot of the LSPR resonance peak as a function 

of r/L for dipole and quadrupole resonances for dimer(or particle-pair) and its corresponding 

single particle with the same r.[53] 

 

(b) plots the 𝜆0𝑑 and 𝜆0𝑞 for the dimer and individual particle as a function of r/L. Note that the 

values of 𝜆0𝑑 and 𝜆0𝑞 for the individual particle of radius r are plotted alongside the dimer at r/L 

for comparison purposes. The plot shows that when r/L > 0.350, the shift of 𝜆0𝑑 becomes faster 

than that of the individual particles. Such a result is assumed to be due to a coupling effect, while 

the emergence of  𝜆0𝑞 is a size induced effect. Based on the data in Figure 1.2.8 (b), Clarkston et 

al. derived an empirical relationship between 𝜆0𝑑 and r/L,  [53] 

𝜆0𝑑(𝜍) = (𝐶0 + 𝜆10) + 𝐴𝑒
−𝜍

𝑠⁄ ,                                                   (1.38) 

where C0 is a constant, A is a scaling factor, 𝜍 = L/2r, and s is the decay constant. [53] Thus the 

interparticle spacing plays an important role in 𝜆𝑜𝑑, which is consistent with other studies as 

well.[4,5] 

It is well known that the coupling between nanomaterials can also generate a strong 

localized E-field between two spheres, called “hot spots”. For example, Figures 1.2.9 (a-b) shows 

the simulated E-field distribution of a single and a pair of Au 100 nm diameter spheres. [54] The 

(a) (b) 

 

𝜆0𝑞 

𝜆0𝑑 
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Figure 1.2.9 (a) The E-field distribution of a 100 nm-diameter Au nanoparticle. (b)The E-field 

distribution of an Au dimer with a gap distance of 75 nm. (c) Enhancement factor of the E-field 

versus the gap distance. [54] 

  

gap distance for the dimer is 25 nm. Compared to the E-field distribution of the single nanoparticle, 

the E-field distribution between the pair of Ag particles is much stronger. This trend can be 

expressed quantitatively by a term called the field enhancement factor, defined as 
|𝐸|

|𝐸0|
 , where 𝐸0 

and E, are the E-field the magnitudes of the single and pair of particles, respectively. Figure 1.2.9 

(c) shows the enhancement factor of the particle-pair as a function of separation distance.  Clearly, 

as the spacing distance increases, the field enhancement factor becomes smaller. 

Dielectric Environment and LSPR Sensing 

It is easy to see from Equation (1.32) that  𝜆0 is directly correlated to 𝜀𝑑, the surrounding 

environment of the plasmonic material. Therefore, it is expected that the change in dielectric 

medium can shift  𝜆0, i.e., increasing 𝜀𝑑 will redshift 𝜆0. According to Equation (1.32),  

 𝜆0 =  𝜆𝑝√2𝜀𝑑 + 1 ≈ √2𝜆𝑝𝑛𝑑,                                                       (1.39) 

(a) 

(c) 

(b) 
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where 𝑛𝑑 is the real component of the index of refraction for a dielectric medium. Thus, Equation 

(1.41) indicates that 𝜆0 increases almost linearly with 𝑛𝑑. Figure 1.2.10 shows the simulated 

extinction spectra of Au nanoparticles in different dielectric medium. The insert in the figure 

confirms the linear relationship between 𝜆0 and nd.  

 The change of  𝜆0 with respect to 𝑛𝑑 can be used as a sensing mechanism to produce a so-

called LSPR sensor. The LSPR sensing has been developed rapidly in the past 20 years, and can 

be divided into two categories: the bulk refractive index sensing and molecular sensing, illustrated 

in Figure 1.2.11. For the bulk refractive index sensing, the surrounding bulk dielectric medium is 

changed. It is used to quantitatively evaluate the sensitivity of a plasmonic material or to detect 

variations in the dielectric environment due to changes in the media concentration. [27,55-57] For 

molecular sensing, the local dielectric environment immediately surrounding the plasmonic  

material is changed due to molecular adsorption onto the material surface. It is commonly used for 

biological sensing. In this case, plasmonic nanomaterials are functionalized with probe molecules 

that can be selectively bonded to the desired target. As the target molecules attaches to the captured 

molecule, the local dielectric environment of the plasmonic nanomaterial will change, which 

redshifts its 𝜆0. Molecular sensing has been used to quantitatively detect anti-body interaction, 

 

Figure 1.2.10 The absorbance spectra of nanopatterns with different dielectric environments 

(symbolized by their index of refraction n). [58] 
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Figure 1.2.11. An illustration of LSPR sensing methods: (a) Bulk index of refraction sensing and 

(b) molecular sensing. [27] 

 

DNA hybridization, protein recognition, bacteria adsorption, hydrogen peroxide concentrations, 

and biomarkers for disease, etc.  [57,59,60]  

 

One of the current challenges for LSPR sensing, especially for molecular sensing, is that small 

molecules that bind to plasmonic nanomaterials do not significantly shift 𝜆0. The sensitivity S of 

the LSPR sensor is defined as, 

𝑆 =  
Δ𝜆0

Δ𝑛𝑑
.                                                                  (1.40) 

In addition, the performance of the sensor also depends on the LSPR peak width. As the size of 

the plasmonic particles increase, the width of their extinction peak becomes broader due to 

multipolar resonances.  Therefore, a second parameter, the figure of merit (FOM), is also used to 

describe the quality of the sensor, 

𝐹𝑂𝑀 =
𝑆

𝐹𝑊𝐻𝑀
=

∆𝜆0

∆𝑛𝑑×𝐹𝑊𝐻𝑀
                                                         (1.41) 

where FWHM is the full-width at half-maximum of the LSPR peak. The explicit expression of S 

can provide some possible ways to improve the response of the LSPR sensor, [56] 
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S = 

𝑑𝜀1
𝑑𝑛

(
𝑑𝜀1
𝑑𝜆0

)
𝜆𝑑

= −
2𝜒𝑛

(
𝑑𝜀1
𝑑𝜆0

)
𝜆𝑑

 ,                                                      (1.42) 

where 𝜒 is a shape factor (related to the aspect ratio) of the nanomaterial. According to Equation 

(1.42), in order to increase S, one can increase the 𝜒. This can be done by increasing the aspect 

ratio of the nanomaterial. In general, nanomaterials with high aspect ratios tend to have sharper, 

narrower resonance peaks. For instance, nanorods and nanocubes have been shown to have much 

higher sensitivity than that of spherical nanoparticles. [61-63] The other way is to reduce the 

dependence of 𝜀1 on 𝜆0, i.e., decreasing the value of 
𝑑𝜀1

𝑑𝜆0
. This can be achieved by alloying the 

nanomaterial with another metals. For instance, by alloying a metal such as Au, which has a strong 

LSPR peak, with Cu or Ti, which shows weaker LSPR response, the dependence of 𝜀1 on 𝜆0 can 

be reduced. Jeong et al. demonstrated that the LSPR sensitivity of Ag nanoparticles could be 

improved by alloying them with Ti. [56]  

1.3 Surface Enhanced Raman Spectroscopy 

Raman Spectroscopy 

Raman spectroscopy is a vibrational scattering technique used to detect inelastically 

scattered light. [64] When photons, with energy ℏ𝜔, interact with a molecule vibrating at a 

frequency 𝜔1, the scattered photons can have three possible energies.  Figure 1.3.1 (a) illustrates 

the possible scattering phenomena generated by this interaction. Most of the photons will be 

scattered with the same energy as the incident photon, ℏ𝜔, called Rayleigh elastic scattering, which 

is indicated by the green arrow in the figure.  Photons can also scatter with energies that are higher 

with ℏ(𝜔 + 𝜔1), called Anti-Stokes Raman scattering. Or, the scattered photons can have lower 

energies with  ℏ(𝜔 − 𝜔1), called Stokes Raman scattering. The energies gained or loosed by the 

scattering photons in Stokes and anti-Stokes Raman scattering are the characteristic vibrational 
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Figure 1.3.1 (a) A diagram of the interactions between a photon and molecule. (b) The Raman 

spectra of benzene (DMMB), 4-(mercaptomethyl)ethynyl benzene (MMByne) and 4-

(mercaptomethyl)nitrobenzene (MMBNO). [65] 

 

energies of the molecular bonds, which reveal information about distinct composition of the 

molecule concerned. Such a scattered intensity versus the shifted energy of the scattered photons 

can be used as “molecular fingerprint” to identify specific molecules. Figure 1.3.1 (b) shows 

representative Raman spectra of some organic molecules. Although Raman spectroscopy is a good 

analytic chemical tool to study and detect molecular composition, the intensity of Raman scattered 

light is very low. This effect is primarily due to the low Raman cross-section of most molecules 

(approximately 10-25 to 10-30 cm2). [66] Thus Raman spectroscopy cannot be used as an optical 

sensor. 

Surface Enhanced Raman Spectroscopy  

Nearly 30 years ago it was discovered the “roughened surface” of Ag could enhance the 

Raman signal from molecules adsorbed onto it. [7,8,67,68] This phenomenon was attributed 

primarily to the chemical interactions of molecules with Ag, and the plasmonic properties of Ag, 

and is now known as surface-enhanced Raman spectroscopy (SERS). Currently, SERS has 

(a) (b) 
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developed into a promising optical chemical and biological sensing technique. For instance, SERS 

has been used to detect biomarkers for cancer, inorganic pollutants, explosives, proteins, DNAs, 

etc. [69-73] Compared to Raman spectroscopy, SERS has a much better sensing capability. The 

ratio of the enhanced Raman signal to a regular Raman signal is called the enhancement factor EF, 

 𝐸𝐹 =  
𝐼𝑆𝐸𝑅𝑆 𝑁𝑉𝑜𝑙⁄

𝐼𝑅𝑆 𝑁𝑆𝐸𝑅𝑆⁄
,                                                        (1.43) 

where 𝐼𝑅𝑆 and 𝐼𝑆𝐸𝑅𝑆 are the scattering intensity of the regular Raman and SERS,  𝑁𝑆𝐸𝑅𝑆 and  𝑁𝑅𝑆 are 

the number of adsorbed molecules on a SERS substrate probed by the excited laser beam and  the 

number of molecules within the scattering volume for regular Raman. Overall, the EF of SERS 

substrates can have values ranging from 105 to 1010. [74,75] 

There are two known SERS enhancement mechanisms. The first is an EM (EM) field 

enhancement due to the plasmonic properties of the metal substrate. [9] The second mechanism is 

chemical (CM) enhancement, which is due to the chemical bonding or charge transfer (CM) 

between the metal and the molecule. [9,76]  

EM enhancement is related to the plasmonic properties of the nanomaterial. Specifically, 

when an EM field 𝐸0(𝜔) irradiates the surface of a plasmonic metal, a localized E-field 𝐸𝑙𝑜𝑐(𝜔) 

is generated on the surface of the material. This enhanced E-field can increase the probability of 

the incident photons interacting with a molecule, and also force the molecule to vibrate at a large 

magnitude. Based on both classic and quantum theory, the Raman scattered intensity ISERS can be 

described quantitatively as [9],  

𝐼𝑆𝐸𝑅𝑆 =  |𝐸0(𝜔)|2|𝐸𝑙𝑜𝑐(𝜔 − 𝜔1)|2 .                                 (1.44) 

The maximum ISERS will occur when 𝐸𝑙𝑜𝑐(𝜔)  reach the highest value, i.e., at a hot spot, 𝜔 − 𝜔1 =

𝜔0. According to previous discussion, since 𝜔 >> 𝜔1, at the maximum ISERS, 𝐼𝑆𝐸𝑅𝑆 ≈ |𝐸𝑙𝑜𝑐(𝜔0)|4  
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Chemical enhancement, on the other hand, is related the affinity of a molecule to adsorb or 

interact with the plasmonic metal’s surface. [9] Molecules can chemically interact with a 

plasmonic material via charge transfer. For this interaction, coupling between the metal and 

molecule creates metal-ion bonds that have intermediate vibrational states that can be easily 

excited and scatter light. [76]  

Among the two enhancement mechanisms, the EM mechanism can have an EF up to 108 

or higher, while CM enhancement could contribute up to 103 in EF.[76,77] Therefore, EM 

enhancement is the dominant contribution to SERS. Thus, a significant amount of studies focus 

amplifying SERS signals by designing nanomaterials to have better EM-based signal 

enhancement. 

There are two ways to improve EM enhancement of a nanomaterial. First, the wavelength 

of the excitation laser must be tuned near the LSPR wavelength of the nanomaterial as discussed 

above.  In fact, experimentally, Greeneltch et al. verified such a condition. [57] Figure 1.3.2 plots 

the SERS EF as a function of the excitation wavelength  for benzenethiol and Ag nanorods  

Figure 1.3.2. SERS enhancement factor versus the LSPR wavelength [20]  
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substrates maximum EF is obtained when   0.  Another method is to increase the density of 

hot-spots (see Section 1.1.2, nearest neighbor proximity). With a high hot-spot density, more 

targeted molecules will have an opportunity to fall into the hot-spot locations, thus improve 𝐼𝑆𝐸𝑅𝑆. 

[4,5] High hot-spot densities can be created by designing nanopatterns that have small separation 

distances. 

1.4 Nanofabrication and Synthesis  

1.4.1 Plasmonic nanofabrication overview 

There are numerous techniques reported in literature to fabricate plasmonic nanomaterials. 

These methods can be divided into two general catalogs: top down and bottom up nanofabrication 

techniques. [78] Top down methods commonly use a template to fabricate nanomaterials onto a 

surface, while bottom up methods assemble atoms or molecules into nanomaterials by using 

chemical or physical processes. Methods associated with each technique have advantages and 

disadvantages that can be used for practical production. 

Electron beam lithography (EBL) is a commonly used top-down method to fabricate 

plasmonic nanomaterials. This technique, illustrated in Figure 1.4.1 (a-f), uses a focused beam of 

electrons to write nanopatterns onto an electron sensitive material referred to as “resist. ” After 

writing, the resist is immersed in a solution that selectively removes E-beam exposed photoresist. 

Then the developed substrate is coated with a desired material, and the underlying polymer is 

chemically removed. EBL can produce nanomaterial arrays with feature sizes less than 5 nm, and 

gives excellent control over the aspect ratio of the nanomaterial shape. [79] However, this method 

is time consuming, expensive, non-scalable, and low throughput. Another popular top-down 

method is nanoimprint lithography (NIL). [80,81] As shown in Figure 1.4.2 (a-e), a polymer 

melted above its glass transition is pressed into a mold and is allow to cool down. Once the polymer  
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Figure 1.4.1(a-e) An illustration of the steps in the EBL strategy. (Condensed matter Group, 

University of Leeds). (g) Au and (h) Ag nanopatterns fabricated by EBL. [82,83] 

 

has solidified, the mold is lifted, leaving a template on the substrate surface. Similar to EBL, 

material is deposited onto the template, and then the template is removed. An example of NIL 

fabricated nanopatterns is shown in Figure 1.4.2 (b). Due to its relatively simple and quick 

fabrication strategy, NIL is a promising technique to fabricate plasmonic nanopatterns in an 

inexpensive and scalable manner. [81] However, NIL still has some limitations. The mold may 

experience stress due to the repeated heating and cooling, which could distort the mold over time 

and affect the reproducibility of nanopatterns. In addition, the viscosity of the polymer used in the 

molding process can limits the feature size and precision of the nanopatterns. [79] 

One type of bottom-up nanofabrication method is chemical synthesis, which are wet-

chemical reactions where molecules or atoms self-assemble into nanoparticles. [30,37,40,84] One 

particular synthesis technique, called chemical reduction, is a widely used method where metal 

salts are mixed with strong reducing agents to form metal or metal alloy nanoparticles, as shown 

in Figure 1.4.3 (a). These methods can generate nanomaterials with a variety of shapes, including 
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Figure 1.4.2 (a-e) An illustration of the steps in the NIL strategy. [81](f) SEM images of gold 

nanodisks [85], and (g)gold antennas prepared via NIL. [80] 

 

nanospheres, cubes, stars, sheets, etc. as illustrated in Figure 1.4.3 (b-c). [30,86] Chemical 

synthesis methods are an attractive method to prepare plasmonic materials because it is considered 

as a quick and scalable technique. But, these techniques lack the freedom to easily and freely 

manipulate the shape of the nanomaterials. [87]. Another fabrication method is physical vapor 

deposition (PVD). PVD techniques use a physical process such as melting or physically ablating 

to deposit materials into thin films or nanopatterns. [78] Figure 1.4.4 (a) shows an example of a 

PVD method, the sputtering deposition method, where titanium (Ti) and Cadmium (Cd) sources 

are physically ablated to coat a substrate. Figure 1.4.4 (b-c) show corresponding Ag nanoparticles 

and Au films fabricated by the sputtering deposition.  For practical applications, PVD is an ideal 

nanofabrication method because it is scalable, high throughput, and fairly inexpensive.  There are 
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Figure 1.4.3 (a-c) An illustration of the chemical synthesis. (a) Reducing agent is added to a 

heated metal precursor solution. (b)The continuous mixing between the precursor and reducing 

agent generates small clusters of nanoparticles and over time,(c) the size of the nanoparticle 

clusters increase. (d) The SEM images of Ag nanocubes [88]and Ag nanotriangles made by 

chemical reduction methods. [89] 

Figure 1.4.4 (a) A diagram of a DC magnetron sputtering system where two sources, Ti 

and Cd, are sputtered simultaneously in argon and oxygen plasma environment.. [90] (b) SEM 

images of  Au nanoparticles and (c) Ag film fabricated by DC magnetron sputtering. [91] 

(a) 

(b) 

(c) 
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numerous PVD strategies to design nanopatterns by manipulating material flow during the 

deposition. However, nanopatterns made from PVD tend to be random. Therefore, to design 

nanopatterns with controllable features, such as size, shape, and separation distance, PVD is often 

combined with template-based methods.  

1.4.2 Dynamic shadow growth  

Dynamic shadowing growth (DSG) is a PVD method where nanomaterials are fabricated 

by controling the material vapor flux relative to the substrate position. In this method, material is 

melted inside a pressure controlled chamber.  Once the metal vaporizes, some of the adatoms of 

the material condense onto a substrate mounted inside the chamber. A shadowing effect occurs 

when some of the initially deposited adatoms, called nucleation sites, block the vapor flux, which 

prevents material from accumulating in specific regions. This concept is the foundation of DSG. 

As an example, columnar nanorods can be formed when the angle 𝜃 between the incident vapor 

flux and the substrate normal is an oblique angle. This is a type of DGS method commonly known 

as oblique angle deposition (OAD). [92] Figure 1.4.5(a) shows a typical deposition set-up. During 

the deposition, the vapor flux is often monitored by a quartz crystal microbalance (QCM) and a 

rotating state can control both 𝜃 and its azimuthal orientation 𝜑.  Figure 1.4.5 (b) shows the initial 

nucleation sites of metal vapor deposited at a large incident angle 𝜃. As the deposition continues, 

the adatoms of the material (metal, for instance) only deposit and grow in the unshadowed regions 

as shown in Figure 1.4.5 (c).  A representative SEM image of tiled nanorods fabricated by OAD 

is shown in Figure 1.4.6 (a). Alternatively, other nanostructures can be prepared by rotating the 

substrate position in both 𝜑 and 𝜃 directions known as Glancing-Angle deposition (GLAD). 

Figures 1.4.6 (b-c) shows vertical Ag nanorods and helical nanorods 
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Figure 1.4.6 SEM images of nanopatterns fabricated DSG techniques: (a) tilted nanorods, [93] 

(b) nanohelixes, [94], and (c) vertical nanorods.[93] fabricated by GLAD with randomly seeded 

nucleation site. (d-f) Illustrations of helical, [94], seeded vertical nanorods, [95], and tilted 

nanorods using seeded nucleation sites. [96]  

Figure 1.4.5 (a) The illustration of a deposition system. (b) An illustration of nucleation sites 

that form at the beginning of the deposition and the (c) columnar growth due to the 

shadowing effects of neighboring particles. 

(a) 

(b) 

(c) 
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fabricated by this way. A template-based method can be used to create artificial nucleation sites to 

control the direction and location of columnar growth, as shown in Figure 1.4.6 (d-f). The use of 

templates for DSG can provide a distinctive shadowing profile used to generate a variety of 

nanopatterns. 

1.4.3 Shadow nanosphere lithography 

 Shadow nanosphere lithography (SNSL) is a template-based DSG technique that uses a  

colloid monolayer template made of polymer or silica nanospheres. Figure 1.4.7 (a-c) describes 

the general SNSL strategy. First (Figure 1.4.7 (a)), a monolayer of close-packed hexagonally 

arranged nanospheres is deposited onto a substrate. This monolayer is created from a self-assembly  

method, then it is coated on a substrate surface. A brief review of self-assembly methods will be 

given in Chapter 2. Figure 1.4.8 (a) shows an SEM of a typical polystyrene (PS) colloid 

monolayer. After the monolayer is coated, the mask can be modified by etching or annealing, 

which the shape of resulting nanopatterns can be changed. After colloid monolayer assembly and 

coating, the second step is to coat the substrate with a material using bottom up method such as 

PVD technique. Control over 𝜃 and 𝜑 during the deposition can change the nanomaterial design 

Figure 1.4.7 An illustration of the SNSL method. (a) The colloid monolayer is coated onto a 

substrate. (b) Metal is deposited onto the substrate. (c) The mask can be chemically or 

physically removed exposing the underlying nanopattern on the substrate. 

(a) (b) (c) 
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Figure 1.4.8 (a) The SEM image of 500 nm-diameter PS colloid monolayer mask and (b) the 

SEM image of triangular patterns. [97] 

 

during the deposition. After the deposition, the monolayer mask can be removed or the metal 

coated template can remain.  

SNSL is a variation of a simplified technique called nanosphere lithography (NSL). NSL 

is a templating technique pioneered by Van Duyne et al.[97] They demonstrated that by depositing 

metal normal to the substrate, then removing the colloid template, one could produce triangular 

nanopatterns. [98] Figure 1.4.8 (b) shows an SEM image of the triangular nanopatterns fabricated 

by Van Duyne et al. In later work, they also showed that the morphology of the triangular 

nanopatterns could be easily modified by changing the colloid size, shape (by annealing), or 

number of monolayer layers. [55,97-100] This strategy is a simple technique to make nanopattered 

arrays. However, the variety of shapes this method can produce is limited. 

SNSL combines NSL with DSG by manipulating the vapor incident angle 𝜃, the position, 

and the azimuthal orientation 𝜑 of the colloid template. [101,102] There are numerous strategies 

to manipulate 𝜃 with respect to the substrate. Figure 1.4.9 (a-c) shows nanopatterns templated on 

the nanosphere surfaces. Figure 1.4.9 (a) shows Ag nanopatterns on colloid monolayers where Ag 

was deposited at a fixed 𝜃. Figure 1.4.9 (b) shows the “patchy pattern” by coating Ag on close- 

1 𝜇M 

(a) (b) 
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Figure 1.4.9 Examples of nanopatterns fabricated by SNSL. SEM images of (a-c) nanopatterns 

on colloid nanospheres [103-105] and (d-f) nanopatterns on substrates. [106-108] 

 

packed nanospheres at a fixed 𝜃 by Pawar et al.[104]To create more complex patterns, the colloid 

monolayer templates may be modified by reactive ion etching (RIE) or annealing. By removing 

the colloid template, the shadowing of the nanospheres can produce patterns directly on the 

substrate surface. For example, Nemiroski et al. used SNSL combined with RIE to produce 

complex assemblies of metasurfaces with both single and multiple materials. [107]. Figures 1.4.9 

(d-f) show examples of nanopatterns after the colloid layers are removed. Overall, SNSL is a 

relatively new, but versatile nanofabrication technique. It is also considered as an inexpensive and 

scalable nanofabrication technique. [109,110] Therefore, in this thesis, innovative and simple 

SNSL–based nanofabrication methods are used to systematically tune the LSPR wavelength of a 

nanomaterial by changing its size, shape, separation distance, and composition. 

1.5 Overview of Dissertation 

This dissertation describes the fabrication and applications of plasmonic nanopatterns 

prepared by SNSL. Chapter 1 provides the fundamental theory related to plasmonic 

 

(a) (b) (c) 

(d) (e) (f) 
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nanomaterials. The chapter also includes applications of plasmonic nanomaterial, and an overview 

of DSG and SNSL fabrication methods. In Chapter 2, the fundamentals colloid self-assembly are 

discussed, and a review of different self-assembly methods is provided. Additionally, the specific 

self-assembly and experimental methods used to fabricate the SNSL nanopatterns are discussed. 

The morphological and optical characterization techniques are also described. In Chapter 3, Ag 

films on nanospheres (Ag FONs) are introduced. These structures are Ag nanopatterns coated on 

surface of the colloid nanospheres. By systematically changing the size and shape of the 

nanopatterns, we can optimize SERS sensitivity. These structures could also be used for 

quantitative SERS. In Chapter 4, Ag triangular network nanopatterns are described. A simple 

strategy to fabricate tunable strictures is introduced, where the LSPR wavelength can be tuned by 

changing the shape of the nanopatterns. In Chapter 5, double triangle (DT) nanopatterns are 

presented. These DT nanopatterns are fabricated by a co-deposition SNSL method to 

simultaneously create different Ag nanopatterns. In this method, the LSPR wavelength is tuned by 

changing the size and separation distance of the nanopatterns. Then, in Chapter 6, Ag-Cu mixed 

phase nanopatterns were fabricated. It is shown that the LSPR wavelength of these structures can 

be tuned by changing the composition and the size of the nanopatterns. Lastly, in Chapter 7, I 

provide some overall conclusions and future outlook for the SNSL techniques used in this thesis. 
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CHAPTER 2 

 

MONOLAYER SELF-ASSEMBLY TECHNIQUE AND EXPERIMENTAL METHODS 

 

2.1 Introduction 

As discussed in Section 1.4.3, the SNSL method consists of multiple steps. First, polymer 

or silica nanospheres are self-assembled into a close-packed monolayer and coated onto a flat 

substrate. There are numerous ways to assemble nanosphere monolayers depending upon the 

nanosphere material, i.e., polystyrene or silica. Section 2.2.1 provides a review of the assembly 

principles and methods used to make the colloid masks. Due to their ease of assembly and 

popularity, we limit the review of assembly methods to nanospheres made of polystyrene (PS). 

Each method has advantages and disadvantages related to monolayer coverage on the substrate, 

self-assembly speed, domain quality, scalability and throughput. Among all the techniques 

discussed in Section 2.2.1, the air-water interface method provides an excellent substrate coverage, 

is scalable, and has a high throughput. For these reasons, we have developed a semi-automatic air-

water interface assembly technique, described in Section 2.3.1, to coat PS nanosphere monolayers 

onto Si and glass substrates. Not only does this method provide high quality domains over large 

areas, but also it is semi-automatic, making it more convenient than other available methods.  

After the monolayer is coated onto a substrate, one has the option to modify the nanosphere 

mask by annealing or etching. Reactive ion etching (RIE) is a popular modification method used 

to reduce the diameter while keeping the space of the nanospheres. To accurately control the 
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nanosphere diameter, the etch rate of nanospheres must be accurately determined. In Section 2.3.2, 

we perform a detailed study to determine how the PS bead shape deforms during the RIE etching 

for different exposure durations. Based upon the results, an empirical model is developed to 

estimate the etch rate of the nanospheres. 

After modification of the monolayer mask, desired materials, silver for instance, can be 

deposited onto substrates to form the targeted nanopatterns. In Section 2.3.3, we describe two 

custom-built deposition systems that are used to create the SNSL nanopatterns.  

Finally, in Section 2.3, the methods and equipment used to characterize the morphology, 

composition, optical property, and sensing capabilities of the SNSL plasmonic nanopatterns are 

described.  

2.2 Review of Monolayer Self-Assembly Techniques 

2.2.1 Self-assembly principles 

 Two PS nanospheres, which have a surface charge of about - 40 mC, can experience an 

attractive or repulsive force depending upon their separation distance. [111] These interactions can 

be described by the well-known Lenard-Jones (LJ) potential,  

𝑉(𝑟) =  
𝐴0

𝑟12 −
𝐵0

𝑟6,                                                               (2.1) 

where r is the separation distance between two adjacent nanoparticles, 𝐴0 = 4𝛿𝜎12and 𝐵0  =

 4𝛿𝜎6, 𝜎 is the distance at which the potential is zero, and 𝛿 is the minimum potential. Figure 

2.2.1 illustrates a LJ potential. The nanoparticles experience short range repulsive force and a long 

range attractive force. The combined effect of the attractive and repulsive terms constitutes the LJ 

model, as shown in the plot by the solid red line. To create a stable PS nanosphere monolayer, the 

nanospheres must be brought close enough to experience the attractive forces. Thus, there must be 

a mechanism to push the particles close enough together. Most assembly methods rely on external  
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Figure 2.2.1 The LJ potential between two particles with a separation distance r (red curve). 

The two dashed curves represent the repulsive and attractive potential terms. The separation 

distance at the minimum of the potential is called Van der Waals (vdw) radius. [112] 

 

attractive capillary forces or electrostatic forces due to the surface charge of the particles.  

There are two types of capillary forces: flotation and immersion forces. [113]  Flotation 

capillary forces occur when two particles are floating in a fluid, while immersion forces occur  

 

 

 

Figure 2.2.2 An illustration of the attractive capillary forces: Flotation capillary forces and 

immersion capillary forces. [113] 
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when nanospheres are partially submerged in a fluid.  Figure 2.2.2 illustrates the attractive 

flotation and immersion capillary forces. Both flotation and immersion forces are attractive forces 

that result from the meniscus that forms around the PS nanospheres. When two particles on a liquid 

surface become close enough, their respective meniscus will merge together, and create lower 

gravitational potential that draws the two particles together. Kralchevsky et al. theoretically 

derived the force equations for flotation and immersion forces.[113] While both immersion and 

flotation forces are similar, they have different dependencies on their separation distance. 

Immersion forces are highly dependent upon the particle’s surface charge, while flotation forces 

are primarily dependent upon the particle’s size.[113,114] 

2.2.2 Common Self-Assembly Methods 

In general, five different monolayer self-assembly methods are used in the literature. 

Table 2.2.1 gives an illustration of each method and summarizes some of their advantages and 

disadvantages.  

Drop coating/Drop casting: Drop casting is considered to be the earliest PS nanosphere 

monolayer self-assembly method. In this method, a fixed amount of PS nanospheres, water, and 

surfactant (such as sodium dodecyl sulfate) are mixed to create the colloid suspension. Then a 

specific volume of suspension is dispensed onto the substrate and allowed to dry, as illustrated in 

Table 2.2.1. As the water begins to evaporate, immersion capillary forces between the nanospheres 

cause them to compress into a monolayer. If the concentration of PS nanospheres is optimized, 

one can create a monolayer of close-packed nanospheres.  Drop casting, which is a variation of 

drop coating, was first reported by Michelleto et al. [115]  In this technique, droplets of the 

nanosphere suspension are dispensed onto a tilted substrate. By allowing the substrate to dry while 
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Self-Assembly 

Technique 

Illustration Advantages (Adv) 

/Disadvantages (Dis) 

References 

Drop 

coating/casting  

 

Adv: quick and simple 

assembly method 

Dis: poor quality ,  

limited coverage,  

requires hydrophilic 

substrates, not scalable, 

low throughput 

[115-119] 

Convective 

Assembly 

 

Adv: good coverage 

Dis: long assembly 

time, time consuming, 

requires hydrophilic 

substrates, not scalable  

[120-123] 

Spin Coating 

 

Adv: quick assembly, 

good substrate 

coverage, scalable  

Dis: Only hydrophilic 

substrates, small 

domain sizes. 

  [124-126] 

Air water 

Interface 

 

Adv: Large coverage, 

good quality crystal 

domains, scalable, high 

throughput 

Dis: Long assembly 

time, 

 

 

[127-131] 

 

 

Electric-Field 

Assembly 

 

Adv: Quick assembly 

time,  good coverage ,  

Dis: Only conductive 

substrates, small 

domains 

[132-134] 

Table 2.1.1 Summary of the most common colloid self-assembly methods for PS nanospheres. 
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the droplets sliding across the substrate, one can accelerate the drying of the nanosphere suspension 

and still maintain the attractive capillary forces necessary to self-assemble the monolayer. Both 

the drop coating and casting techniques are the simplest and quickest methods to prepare 

nanosphere monolayers, but they suffer from poor coverage and bad colloid crystal quality. 

Convective Assembly: Convective assembly is the self-assembly technique based on the 

controlled evaporation of nanosphere suspension. In this method, illustrated in Table 2.2.1, a 

suspension of PS nanospheres in water is wedged between two substrates typically made of glass. 

One substrate is laid flat, the other substrate is tilted at an angle, and is attached to a motor. The 

assembly process begins when the tilted substrate moves in a direction that thins the suspension 

until a meniscus forms between the substrates. When the meniscus is thinner than the diameter of 

the nanospheres in the suspension, attractive capillary forces assemble nanospheres into a 

monolayer. There are many advantages to the convective assembly method. It has good coverage 

and crystal quality. It is also possible to form multilayered structures. However, this technique has 

a slow assembly time because the motor must move slowly enough for the suspension to dry as it 

is deposited onto a substrate. For these reasons, convective assembly has low throughput and is 

not scalable. Methods to improve the assembly speed has been realized recently. For instance, Kim 

et al. was able to demonstrate that heating the suspension during the assembly process increased 

the assembly speed. [120] In addition, this method requires that the two substrates used to assemble 

the monolayer need to be hydrophilic. 

 Spin coating: In this procedure, droplets of PS nanosphere suspension are first dispensed 

onto a hydrophilic substrate.[124,125] Then the substrate is spun at a low speed to spread the 

suspension over the entire substrate. Next, the rotation rate of the substrate is accelerated to 

increase the evaporation rate of the liquid, which induces immersion capillary forces on 
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neighboring nanospheres to form a monolayer. By carefully controlling the rotation speeds and 

suspension concentration, spin coating can be optimized for good coverage over large areas (> 10 

cm2). Furthermore, this technique can also be used to prepare multilayered photonic crystals and 

non-close-packed arrays. [124,126] Overall, this method is high throughput and scalable with a 

quick assembly time and good coverage. However, this technique only works on hydrophilic 

substrates. Also it is highly inefficient because most of the suspension are spun off from the 

substrates during rotation acceleration. [125] 

Air/water interface method: A monolayer of PS nanospheres can also be assembled on 

the water surface. To achieve such an assembly, PS nanospheres are directly dispersed and floated 

onto the water surface; then the nanospheres are compressed using a physical or chemical method 

until they are close enough to experience flotation capillary forces. For example, nanospheres can 

be compressed physically by a sliding bar that floats on the water surface. This method is 

commonly known as the Langmuir-Blodgett technique. [127,131,135]. They can also be 

compressed by changing the surface tension of the water. When surfactants, such as sodium 

dodecyl sulfate and Triton-X, are dispensed upon the water surface, they can lower the overall 

surface tension of the water which increases the flotation capillary force between neighboring 

nanospheres. [130]  

Self-assembly at the air/water interface is a popular technique that can produce single 

crystal monolayers with domains greater than > 5 cm2. [128] This technique is high throughput 

and scalable. However, it can have a relatively long self-assembly time.   

 Electric field induced self-assembly: For electric field induced assembly methods, 

negatively charged PS nanospheres in a fluid experience an attractive electrostatic force with a 

positively charged substrate. [132-134] As the nanospheres electrostatically adsorb onto the 
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surface of a substrate, they stack upon one another, creating multi-layers as shown in Table 2.2.  

In order to create a monolayer, several strategies are used to remove the higher layers of 

nanospheres. For instance, Zhang et al. introduced a self-assembly method where PS nanospheres 

in an ethanol suspension aggregated and dried onto a positively charged polymer. [134] They 

showed that by generating a relatively weak electrostatic field between the PS nanospheres and 

substrate, and all layers except the first could be removed by rinsing the substrate in water, but the 

electrostatic force was strong enough to retain the first nanosphere layer. Trau et al. employed an 

alternating current (AC) across a substrate to assemble PS monolayers.[133] By changing the 

charge of the substrate, PS nanospheres could cycle between multilayers and single layers, as 

shown in Table 2.2. This method is optimized to assemble nanoparticles into a monolayer. [133] 

The electric field induced assembly technique is a simple and quick method to fabricate 

close packed monolayers. These methods have quick assembly times and can deposit monolayers 

onto curved or jagged surfaces. However, this technique suffers from low surface coverage, low 

throughput, and limited substrate variety (only conductive substrates).  

2.3 SNSL: Colloid Assembly, Mask Modification, and Deposition Set-up 

2.3.1 Self-assembly by air/water interface 

Among all the assembly methods described in Section 2.2.2, the air/water interface method 

is a scalable and high throughput method, and can be used to deposit nanosphere monolayers on a 

variety of surfaces. For these reasons, we adopt this method to form monolayers for all my thesis 

Step 1 Step 2 Step 3 

Figure 2.3.1. An illustration the air-water interface self-assembly method. 
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work. However, since the air/water method needs a long processing time, we have developed a 

semi-automatic procedure to prepare high quality monolayers. 

 Our method can be divided into several steps as outlined in Figure 2.3.1. A detailed 

description of the assembly procedure is given in Appendix 1. Briefly, as shown in Figure 2.3.1, 

Step 1 is the preparation of the colloid monolayers at the air/water interface inside a glass Petri 

dish.  Commercially purchased PS nanospheres are first sonicated in their original container to 

ensure the PS nanospheres are well dispersed. Then a specific volume of PS suspension is 

“washed” using a centrifugation method (see Appendix 1). This washing procedure is necessary 

to remove surfactants used in the original suspension to improve PS dispersion.  We find that the 

washing procedure is an effective method to improve the packing density of the PS nanospheres 

at the air/water interface. After the washing, the suspension is dispersed in ethanol. During this 

time the glassware used is cleaned using a boiling Piranha solution.  

In step 2, the cleaned suspension is withdrawn into a 20-gauge syringe with the needle bent 

at a 90° angle towards a 15 cm diameter glass Petri dish which is partially filled with water. A 

Figure 2.3.2 (a) A photo of the air/water interface experimental set-up showing the colloid 

monolayer film floating on water surface in a 15 cm-diameter Petri dish. (b) A SEM image 

of single domain area of a colloid monolayer on a silicon substrate 

  

(a) (b) (b) 

5 𝜇M 
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syringe pump is slowly pushing the suspension in the syringe to drip at a rate of 0.015 𝜇L/ minute. 

When a droplet of the PS nanosphere suspension hits the water surface, the ethanol in the droplet 

lowers the local surface tension, causes the water to flow away radially from the droplet (needle) 

location, then carry and compress the PS nanospheres floated on the water surface. Thus, the 

ethanol acts as a chemical dispersion and compression mechanism to help the formation of the 

monolayer. In order for this dispersion method to occur, the original water level in the Petri dish 

must be shallow. In our studies, we initially put about 24 𝑚L water inside the Petri dish, which is 

just enough to cover the bottom of the Petri dish. In addition, during the monolayer assembly, the 

Petri dish is tilted 7° to further help the dispersion and nanosphere compression. Figure 2.3.2 (a) 

shows a photo of the experimental set-up.  After a monolayer film is formed, a Teflon ring is placed 

around the perimeter of the Petri dish to prevent the monolayer depositing on the side wall of the 

Petri dish. More water is pumped into the Petri dish and raises water level. Then substrates are slid 

slowly and gently below the monolayer film. 

In step 3, water is pumped out from the Petri dish. As the water level is lowered, the floating 

monolayer film will eventually deposit onto the substrates. The newly coated substrates are left on 

the Petri dish to dry overnight (typically 8-12 hours). After dried, the substrates are removed from 

the Petri dish, and are stored in plastic Petri dishes for future use. Figure 2.3.2 (b) shows a typical 

SEM image of a colloid monolayer with 500 nm diameter PS nanospheres. 

2.3.2 Etching of nanosphere mask  

A nanosphere monolayer provides an excellent mask for lithography-based 

nanofabrication. However, the variety of nanopatterns can be formed via SNSL are limited due to 

fixed arrangement of the nanospheres. One common method to change the spacing among 
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nanospheres is to reduce their diameter by RIE. [136-138] RIE is a plasma-based etching technique 

where free ion radicals can chemically etch or physically ablate the targeted materials. 

The change in diameter of the nanosphere, or etch rate, is an essential parameter for 

utilizing RIE. Etch rates will vary significantly with the brand of machine, gas used, power applied, 

and background pressure retained. In this section, systematical study was performed on the etching 

of select PS monolayers with an inductively coupled plasma (RIE/ICP) system (Trion®) under 

oxygen plasma. Figure 2.3.3 shows an example of the controlled etching of 500 nm PS 

nanospheres.  The etching was performed with a background pressure of about 8 mTorr, a RIE 

power of 25 mW, and an ICP power of 50 mW. The flow rate of oxygen was 40 SCCM. Similar 

etching conditions were performed for nanospheres ranging from 200 nm to 2000 nm.  

Figure 2.3.3 (a) SEM image of 500 nm-diameter nanospheres. (b-d) SEM images of 500 

nm-diameter nanospheres after RIE for time of (b) 3min., (c) 5 min. and (d) 8 min. 

(a) (b) 

(c) (d) 
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The profile of the etched nanospheres were also determined from cross section SEM images 

as shown in Figure 2.3.4 (a-b). The SEM images show nanospheres etched for 3.3 minutes. Close 

inspection of nanospheres shows small “protrusions” on the sides. These protrusions are known as 

nanolinks [139]. During the initial etching of the PS nanospheres, the surface of the sphere melt 

slightly and are linked to their nearest neighbors. As etching continues, the links eventually 

become disconnected. This effect does not impact the overall morphology of the nanospheres.  To 

quantify the morphology of the nanospheres, we carefully measure the outline of the nanospheres 

from the cross-sectional SEM images using the “edge find” function in Image-J software as shown 

in Figures 2.3.4 (c-d). The outline is then split into the upper and lower hemispheres shown in 

Figures 2.3.4 (e) and (f). The outlines were digitized and fitted with an ellipse defined as 
(𝑥−𝑥0)2

𝑎2 +

(𝑦−𝑦0)2

𝑏2 = 1 , where a and b represent the major/minor axis of the nanosphere, x0 and y0 are defined 

as the center coordinates of the ellipse.  Based upon the fitting results, the eccentricity  of the 

upper and lower ellipsoid is,  

Figure 2.3.4 (a-b) The cross-section SEM images of 500 nm-diameter nanospheres etched 

for3 min. (c) Modified SEM image of an etched nanosphere. (d) The outline of an etched 

nanosphere. (e-f) The upper and lower hemisphere of the nanosphere. (g) Plot of eccentricity 

of etched nanospheres versus time 
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 = √1 −
𝑏2

𝑎2
 if 𝑎 > 𝑏,  𝑜𝑟  =  √1 −

𝑎2

𝑏2
 𝑖𝑓 𝑏 > 𝑎.                                       (2.3) 

Figure 2.3.4 (g) shows how  changes as a function of etching time t. When t is small (≤ 1 min), 

 is close to 0, and both the  of the lower and upper hemispheres overlap, meaning that the etched 

nanospheres still maintain the spherical shape. When the t increases, the  of the lower hemisphere 

does not change significantly, while the  of the upper hemisphere increases monotonically. Thus, 

the upper hemisphere becomes more elliptical while the bottom half of the nanosphere remains 

circular. Therefore, we can infer that the nanospheres are etches anisotropically. This trend can be 

seen clearly by plotting the average profiles of etched PS nanospheres taken from SEM images as 

shown in Figure 2.3.5.  The profiles in the figure are aligned so that the center of each profile 

occurs along x = 0, and the minimum value of the profile is centered at y = 0. As the etch time 

increases, the upper half of the nanosphere is clearly etched more than the bottom half. 

Based upon the profiles observed in Figure 2.3.5, the shape of the etched nanosphere can 

be modeled by the relative motion of two overlapping spheres. Figure 2.4.6 (a) illustrates that at 

time t = 0, two nanospheres located at the origin overlap completely. This shape represents an 

Figure 2.3.5 Outline of PS nanosphere etched at t = 0, 1, 2.2, 3.3, and 4 min.  
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unetched nanosphere with diameter D0. At time t, one sphere (blue) moves downward at a constant 

speed k as shown in Figure 2.4.6 (b), i.e., its center becomes (0, -kt, 0), and the shaded region 

between the overlapping nanospheres is the new etched nanosphere front with diameter D(t). 

Based on the geometric equations for the two spheres, D(t) is given as,  

𝐷(𝑡) = √𝐷0
2 − (𝑘𝑡)2 .                                                        (2.4) 

To validate this model (Equation (2.4)), we use it to fit the experimental data as shown in 

Figure 2.3.7.  Etching was performed under a background pressure of about 8 mTorr, a RIE power 

of 25 mW, an ICP power of 50 mW, and an oxygen flow of 40 sccm. For the three sets of data, the 

initial diameters of the nanospheres measured from SEM images are D0 = 750 nm, 500 nm, and 

200 nm, and the obtained etching rates are k = 0.103, 0.081, and 0.09 𝜇m/min, respectively. Within 

the error bar, the three values are about the same. Overall, the SI model fits well with experimental 

values. Therefore it is an accurate model to predict the shape change of nanospheres etched by 

RIE. 

Figure 2.3.6 An illustration of the 2D projection of two overlapping nanospheres. (a) The 

unetched nanosphere and (b) nanosphere etched to a time t. 
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2.3.3 Deposition setup 

 In this dissertation, an electron beam (e-beam) PVD system is used to coat material onto 

the nanosphere covered substrates. E-beam PVD is a process in which a focused beam of electrons 

melts a material (i.e. Ag pellets) inside of a vacuum chamber. Once the material vaporizes, the 

vapor can condense onto the surface of the substrates at a relatively low temperature. The angle of 

the vapor flux with respect to the substrate normal  as well as the position of the substrate can be 

tuned during the deposition so that the amount of vapor accumulated onto the substrate will vary 

due to the shadowing effect of the nanospheres as discussed in Section 1.4.3.  

Figure 2.3.8 shows the components of an e-beam PVD system. A vacuum pump, 

connected to the chamber, is used to lower the chamber pressure to below 10-6 Torr. A tungsten 

filament is used to generate an electron beam. When a voltage and current are applied across the 

filament, electrons are extracted and accelerated from the filament, and are deflected 270° by a 

magnet. The defected electrons are focused onto the deposition material contained inside a 

Figure 2.3.7 The measured diameter of nanospheres etched over time for nanospheres with 

initial diameters of 750 nm, 500 nm, and 200 nm. The solid curve is the fitting of the SI 

model to the etched nanosphere diameter 
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crucible. The crucible is housed inside a water-cooled jacket.  There is a quartz crystal 

microbalance (QCM) mounted above the crucible to measure the rate and monitor the thickness of 

the evaporating material. A shutter is used to block the vapor until a desired deposition rate is 

achieved. Most important, for the OAD or GLAD system, the substrate holder is coupled to two 

stepper motors to control the incident angle 𝜃 and azimuthal orientation 𝜑.  

Two different e-beam PVD chambers are used to fabricate SNSL nanopatterns. One 

chamber is only capable of evaporating one source material, as shown in Figure 2.3.9 (a).  This 

single source deposition system contains a substrate holder located approximately 20” vertically 

above the crucible. The deposition rate is monitored by a single QCM above the crucible. The 

substrate holder shown in Figure 2.3.9 (a) is coupled to two stepper motors to control both 𝜃 and 

Figure 2.3.8 A diagram of an e-beam PVD system. 
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𝜑 rotations. The other deposition system is a dual source system shown in Figure 2.3.9 (b). This 

system contains two e-beam and is capable of simultaneously melting two separated materials. 

The two crucibles have a center-to-center horizontal separation distance of 7”. Two QCMs are 

used to monitor the deposition rate and thickness of each source independently. A substrate holder 

similar to that of the single deposition system is mounted approximately 21” above sources. 

Additionally, another holder contains 6 smaller rotary assembly capable to rotate at different 

speeds is shown in Figure 2.3.9 (b). Details regarding the deposition system type, deposition rate, 

thickness, and substrate orientation that are used to fabricate the SNSL nanopatterns are specified 

in the experimental method sections in each of the following chapters. 

2.4 SNSL Nanopattern Characterization 

2.4.1 Morphology characterization 

Scanning electron microscopy (SEM) images and energy dispersive X-ray measurements 

(EDS) of the SNSL nanopatterns are taken by a field emission scanning electron microscope 

(SEM, FEI Inspect F). The topography of the nanopatterns are measured by an atomic force 

Figure 2.3.9 Photos of e-beam PVD systems: (a) a single source deposition system, and (b) a 

dual source deposition system. 

 

crucible crucibles 

substrate holder 
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microscopy (AFM, Bruker, Multimode 8). SEM images are analyzed by ImageJ software (NIH), 

and AFM measurements are investigated by the software Nanoscope Analysis.  The crystal 

structure of the nanopatterns is characterized by a PANalytical X’Pert PRO MRD X-ray 

diffractometer (XRD) with a fixed incident angle of 0.5°. The XRD scans of the thin films are 

recorded with a Cu Kα1 radiation (λ = 1.541 Å) in the 2α range from 20° - 80° with a step size of 

0.010°.  

The morphology of nanopatterns can be predicted by numerical calculation using an in-

house Matlab code. [103] Briefly, this algorithm is based upon three assumptions. First, this model 

only considers the shadowing effect of the 36 nearest neighbor nanospheres. Other effects such as 

surface diffusion are ignored. Second, depositions onto the entire surface will occur 

simultaneously. Lastly, the thickness of the coating uniformly decreases with incident angle 

according to a cosine rule. [140] Figure 2.4.1 shows the predicted nanopatterns and graphic 

Figure 2.4.1 An image of the graphic user interface of the Matlab program to 

predict nanopatterns. 

 



 

56 

interface of the Matlab simulation code. The code can be used to predict nanopatterns on the 

substrate surface and on the nanosphere. 

A Monte Carlo simulation is also used to predict the surface of the nanopattern. [141] In 

this code, the vapor flux consists of discrete atoms that are generated at random positions around 

the nanosphere template and allowed to move along a straight trajectory at an incident angle . 

2.4.2 Optical characterization 

 The optical transmission spectra of the Ag-Cu nanopatterns are measured by an ultraviolet-

visible spectrophotometer (UV-Vis, Jasco-750). Reflection measurements of the nanopatterns are 

taken at an incident angle of 0° by a custom-built set-up reported in Ref.[142].  The samples used 

for both optical transmission and reflection measurements are deposited on glass substrates. To 

reduce the effect of oxidation, all UV-Vis measurements are taken immediately after deposition. 

Spectral ellipsometry (SE) measurements  of nanopattern on glass substrates are taken by 

a spectroscopic ellipsometer (M-2000, J.A Woollam Co., Inc.) at an incident angle of 65°, 70°, 

75°, and 80°, respectively, over a wavelength rage of 370 - 1000 nm. 

SERS measurements used in this work are either taken with a portable Raman spectrometer 

(Enwave Optronics, Pro-L) with an excitation wavelength of 785 nm or a confocal Raman 

microscope (Renishaw inVia) with an excitation wavelength of 633 nm. 
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CHAPTER 3 

 

AG FILMS ON NANOSPHERES 

 

3.1 Introduction 

Metal film on nanospheres (FONs), also referred to as metal-capped nanospheres, are a 

simple nanostructure fabricated using polystyrene (PS) or silica nanospheres as a cost-effective 

SERS substrate. [143-147] These structures have been used for SERS detection of anthrax, 

glucose, biotin, and DNAs. [148-153] In addition to their sensing applications, metal FONs can 

possess tunable plasmonic properties by modifying nanosphere’s size, separation, and coating 

material. For instance, Zhu et al. reported the fabrication and study of stretchable Ag FONs on 

PDMS. [147] Their results showed that the structure could be used to produce tunable plasmonic 

nanostructures. Wang et al. varied the ratio of Ag and Au FON bi-layers with a constant thickness, 

and identified optimum conditions to produce strong SERS signals.[154] Greeneltch et al. reported 

to tune the LSPR wavelength by using silica nanosphere monolayers, with diameters ranging from 

310 nm to 780 nm. [155] They demonstrated that by varying colloid size while keeping the Ag 

film thickness constant, the LSPR wavelength would shift broadly, ranging from 400 nm to 1200 

nm. While these methods demonstrate the tunability of the LSPR wavelength for metal FONS, it 

would be advantageous to tune and understand the shift of LSPR wavelength using Ag films on a 

single sized nanosphere template.  
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One disadvantage to using metal FONs for SERS substrates is the lack of reproducibility, 

which can limit quantitative assessments of analyte’s concentration. For metal FONs, defects on 

the substrate can cause the SERS signal to vary. These defects may be cracks, unfilled areas in the 

monolayer, multilayers, or uneven coverage of metal, and result in an ununiformed signal 

enhancement at different locations on the same substrate. While the Raman signal is expected to 

be changed monotonically with the analyte’s concentration, variations in the surface enhancement 

on the substrate make it difficult to determine the absolute intensity of a signal that is needed to 

consistently predict analyte’s concentration. [156,157] Signal degradation due to prolonged laser 

exposure is another factor that affects reproducibility, and would significantly decrease signal 

intensity over time if measured on the same location. [156-160] To overcome these limitations, an 

internal standard is typically applied for SERS quantitative analysis. An internal standard is a 

chemically inert substance added to a bulk analyte solution. It should produce vibrational modes 

that do not interfere with the characteristic peaks of the target analyte, and can still be detected 

within a broad range of concentrations of the target analyte.[161] Normalization of the analyte 

peak intensity with the internal standard negates several factors that affect variations in signal 

intensity. Commonly used internal standards include glutaric acid, pyridine, acetonitrile, and p-

thiocresol.[162-164] One of the most accurate quantitative methods to predict analyte 

concentration is the use of isotope-edited compounds added to the solution of the original 

analyte.[165,166] Their results show that the ratio of the analyte to be predicted with errors of less 

than 8%.  Internal standards added to bulk solutions can provide good quantitative results, but this 

type of internal standard typically requires high concentration when added to the bulk solution, 

and could compete with the target analytes for hot-spot adsorption. [161]Another method to apply 

an internal standard is to utilize the vibrational modes from the SERS substrate. These vibrational 
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modes can include those generated from polystyrene, silicon, PDMS, nitrocellose membranes, or 

the photon/phonon interface vibrational mode of metals. [167-171] In this case, the internal 

standard will not compete with the analyte for potential hot-spot locations. For instance, Kim et 

al. demonstrated the application of a novel microfluidic SERS device for the detection of trans-1, 

2 bis(4-pyridyl) ethylene (BPE). [170] In their study, they took advantage of PDMS’s strong 

vibrational peaks as an internal standard, and drew a linear correlation between BPE concentration 

and spectral intensity. In another study by Péron et al., gold coated PS nanospheres were used for 

the SERS detection of trace amounts of naphthalene. [172] In their work, Au coated, 800 nm PS 

nanospheres were deposited on the surface of a functionalized quartz substrate and produced peak 

at Raman shift of ∆𝜐 = 1004 cm-1. This peak was utilized as an internal standard and was used to 

derive a linear relationship between predicted naphthalene peak intensity and concentration.  

The aim of this work is to optimize Ag FONs based upon a single-sized polystyrene 

nanosphere template and demonstrate its use as an internal standard for quantitative SERS 

analysis.  

 

3.2 Experimental Methods 

Colloid Monolayers 

150 nm-diameter PS nanospheres were to make the colloid monolayer used for of Ag 

FONs. Monolayer preparation method for 150-nm PS beads is given in Appendix 1. 

Deposition Configuration 

Ag FONs nanopatterns were prepared using a single-source deposition system, discussed in 

Section 2.3.3. The deposition configuration of Ag FONs is illustrated in Figure 3.2.1. The PS 

nanosphere coated substrates were mounted on pre-machined wedges to simultaneously form 
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different incident angles, 𝜃, between the substrate surface normal and the vapor deposition 

direction during a single deposition. The substrates were mounted at angles  𝜃  = 0°, 15°, 25°, 35°, 

45°, 55°, 65°, 75° and 85°, and were placed about 50 cm away from the Ag source. All the coatings 

were carried out in a single deposition at a rate of 0.5 Å/s until a final thickness of 20 nm was 

reached. After the Ag was deposited, the substrates were allowed to cool in vacuum before removal 

from the chamber 

Morphological and Optical Characterization 

The optical extinction spectra of Ag FONs were characterized by a UV-Vis-NIR 

spectrophotometer. The morphology of the SERS substrate was examined using scanning electron 

microscopy (SEM). The height profile and morphology were also determined by atomic force 

microscopy (AFM) . SERS measurements were taken with a portable Raman spectrometer with 

an excitation wavelength of 785 nm, a laser power of 30 mW, and an integration time of 10 s. The 

Figure 3.2.1 The deposition configuration of Ag FONs nanopatterns. 
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average SERS spectra were obtained from nine different locations on the substrate. Refer to 

Section 2.4.2 for the equipment model of the listed equipment. (Note discuss chemicals) 

Concentration Dependent and Dynamic SERS Study 

 R6G solutions with concentrations ranging from 5×10-6 M to 1 ×10-2 M in methanol were 

used for concentration dependent SERS measurements. The SERS substrates used in this study 

were Ag FONs deposited at incident angles of 𝜃 = 0°, 25°, and 55°, respectively. Two microliters 

of the solution were dispensed on the center of the Ag FON substrate. The droplet spreads out 

radially to a circular area of an approximate diameter of 2 cm.  

For R6G and MPH adsorption dynamics measurements, the SERS substrate was first 

placed in a cleaned glass Petri dish filled with 5 mL of ultra-pure water. Then, 1 mL of R6G, 

diluted in ultra-pure water to a concentration of 0.66 mM, was dispensed below the water surface 

to achieve a net concentration of 0.1 mM. The study of MPH was performed in a similar manner, 

but the stock solution was 200 μL of 5.6 μM MPH. While the Ag FON substrates were submerged 

in the solution, time-dependent SERS measurements were taken automatically every 0.5 minutes 

for the first 60 minutes, then the time-interval increased to 1 minute for the next hour. During all 

dynamic measurements the location of the excitation beam was not altered, and the evaporation of 

water would be negligible within the time frame of the experiment.  

All the SERS spectra were analyzed using the spectroscopic software GRAMS AI and 

Origin Pro 9.0 to determine the peak locations and strengths. 

Numerical Calculations and FDTD Simulations 

The coverage of the Ag on the colloid nanosphere was simulated by an in-house Matlab 

reported in Section 2.4.2. This simulation predicted the thickness distribution of the Ag coating 

on nanospheres at different incident angles by considering the shadowing effects of the thirty-six 
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nearest neighboring nanospheres. The optical properties of Ag FONs deposited at different 𝜃 were 

simulated by the FDTD method using FDTD Solutions software. In the calculations, the shape and 

coverage of Ag FONs were modeled using a shadowing mechanism based on the parameters 

obtained from both SEM and AFM measurements and ta detailed simulation configurations and 

boundary conditions were elaborated in the Appendix 1. 

3.3 Morphology 

Figures 3.3.1 (a-e) and (a’-e’) show the corresponding AFM and SEM images of PS 

monolayers and Ag FONs of 𝜃 = 0°, 25°, 40°, and 65°, respectively. For 𝜃 > 0°, the arrows shown 

in the AFM images indicate the projected direction of the Ag vapor on the substrate plane. In 

Figure 3.3.1 (a)/(a’), the shape of the bare PS nanospheres were very similar to that of Ag FONs 

at 𝜃 = 0° shown in Figure 3.3.1 (b)/(b’). However, the surface of each nanosphere in Figure 3.3.1 

(b) is rougher compared to the uncoated nanosphere, indicating material deposition. Also, in some 

regions, the Ag coating connects nearby nanospheres. When 𝜃 increases to 25° (Figure 3.3.1  

(c)/(c’)),  AFM shows that the nanosphere surface becomes rougher, but there are no connected 

nanospheres. The SEM image demonstrates large area, near circular shaped Ag patch on each 

nanosphere. When 𝜃 increases to 40°, the AFM image shows similar features as that of 𝜃 = 25° 

(Figure 3.3.1 (d)). However, the SEM image clearly shows half-circle like Ag patch. When 𝜃 

further changes to 65°, both AFM and SEM images show clear patches (Figures 3.3.1 (e)/(e’)), 

especially in Figure 3.3.1 (e’), and the Ag patch becomes an elongated band on the nanosphere. It 

appears that with increased 𝜃 the area of the Ag coating becomes smaller and the shape becomes 

more anisotropic. To better illustrate the change in Ag coating on PS nanospheres with respect 

,  to 𝜃, Figure 3.3.2 shows the average height profiles of Ag FONs scanned across the center of 

the nanospheres along the incident vapor direction. The average height profiles are taken from at 
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least five different nanospheres, and are offset and aligned along the curvature of the nanospheres 

in the region opposing vapor direction (right region of Figure 3.3.2). We observe from Figure 

3.3.2, that the height protrusion in the vapor direction becomes more and more pronounced with 

increased 𝜃, which is a clear indication of the shadowing growth effect. Therefore, a general trend 

can be found; as 𝜃 increases, the area of the Ag coating becomes more anisotropic and localized 

in the direction of the incident vapor.  

We have performed computer simulations of the Ag thickness distribution on PS 

nanospheres at different 𝜃. This simulation considers the shadowing effect from neighboring 

nanospheres, and the resulting simulated film is assumed to be non-porous. The shape and 

coverage of the Ag coating on a nanosphere is determined by both 𝜃 and the relative orientation 

of the nanosphere monolayer domain 𝜑. As shown in Figure 3.3.3 (a), 𝜑 is the angle between the 

projected vapor direction and the centers of the two adjacent nanospheres. This angle represents 

the direction of the incident vapor with respect to the colloid monolayer domain. Figure 3.3.3 (b) 

 

Figure 3.3.1 (a-e) 1 μm × 1 μm AFM scans and (a’-e’) the corresponding SEM top view 

images of uncoated and Ag coated PS nanospheres at 𝜃 = 0°, 25°, 40°, and 65°, 

respectively. All the AFM images were took by aligned the deposition direction upward 

indicated by the arrows in AFM images. The dashed red circles and green patches in SEM 

images outlined bead and Ag patchy perimeters. 
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shows the thickness distribution on a nanosphere for 𝜃 = 25°, 40°, 65°, and 85°, respectively, for  

𝜑 = 0°. The resulting images reveal that the Ag layer coverage becomes smaller and more 

anisotropic. The overall long-axis of the Ag coating shape for large 𝜃 is perpendicular to the vapor 

direction. Although we had difficulty to determine 𝜑 from each AFM image, the shape of the Ag 

coating in Figure 3.3.1 follows the same trend as predicted by the simulation. It is known from 

literature that the PS monolayer templates can contain multi-oriented domains. [103,131] Multiple 

domains could also affect the Ag coverage even when  𝜃 is fixed. For example, Figure 3.3.3 (c) 

shows when  𝜑 varies from 5° to 60°, for fixed  𝜃 = 55°, the shape of the Ag coating changes 

slightly. Such a shape change could induce broader optical response, which we will pay particular 

attention to.  

3.4 Optical Properties 

Since the shape and coverage of Ag FONs are different for each incident angles, it is 
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Figure 3.3.2 The average height profiles of Ag FONs measured along vapor incident 

direction and across the center of the nanosphere for uncoated and Ag coated PS 

nanospheres at different 𝜃. The profiles are aligned along the curvature of nanospheres in 

the opposite direction of the incident vapor. 
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expected that their optical properties will also vary. Figure 3.4.1(a) shows the extinction spectra 

of Ag FONs at different incident angles, from 𝜃 = 0° to 𝜃 = 85°. At 𝜃 = 0° a broad extinction peak 

centered at 𝜆 = 863 nm dominates the spectrum. The samples at  𝜃 = 15° to 𝜃 = 55° have a similar 

dominant extinction peak, but the peak location blueshift consistently, beginning with 𝜆 = 874 nm, 

and then 𝜆 = 844 nm,  𝜆 = 808 nm, 𝜆 = 781 nm, and  𝜆 = 773 nm, while the extinction amplitude 

becomes smaller and smaller for 𝜃 > 15°. The peak shift as a function of 𝜃 is plotted in Figure 

3.4.1 (c). When  𝜃 > 55°, the extinction spectra change dramatically. Each spectrum becomes 

relatively flat over a large spectral range, while the extinction strength decreases significantly. The 

Figure 3.3.3 (a) Representation of 𝜑 angle orientation. (b) Simulation results of Ag coating 

on PS nanospheres for 𝜃 = 25° to 𝜃 = 85° at fixed 𝜑 = 0°. (c) Simulation results of Ag 

coating on PS nanospheres for 𝜑 = 5°, 25°, 40°, and 60°, respectively, at fixed 𝜃 = 55°. 
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extinction strength also follows a general trend: as 𝜃 increases further the extinction strength 

decreases while the spectra becomes broader. The change of the optical property as a function of 

𝜃 is determined by the shape and coverage variation of the Ag coating. 

Figure 3.4.1 Experimental (a) and FDTD simulation (b) results of Ag FONs coated at 

different 𝜃. (c) Plot of the LSPR wavelengths versus 𝜃 for the simulation and experiment. 
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To understand the optical properties of Ag FONs at different 𝜃, we have carried out FDTD 

simulations on the Ag FONs. Because the Ag FONs contain multiple domains, we expect that the 

experimentally measured spectra in Figure 3.4.1 (a) are the average extinction spectra from 

different monolayer domains, i.e., domains with different 𝜑. To accommodate such an effect in 

simulation, we use the average extinction spectra of Ag FONs oriented at 𝜑 = 0°, 10°, and 20° for 

different 𝜃, and the result of the simulations are shown in Figure 3.4.1 (b). Overall, the FDTD 

results show similar trends to those observed in experiments. An intense and relatively narrow 

extinction peak in near IR region (𝜆 = 800 - 900 nm) for small 𝜃 is observed; then for larger 𝜃, the 

spectra becomes very broad. When 𝜃 increases from 𝜃 = 0° to 35 °, the peak wavelength decrease 

monotonically with 𝜃, where 𝜆 = 852 nm, 837 nm, 836 nm, 808 nm, respectively. The extinction 

strength also decreases monotonically within this range. At 𝜃 = 40°, the peak redshifts slightly to 𝜆 

= 812 nm.  At 𝜃 > 40° the peaks become much broader and the extinction intensity decreases 

significantly. Figure 3.4.1 (c) shows the comparison of LSPR wavelength as a function of 𝜃 from 

both the FDTD and experiment results. The overall trend matches very well. Clearly 𝜃 can be used 

to finely tune the LSPR wavelength of Ag FONs. 

The optical response of the Ag FONs originates from two Ag nanopatterns for small 𝜃. 

One is the Ag coating on the nanospheres as demonstrated by AFM and SEM images in Fig.3.3.1, 

and the other is the underlying Ag nanotriangles deposited onto the substrate. However, not all the 

Ag FONs have the nanotriangle patterns. There is a critical  𝜃𝑐 that when 𝜃 > 𝜃𝑐 , no nanotrianges 

will be formed on the substrate due to the shadowing effect. Such a 𝜃𝑐, also depends on 𝜑. When 

𝜑 = 0°,  𝜃𝑐 = 40°; but when 𝜑 = 30°, 𝜃𝑐 can be as high as 60°. Experimentally we find that 

the overall 𝜃𝑐  is around 55°, which is reasonable. Nevertheless, even with the nanotriangle layer, 

the contribution of the nanotriangle extinction is very small compared to the overall optical 
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 extinction spectra as shown in Figure 3.4.2 (a). In fact, the FDTD simulation has confirmed this 

assessment as shown in Figure 3.4.2 (b). From the simulation results, there is no optical coupling 

between the triangle layer and the Ag on sphere layer, and the optical properties of Ag FONs are 

dominated by the Ag coating on the nanospheres.  

It is very interesting to notice the sudden change of the extinction spectra above 𝜃𝑐  from 

both simulation and experiment. This extinction shifts occurs when 𝜃 > 55° in the experiment, 

and 𝜃 > 40° in the simulation. To determine the cause of this broadening, we examine carefully 

two cases, 𝜃 = 25° and 𝜃 = 75°, by FDTD simulation. Figure 3.4.3 shows the polarized extinction 

spectra at different 𝜑 for these two 𝜃 angles, one is the polarization parallel to the vapor direction 
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Figure 3.4.2  (a) The experimental extinction spectrum of nanotriangle patterns at θ = 0° 

and (b) the simulated extinction spectra of  simulation extinction spectrum Ag FONs and 

nanotriangles, Ag FONs and nanotriangles modeled separately, and the sum of the 
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, the y-axis, and the other is perpendicular, the x-axis. A diagram of the direction of each 

polarization is shown in Figure 3.4.3. The insert in each plot shows the top view of modeled Ag 

coating at corresponding 𝜑. For  𝜃 = 25°, the shape and coverage of the Ag coating at different 𝜑 

are similar. Thus, the x-polarized and y-polarized extinction spectra are similar, both show a sharp 

peak at 𝜆  833 nm. Even for different 𝜑, the peak location variation is small, with a standard 

deviation of ± 17 nm. Therefore the average spectrum is a predominant peak as shown in Figure 

3.3.3.  For 𝜃 = 75°, however, the shape and coverage of the Ag coating at different 𝜑 are very 

different. At 𝜑 = 0°, the coating looks like a stripe along the edge of the nanosphere; at 𝜑 = 10°, 

the coating shape becomes an elongated triangle; while the coating at 𝜑 = 20° appears to be a small 
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Figure 3.4.3 The polarized extinction spectrum of Ag FONs at θ = 25° (a1-a3) and θ = 75° 

(b1- b3) for φ = 0°, 10°, and 20°, respectively. Inset shows the corresponding top view of the 

simulation model in the specified polarization directions. 
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triangle. The highly anisotropic Ag coatings and different coverages   significantly change the 

polarization extinction spectra. For 𝜑 = 0°, the y-polarized extinction has a broad spectrum in the 

wavelength range of 𝜆 = 350 nm to 𝜆 = 600 nm, with low extinction intensity; but x-polarized 

spectrum shows a strong extinction peak at 𝜆 = 1419 nm and two smaller peaks at 𝜆 = 940 nm and 

𝜆 = 1043 nm. For 𝜑 = 10°, the extinction of both polarizations are small (< 0.3). The y-polarized 

extinction shows a double peaks at 𝜆 = 665 nm and 𝜆 = 733 nm, while the x-polarized extinction 

shows two distinguished broad peaks at 𝜆 = 1036 nm and 𝜆 = 781 nm. For 𝜑 = 20°, the polarized 

extinction spectra are very different. The y-polarized spectrum appears very similar to that of 𝜑 = 

0° case, both in shape and amplitude, while the x-polarized spectrum possesses a narrow and strong 

peak at 𝜆 = 1143 nm. Because of the large variations in extinction spectrum due to domain 

orientation, the average extinction spectrum over different domains becomes very broad, as shown 

in Figure 3.3.3. Therefore the orientation of the domain plays a much more significant role at 

higher incident angle 𝜃  in the determination of the optical extinction property.  

3.5 Applications 

3.5.1 SERS response of Ag FONs  

Since the optical extinction spectra of Ag FONs for small 𝜃 show a significant LSPR 

extinction peak and these peaks are close to the Raman excitation wavelength, 𝜆 = 785 nm, we 

have carried out SERS measurements on those samples. The SERS spectra of different 

concentrations C of R6G where C = 5 × 10-6, 1 × 10-5, 1 × 10-4, 5 × 10-4, 1 × 10-3, and 1 × 10-2 M, 

are acquired on different Ag FON substrates of 𝜃 = 0°, 25°, and 55°. Figure 3.5.1 shows the 

representative R6G SERS spectra for Ag FON substrates at 𝜃 = 25°. The spectrum labeled 

“control” in the figure shows the SERS response of the bare Ag FON substrates, and possesses 

characteristic of vibrational modes of polystyrene, with an intense peak at ∆𝜐 = 1004 cm-1 and  
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other weak peaks at ∆𝜐 = 1033 cm-1 and 1601 cm-1 [173,174]. According to Refs. 120 and 121, the 

∆𝜐 = 1004 cm-1 peak corresponds to the phenol ring breathing mode for PS. When R6G is added, 

the R6G characteristic peaks at ∆𝜐  = 614, 776, 1186, 1312, 1363, and 1510 cm-1 start to appear 

and become stronger and stronger with increased C. [175-177] Two predominant peaks of R6G at 

∆𝜐 = 614 cm-1, which corresponds to the C-C-C bending mode, and ∆𝜐 = 1510 cm-1, which is the 

C-C aromatic stretching mode, are highlighted in Figure 3.5.1.  It appears that as C increases, both 

the peak intensities at ∆𝜐 = 614 cm-1 and ∆𝜐 = 1510 cm-1 increase monotonically. Although the PS 

at ∆𝜐 = 1004 cm-1 is still detectable, its strength has been significantly reduced with C.  

To quantify how the SERS signals of PS and R6G change as a function of C on Ag FON 

substrates we analyze the peak intensities at ∆𝜐  = 1004 cm-1, I1004,
  and ∆𝜐 = 614 cm-1, I614, Figures 
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3.5.2 (a) and (b) show the log-log plots of I614 and I1004 as a function of C for different Ag FON 

 substrates. We observe that the I614-C and I1004 -C relationships follow the same trend for different 

Ag FON substrates: I614 increases monotonically with C when C ≤ 10-3 M, and then saturates at 

higher C; while I1004 decreases monotonically with C. The data are scattered for different 

substrates, which is a reflection of the non-reproducibility and ultimately lack of quantification of 

SERS measurements for these substrates. However, at the same C, both I614 and I1004 values show 

similar trend for different Ag FONs. For example, at C = 10-5 M, I614 is the minimum at 𝜃 = 25° 

and the maximum at 𝜃 = 0°, and the same trend occurs for I1004. Thus it is expected that the ratio, 

𝛿614/1004, = 𝐼614 𝐼1004⁄  may not depend on 𝜃. Figure 3.5.2 (c) shows the plot of 𝛿614/1004 versus 

R6G concentration C. As expected, regardless of the Ag FON substrates, all the three sets of data 
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collapse together. The log-log relationship of the normalized peak intensities can be expressed as 

𝛿614/1004 = 103.9𝐶1.03±0.01  for C ≤  10-3 M.   Therefore, the normalized value 𝛿614/1004 is only 

dependent on the R6G concentration, and different substrate fabrication conditions have very little 

effect. Such a fabrication condition invariance may be due to the following reason: for the Ag 

patches covered PS spheres, in principle, the SERS signal generated from the PS (I1004) shall be 

proportional to the total number of hot spots (N0) on the Ag patches, I1004  N0, while the target 

molecules (R6G) shall occupy fraction of the hot spots, and its SERS intensity I614  CN0. Then 

the intensity ratio, I614/I1004  C, is only a function of the concentration of the targeted molecules. 

Thus, even though at different vapor incident angle, the surface coverage of Ag on PS beads is 

different, and the total number of hot spots may be different, the intensity ratio is only a function 

of R6G concentration, not the Ag surface coverage. Thus, the PS peak at ∆𝜐 = 1004 cm-1 can be 

used potentially as an internal standard for quantitative SERS measurements.  

In fact, the PS peak at ∆𝜐 = 1004 cm-1 do meet the requirements for an internal standard. It 

does not interfere with the presence of R6G since it is originated from the Ag/PS interfaces, and 

its signal is identifiable within the presence of different concentrations of R6G. Unlike internal 

standards added to a solution as mentioned earlier, the analyte and the PS coating are separated by 

the two surfaces of the silver layer. Due to the interfacial separation, target analytes and internal 

standard are not competing for surface adsorption. In fact, Péron et al.’s study was the first to apply 

PS as an internal standard for SERS detection. [172]Their SERS substrate consisted of sparsely 

coated Au nanoparticles on the PS nanospheres chemically bonded to a quartz surface in a random 

arrangement. Although they demonstrate the PS peak could be used to quantitatively determine 

the target analyte, naphthalene, the PS peak could not be identified directly when coated with the 

analyte. Rinsing in 10 mL of ethanol for 10 minutes was required to eliminate surplus analyte and 
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recover the PS peak, which also significantly reduced the signal of the target analyte. To our 

knowledge, no other work has been reported with PS as an internal standard. And, by comparison 

to Peron’s work, the Ag FON substrates can be utilized as a direct method to quantitatively detect 

an analyte without any alteration of the substrate. 

It also comes to our attention that when the Ag FON substrates are excited by 514 nm laser, 

the SERS spectrum does not have the PS peak ∆𝜐 = 1004 cm-1, see Figure 3.5.3, which means  

this internal standard is excitation wavelength dependent. The reason for such a spectral change is 

not clear yet. 

3.5.2 Real-time, in-situ SERS measurements 

With an internal standard, one can perform better quantitative dynamic measurements 

using SERS. It has been well documented that the SERS intensity will decrease over time when 

illuminated at the same location.  Such an effect could be due to analyte decomposition or 

fragmentation under continuous laser irradiation, or diffuse away molecules from the lase spot. In 

addition, localized elevated temperatures from prolonged laser exposure can change the optical 
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properties of metal nanostructures and can reduce SERS signal intensity. [156-159] Normalization 

by an internal standard could factor out the spectral decay caused by above mentioned external 

changes when taking prolonged stationary measurements. We verify this concept by investigating 

molecular adsorbance kinetics using Ag FON at 𝜃 = 0°. Figure 3.5.4 (a) shows the time-dependent 

SERS spectra after the Ag FON has been immersed in 0.1 mM R6G. In the figure, the R6G peaks 

of ∆𝜐 = 614 cm-1 and ∆𝜐 = 1510 cm-1, and the PS peak at ∆𝜐 =1004 cm-1 are labeled. We observe 

that the R6G and PS peak values appear to all decrease over time t.  To be quantitative, Figure 

3.5.4 (b) plots I614, I1510, and, I1004 as a function of t. I1004 decays almost exponentially over time, 

while both I614 and I1510 stay relatively constant for t  < 4 min, then decay exponentially. Such 

decays do not match with the known surface adsorption kinetics; we expect that as more and more 

R6G molecules adsorb on the surface, both the I614 and I1510 should increase with t until a saturation 

occurs. However, by taking the PS internal standard into account, the observed kinetics has 

changed. Figure 3.5.4 (b) plots the normalized peak intensities, 𝛿1510/1004 and 𝛿614/1004, as a function 

of t. Both plots show a similar trend: when t < 20 min, both  𝛿1510/1004 and 𝛿614/1004 increase 

monotonically with t; then at t ≥ 20 min, these ratios reach a saturation value. Such a trend is 

consistent with molecular adsorption kinetics on a surface, and can be described by the following 

kinetic equation, 

𝛿 = 𝛿0[1 − 𝑒−𝑘(𝑡−𝑡0)]  ,                                                           (3.1) 

where 𝛿 is the normalized SERS peak value, k is the adsorption rate constant, 𝛿0 is a constant 

proportional to initial molecule concentration, and 𝑡0 is the initial time of adsorption. 

By fitting the equation to the experimental data shown in Figure 3.5.4 (b), the adsorption 

rate constants are found to be k614 = 0.36 ± 0.04 min-1 for ∆𝜈 = 614 cm-1 and k1510 = 0.40 ± 0.05 
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min-1 for  ∆𝜈 = 1510 cm-1.  Clearly, k614 ≈ k1510, which demonstrates that in the adsorption process, 

both the C-C-C bending and C-C aromatic stretching can be probed with equal probabilities. This 

result means R6G tends to randomly adsorb on the Ag surface. In fact, the ratio of the two R6G 
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peaks, 𝛿1510/614 versus t, is kept almost constant through the entire duration (Figure 3.5.4 (b)), 

which further demonstrates this claim.  

A similar study has been performed with 4-mercaptophenol (MPH). Figure 3.5.5 (a) 

displays the results of the time-dependent SERS spectra of Ag FONs after immersion in 1 µM of 

MPH. Besides the ∆𝜐 = 1004 cm-1 peak for PS, each SERS spectrum has two additional MPH 

vibrational peaks at ∆𝜐 = 1075 cm-1 and ∆𝜐 = 400 cm-1. There is a difference in the literature to the 

assignment of these two peaks. According to Li et al., the  ∆𝜐 = 1075 cm-1 peak is attributed to C-

S stretching and in-plane ring vibration (9b in Wilson notation), while the ∆𝜐 = 400 cm-1 peak 

corresponds to C-S bending or stretching. [178] However, Lee et al. attributes the ∆𝜐 = 1075 cm-1   

peak to in plane ring vibrational of mode of 1 (Wilson notation), and ∆𝜐 = 400 cm-1 to a ring 

vibration of 7a (Wilson notation). [179] Figure 3.5.5 (b) shows quantitative plots of MPH peak 

intensities of I400, I1075, and I1004, versus t. For both I1004 and I400, the trend is similar to R6G, i.e., 

I1004 decays exponentially with t while I400 increases initially, then decays monotonically. 

However, I1075 shows a different trend. It continues to increase as a function of t for t ≤ 100 min 

and reaches a maximum around t = 150 min, and then decreasing slightly. By normalizing with 

the internal standard I1004, the 𝛿1075/1004 and 𝛿400/1004 show different absorption kinetics as shown  

in Figure 3.5.5 (b). The 𝛿400/1004 increases rapidly for t ≤ 8 minutes and then begins to saturate 

towards a constant value, while 𝛿1075/1004 raises slowly, and it does not reach saturation even after 

t = 100 min. Using Equation (3.1) to fit the data, we obtain that k400 = 0.21 ± 0.1 min-1 for ∆𝜐 = 

400 cm-1 and k1075 = 0.0234 ± 0.0004 min-1 for ∆𝜐 = 1075 cm-1. The difference in absorption 

kinetics for different SERS vibrational modes of MPH reflects that during adsorption, the adsorbed 

MPH molecular orientation is dynamically changing, and is a property observed in self-assembled 

monolayers (SAMs) and DNAs. [180-183] When MPH coverage is small, the MPH molecules lie 
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flat on the Ag surface as shown in Figure 3.5.6 (a). When the incident Raman laser beam is 

exciting the MPH molecules, both the C-S stretching modes and ring modes are excited, but the 

ring vibrations form an angle with respect to the E-field of the laser. When MPH coverage 

increases over time, the MPH molecules start to reorient and stand on the surface as shown in 

Figure 3.5.6 (b), the contribution of the C-S stretching mode becomes less since its vibration 
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direction is perpendicular to the E-field direction of the laser, while the ring mode can be fully 

excited by the E-field. Since our surface is curved and has roughness, when more and more MPH 

molecules are adsorbed onto the surface over time, the C-S mode intensity does not go to zero; 

rather, it reaches a saturation while the ring mode can still reorient. It is expected that as t increases, 

the ring mode intensity increases while the stretching mode intensity deceases. In fact, from Figure 

(3.5.5) we also plot 𝛿1075/400 versus t, and we see that this ratio increases with t.  Therefore our 

results suggest that the ∆𝜐 = 400 cm-1 may be primarily due to the C-S stretching mode, while the 

∆𝜐 = 1075 cm-1 is due to the ring vibration. The different adsorption time is caused mainly by the 

reorientation of MPH molecules.  

3.6 Conclusions 

  In conclusion, Ag FONs were fabricated using SNSL, and its LSPR wavelength was tuned 

by varying 𝜃, while fixing the Ag deposition thickness. The shift of the LSPR quantitatively agrees 

with that predicted by FDTD simulations. Although the Ag FON pattern consists of the Ag coating 

on the nanospheres and underlying nanotriangles, the simulation results show that the major 

contribution to the LSPR peak comes from the Ag coating on the nanospheres. Additionally, 

simulations also demonstrate that domain effects, which can change the shape of the Ag coating, 

broaden and shift the LSPR wavelength. The SERS spectrum peak of polystyrene is used as an 

Figure 3.5.6  A diagram of MPH orientations on Ag surfaces: (a) small coverage case and 

(b) near unity covered case 



 

80 

internal standard. The normalized SERS peak intensity versus rhodamine 6G (R6G) concentration 

is independent of substrate’s deposition conditions. In addition, using the internal standard, the 

SERS can be used to quantitatively study the dynamic adsorption process of R6G and 4-

mercaptophenol (MPH) on Ag FON substrate. This work highlights the significance of utilizing 

Ag FONs as an internal standard and its benefits for real-time, in-situ measurements. 
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CHAPTER 4 

 

AG TRIANGULAR NETWORKS 

 

4.1 Introduction 

 In previous chapter, a SNSL method is used to fabricate and systematically tune Ag FONs 

by changing 𝜃. However, our experimental results showed that as  𝜃 increased, the dependence of 

LSPR on the domain quality of the monolayer became more severe. This domain effect can also 

be seen in other SNSL methods where the nanospheres were removed after deposition. For 

instance, Figure 4.1.1 shows triangular nanopatterns fabricated at a fixed deposition angle 𝜃 = 20° 

with varying domain orientations 𝜑 = 0°, 10°, 20°, and 30° (see Figure 3.2.1 for the definition of 

the orientation angle). The figure shows that for different orientations, the shape of the triangular 

Figure 4.1.1 The simulated triangular nanopatterns deposited at 𝜃 = 20°, and 𝜑 = 0°, 10°, 

20°, and 30°. 

𝜑 𝜑 𝜑 𝜑 
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nanopatterns will change. This means that for different domains on the substrate, the LSPR will 

have a slightly different peak. The combined contribution of each domain will broaden the LSPR 

wavelength, which reduce its sensitivity for LSPR sensor and SERS 

.  One possible method to overcome the domain effect is to rotate the substrate during the 

deposition. In doing so, the resulting patterns are no longer domain dependent. Therefore, in this 

chapter we introduce a rotation-based SNSL strategy to fabricate nanopatterns called triangular 

networks (TN), and demonstrate that this strategy can also be used to tune the LSPR of the TN 

nanopatterns. 

4.2. Experimental Methods 

Colloid Monolayers 

500 nm-diameter PS nanospheres were obtained to form the colloid monolayers. 

Monolayer preparation method for 500-nm PS beads is given in Appendix 1.Deposition Strategy 

Figure 4.2.1 A schematic diagram of shadow nanosphere lithography. 
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Ag TN nanopatterns were prepared using a single-source electron beam deposition system 

(see Section 2.3.3), with a deposition configuration shown in Figure 4.2.1. Monolayer coated 

substrates were mounted on a holder placed 50.8 cm above the crucible. As shown in Figure 4.2.1, 

the monolayer coated substrates were positioned at a fixed 𝜃, and were rotated azimuthally at a 

speed of 20 rpm for the duration of the deposition. For each deposition, 𝜃 was set to 0°, 5°, 7°, 

10°, 12°, 15°, 17°, and 20°, respectively, with an accuracy of  ±1°. For different 𝜃, the deposited 

Ag thickness were initially varied to ensure that the final thickness of the Ag patterns was ~ 50 

nm, which was determined by atomic force microscope (AFM) measurements. However, as 𝜃 

increased, the deposition made the shadowing effect of the opening among nanospheres smaller 

and smaller which minimized the actual Ag film thickness. Therefore, the Ag nanopatterns possess 

decreasing thickness with increasing 𝜃. After the Ag deposition, the monolayer template was 

removed using Scotch tape, and then the substrates were rinsed in toluene, acetone, and 2-propanol 

successively to remove PS residual. 

Morphological and Optical Characterization 

Optical measurements were taken using the equipment specified in Section 2.3.3. The 

optical transmission spectra of the Ag nanopatterns were measured by an ultraviolet-visible 

spectrophotometer. The resulting transmission spectra were converted into extinction spectra. The 

morphology of the samples was characterized by AFM and SEM. The resulting SEM images were 

analyzed by Image J software (NIH), while AFM images were analyzed using NanoScope 

Analysis software. SERS spectra of the Ag nanopatterns were measured using a confocal Raman 

microscope (Renishaw inVia), with an excitation wavelength of 633 nm. A 2 µL droplet of BPE 

(10-4 M) in methanol was dispensed onto the Ag nanopattern substrate. The nine SERS spectra 

measured from randomly chosen positions on each substrate were obtained. All quantitative 
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analysis of the average SERS spectra, such as peak positon and amplitude, were processed using 

the spectroscopic software GRAMS AI (Thermo Scientific). 

Numerical Calculation and Simulations 

Ag nanopatterns were simulated using the numerical calculation method mentioned in 

Section 2.4.2. The formation of Ag nanopatterns was also simulated by a kinetic, three-

dimensional Monte Carlo (MC) simulation discussed in Section 2.4.2. In short, In the MC ballistic 

deposition model, the incident particles approached the surface in a straight trajectory at an angle 

of 𝜃. When the particle arrived on the surface or passed by the nearest-neighbor site of a previously 

deposited particle, it would deposit and become part of the surface. In order to simulate the surface 

diffusion after the incoming particle settled on the surface, one particle on the surface would be 

randomly chosen to perform the diffusion. The diffusion was a random walk on the surface with a 

diffusion length of one unit. There was a predetermined number D of particles selected to perform 

diffusion, which represented the strength of diffusivity of a particular material such as Ag. Pre-

occupied sites above a planar surface were formed according to the hexagonal pattern of 

nanospheres to mimic the templates used in experiments. The substrate rotation was included in 

the MC simulation. After the deposition is done, the templates and the deposition above the top 

surface of the templates were digitally removed.  

The optical properties of selected Ag nanopatterns deposited at 𝜃 = 0°, 10°, 12°, 17°, and 

20° were simulated using the finite-difference time-domain (FDTD) method The Ag nanopattern 

simulation models were based upon AFM data and SEM images.  
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4.3 Morphology 

Figures 4.3.1(a-c) show representative Ag nanopatterns predicted by numerical 

calculations, experimentally obtained via SEM, and generated by MC simulation for 𝜃 = 0°, 10°, 

15°, and 20°, respectively. As predicted by the numerical calculations Figure 4.3.1 (a), when 𝜃 =

0°, individual and disconnected nanotriangles were formed on the substrates. When 𝜃 was 

increased from 0° to 10°, the characteristic pattern changed to a hexagonal shape with a thick 

central triangle (the red colored areas), while the neighboring patterns remained unattached. As 𝜃 

changed to 15o and 20o, each individual pattern started to join with the adjacent patterns, and 

individual pattern became a cup-like triangular shape, i.e., there was a triangular hole in the middle 

of each pattern. When 𝜃 increased, the hole became larger, and the entire pattern grew larger as 

well. But the overall arrangement for all the patterns still followed close-packed symmetry 

Figure 4.3.1. Representative nanopatterns formed by SNSL: (a) numerical calculations, (b) 

experimental SEM images, and (c) Monte Carlo (MC) simulation at  = 0o, 10o, 15o, and 

20o, respectively. 
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regardless of the 𝜃 value. Notice that for 𝜃 ≥ 40°, therewere no patterns formed on the substrate 

due to the shadowing effect. These predictions matched well with the experimental results, as 

shown in Figure 4.3.1(b). At 𝜃 = 0°, well separated nanotriangles with concave sides were formed. 

When 𝜃 increased to 10°, the nanopattern became separated, larger equilateral triangle. The high-

magnification SEM images showed that the Ag nanopatterns also contain small Ag nanoparticles 

(NPs) formed around each apex of the triangle, with a solid hexagon-like pattern in the middle. 

For 𝜃 = 15°, the resulting pattern emerged as an elongated triangle with a slight depression at its 

center, filled randomly with NPs. The neighboring nanopatterns were connected to one another at 

the respective apex of each triangle. When 𝜃 increased to 20°, the triangular nanopattern appeared 

wider, and consisted of different sized Ag NPs. The middle of each pattern had smaller and less 

dense Ag NPs compared to the edges of the triangle. 

Though the experimental results match well with the numerical calculations, there are 

morphology differences at 𝜃 > 0°. The individual unit cell consisted of multiple Ag NPs, rather 

than the smooth, singular Ag patterns predicted in Figure 4.3.1(a). The reason is that the numerical 

calculation used a continuous mathematical model, while during deposition, other growth related 

phenomenon such as adatom surface dynamics can take place. In particular, for low melting point 

(a) (b) 

Figure 4.3.2 4µm ×4 µm AFM scans of 500 nm -nanospheres for θ = 15. (a) Ti and (b) 

Ag. The inset shows an enlarged nanoparticle array 
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(Tm) metals, like Ag, not only is surface diffusion important, but the sticking coefficient during the 

initial nucleation of the vapor can also play a dominant role. For example, Kosiorek et al. can 

match their experimental Ni and Cr TN nanopattern with their numerical calculation since both Ni 

and Cr have Tm = 1,453°C and 1,857°C, respectively. [184] We have also deposited Ti 

nanopatterns with Tm = 1,660°C at 𝜃 = 15° for comparison with those from Ag with Tm = 961°C, 

as shown in Figure 4.3.2 (a-b). The resulting Ti nanopattern was smooth with no NPs in the unit 

cell as compared to those formed by Ag. Thus, to better reflect the formation of Ag nanopatterns, 

one has to consider the effect of surface diffusion and reemission.  

The effects can only be accounted for in MC simulations. Figure 4.3.1(c) shows the 

simulated results using our MC deposition model. The overall patterns matched well with both the 

numerical calculation and experimental results. However, when 𝜃  10°, Ag NPs started to form 

within and around the patterns, especially when  𝜃  15°, the simulated results resembled more 

Figure 4.3.3 The shape parameter ratio η as a function of  obtained from the 

numerical calculations, SEM images, and MC simulations. 
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like the experimental results, which demonstrated that adatom surface dynamics did play an 

important role in SNSL pattern formation.  

To gain a quantitative comparison, we define a geometric factor η, which is the ratio of the 

length d to the height a of nanopatterns, and plot η versus  in Figure 4.3.3 for all nanopatterns 

deposited. We notice that, for 𝜃 = 0° the η values for NC simulation and SEM matched more 

closely than that from numerical calculation. This is because the nanopatterns of both the MC and 

experiment had slightly rounded apex due to the shadowing effect of the PS nanosphere, therefore 

the a value was slightly shorter than that of the numerical calculation. When 𝜃 = 12°, the results 

from SEM and numerical calculation agreed more closely, and the thickness distribution of the 

pattern was greater towards the center of the unit cell for the numerical calculation and SEM, while 

the MC predicted a more uniform distribution of Ag. For 𝜃  15°, the MC, SEM, and numerical 

calculation showed similar η values. Thus, the MC simulation and numerical calculation both show 

that they can predict the shape of the Ag nanopatterns. 

4.4 Optical properties 

The extinction spectra of the Ag nanopatterns shown in Figure 4.4.1(a) all exhibited 

multiple resonance peaks within the 300 - 1500 nm wavelength range. When 𝜃 < 12°, all the 

samples had three resonant peaks, while when   12°, there were only two peaks. The strongest 

extinction peak red shifted with . Figure 4.4.1(b) plots resonance peak wavelengths 0  as a 

function of . For  = 0°, three resonances occurred at 0  = 363 nm, 423 nm, and 689 nm, 

respectively. These spectra features are typical for Ag nanotriangle arrays obtained from NSL. 

[185,186] The strong 0  = 689 nm peak is due to a strong dipole resonance; the peak at 0  = 423 

nm is a weak in-plane quadrupole resonance, while the peak at 0  = 325 nm is due to the out-of-  

plane quadrupole extinction. [185,186] When  was increased to 5o and 7o, the nanopatterns were 
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still disconnected nanotriangles, and it was expected that the spectral features were similar to those 

of  = 0° sample: the strongest resonant peak located at 0  = 678 - 685 nm, and two other peaks 

at ~ 477 nm and ~ 347 nm, which may all correspond to the dipole and quadrupole resonances as 

discussed for  = 0° sample. However, the extinction peak became stronger, especially at 0  = 678 

- 685 nm region, and the corresponding peak width was smaller compared to that of  = 0° sample. 

Such a narrow extinction peak is preferred for high sensitive LSPR sensors. When  = 10°, there 

were still three peaks observed and the peak at 0  = 677 nm became even stronger. However, 

when  was increased to 12°, the spectrum became very different: only two peaks were observed, 

with the strongest peak suddenly shifted to 0  = 833 nm, while the second peak (0  = 471 nm) 

stayed almost unchanged. With the further increase of , the second peak location almost did not 

change while the largest peak kept on red shifting almost linearly with respect to  until   = 20o. 

Such a change in the extinction spectra at   12° is consistent with the changes in nanopatterns. 

As shown in Figure 4.3.1(b), when  < 12°, the nanopatterns were essentially a separated, solid 

triangle array. Only at slightly larger  , there were small NPs appeared around the solid triangles. 
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Figure 4.4.1 (a) The extinction spectra of Ag TNs at different incident angle 𝜃 and (b) the 

extinction peak wavelength versus 𝜃.  
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However, when   12°, the main solid triangles changed into small Ag particles, and the adjacent 

Ag patterns started to connect together to form a network structure. Since some Ag NPs were very 

closely spaced, it was expected that the electromagnetic coupling between small Ag NPs would 

play an important role for the optical properties. Since some Ag NPs were very closely spaced, it 

was expected that the electromagnetic coupling between small Ag NPs would play an important 

role for the optical properties.  

To gain a better understanding of the optical properties, FDTD calculations were carried 

out based on the nanopatterns at  = 0°, 10°, 12°, 17°, and 20°, respectively, and the resulting 

numerical extinction spectra,  the experimental spectra, and an inset of the simulated unit cell of 

the nanopattern array were plotted together in Figure 4.4.2.  For all of the calculations, the 

thickness of the Ag particles was fixed at 100 nm, 43 nm, 24 nm, and 6 nm, respectively. These 

height values were based upon AFM average height measurements. For  = 0°, the calculated 

extinction spectrum showed a prominent and sharp LSPR peak at 0 = 664 nm, and a secondary 

peak at 0 = 493 nm. Two weaker peaks at 0 = 416 nm and 374 nm were also visible. These peak 

locations were close in value to the experimental peaks at 0 = 688 nm, 433 nm, and 339 nm. 

However, compared to the experimental peak at 0 = 688 nm, the calculated peak was narrower, 

and had a higher extinction. These deviations are due to the statistic variation in the shape, size, 

and thickness of the triangles obtained experimentally. For  = 10°, the calculated extinction 

spectrum showed a similar, but broader peak  at 0 = 786 nm, and secondary peaks at  0  = 664 

nm and 436 nm. By comparison, the experimental LSPR peak at 0 = 677 nm was also much 

narrower and blue-shifted compared to that of simulation which, may be caused by broad 

deviations in the experimental nanopatterns. The experiment and simulation spectra show much 

broader extinction when  = 12°. The simulated spectrum showed a broad extinction ranging 
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between 350 to 1050 nm, with the highest extinction value at 0 ~ 863 nm. The experimental 

spectrum also showed a broad spectrum with 0 = 794 nm. For  = 17° the calculated spectrum 

was broad, covering the 450 nm to 1400 nm wavelength region, which was qualitatively consistent 

with the experimental spectrum. For  = 20°, the simulated spectrum show a broad extinction value 

between 300 nm to 1500 nm, with a maximum extinction value at 0 = 410 nm. Similarly, the 

experiment extinction spectrum also shows a broad peak, with 0 = 452 nm. Clearly, the simulated 

spectra qualitatively matched well with the experimental spectra. 

The broadening of the extinction spectra at 𝜃 > 10° are due to the appearance of smaller 

Ag NPs of different sizes and orientations as well as the electromagnetic coupling among the 

Figure 4.4.2 The comparison of the extinction spectra from finite-difference time-domain 

simulations and experimental results for selected . The unit cell for FDTD simulation for 

each  is shown as the insert image. 
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 particle assembles. [187] This can be clearly demonstrated by investigating the polarization 

dependent extinction spectra as well as the local electric field distributions at the extinction 

resonant wavelengths. Figure 4.4.3 shows an example for the Ag nanopatterns at 𝜃 = 17°. The two 

orthogonal polarized extinction spectra, one excited by the horizontal (x-) polarization, and the 

other by vertical (y-) polarization, show distinguished different features: for x-polarization 

excitation, two strong resonances appeared at 0 = 850 nm and 1005 nm, while under y-

polarization, a different resonant peak at 0 = 684 nm appeared, though a relatively small resonant 

peak at 0 = 1005 nm was still present. Such a difference originated from the orientation of the Ag 

NPs on the substrates, which means that the NPs are highly anisotropic. The multiple resonance 

Figure 4.4.3 (a) Polarized extinction spectra of Ag TNs at  = 17o; and the local electric field 

distributions of the  = 17o nanopatterns excited by x-polarized light at (b) 𝜆0 = 825 nm and 

(c) 𝜆0 = 1005 nm, as well as (d) 𝜆0 = 684 nm excited by y-polarized light. 
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features in both x- and y- polarization excitations resulted from the size distribution of the Ag NPs.  

In addition, the local electric field distributions at the resonant wavelength shown in Figure 

4.4.3(b-c) demonstrated strong coupling among adjacent Ag NPs, especially large Ag NPs. For 

the x-polarization excitations at 0 = 825 nm and 1005 nm, hot spots with strongest local electric 

field occurred only around largest Ag NPs due to their larger wavelengths; however, for the y-

polarization excitation at 0 = 684 nm, hot spots occurred at multiple gaps among Ag NPs. Those 

high electric field hot spots were evidence of plasmonic coupling effect which would not occur for 

isolated nanopatterns formed at 𝜃 < 10°. In addition, the high density of hot spots presented in 

Figure 4.4.3(d) infer that those nanopatterns could be potentially used for SERS substrates.  

4.5 Applications 

Since the optical extinction of the Ag nanopatterns had a strong resonant peak at 0 = 633 

nm for samples at   < 12°, while for samples at    12°, there were multiple hotspots available 

on the substrate due to the statistic arrangement of NPs in the pattern; it was expected that those  

patterned substrates were good SERS substrates for excitation at  = 633 nm. Figure 4.5.1 (a) 

shows the average BPE SERS spectra of different substrates. The characteristic peaks of BPE at 

v  = 1200 cm-1, 1606 cm-1, and 1636 cm-1 are indicated in the figure, which correspond to 

ethylenic C = C stretching mode, pyridine ring C = C stretching, and whole ring C = C stretching 

mode respectively [188,189]. For   = 0°, there was no discernable BPE signal. For  = 5°, BPE 

peaks started to emerge, became stronger with the increase of , and reached a maximum when   

= 10°. With the further increase in , all the BPE peaks decreased. In fact, the baseline corrected 

peak height as a function of wavelength, shown in 4.5.1 (b), show quantitatively that for peak 

intensities at v  = 1200 cm1, 1606 cm-1, and 1636 cm-1, the greatest SERS intensity occurs at  = 

10°.  
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However, since the nanopatterns were different at different incident angle , the effective 

Ag surface area exposed to BPE was also different. If one assumes that the BPE were uniformly 

coated on the Ag surface, then different patterns would have different amount of BPE molecules 

coated on Ag surface, which could potentially give different strength of SERS signal. Therefore, 

to fairly compare the SERS response of different nanopatterns, the SERS intensity per unit Ag area 

needs to be considered. Based upon SEM and AFM images, the surface area of the Ag nanopatterns 

were calculated as either triangular prisms, circular disks, concentric disks or spheres. 4.5.2 (a) 

below shows dimensions and measured parameters for each shape. For θ = 0°, Ag nanopatterns 

were calculated as triangular prisms with a height of 96 nm. For 𝜃 = 5°- 12°, larger Ag nanopatterns 

were measured as triangular prisms or circular disks, while smaller particles were assumed to be 

spheres. For  𝜃 = 15° and 17°, particles were measured as circular disks or concentric disks, while 

smaller particles were assumed to be spheres. Lastly, for 𝜃  =20°, all particles were assumed to be 

spherical. With the exception of h, height derived from the AFM images, all parameters were 
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measured using image analysis software from the SEM images. The average of one unit is plotted 

as a function of deposition angle as shown in Figure 4.5.2 (b). As expected, as the deposition 

angle increases the surface area increases exponentially. These results then normalized with the 

SERS peak intensity of BPE to normalize the effect of surface area. Figure 4.5.3 shows the result 

of the area normalized BPE peak intensity at v = 1200 cm-1 as a function of the optical extinction 

at  = 633 nm. The normalized SERS intensity increased almost linearly with the extinction 

magnitude, which is consistent with other studies. [20,190]The substrate gives the highest SERS 

intensity is the nanopattern deposited at  = 10°. This result shows that using the SNSL one can 

tune the LSPR response and optimize SERS substrates. 

4.6 Conclusions 

In this chapter, we have investigated the morphological and optical properties of Ag TN 

nanopatterns prepared by a rotation-based SNSL method. By changing the , we show that a 

diverse variety of nanopatterns can be prepared. These patterns can be predicted by a numerical 

model as well as a Monte Carlo simulation. Due to the variations on the size, shape, and 

arrangement of Ag NPs in the pattern, the optical properties of these nanopatterns can be tuned 

systematically, especially the LSPR wavelengths, and the results are confirmed by FDTD 

simulation. This is a relatively simple strategy to tune the LSPR based on NSL. Therefore, we have 

demonstrated that the tuning of LSPR using SNSL nanopatterns can optimize the SERS response 

for chemical and biological applications.  
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CHAPTER 5 

 

DOUBLE TRIANGLE NANOPATTERNS 

 

5.1 Introduction 

Chapters 3 and 4 describe SNSL methods that can tune the LSPR wavelength of 

nanopatterns by systematically changing their size and shape. As discussed in Section 1.2.1, 

another strategy to tune the LSPR wavelength is to change the relative distance between individual 

nanopatterns. Though most studies on the effect of the gap between nanopatterns have heavily 

relied on EBL, SNSL can also produce nanopatterns with changing separation between 

nanopatterns and can shift the LSPR wavelength. As shown in previous chapters, a single 

deposition at a specific angle 𝜃 through the nanosphere monolayer can generate nanotriangle 

Figure 5.1.1 Example of DT nanotriangle nanopatterns using 1000 nm diameter nanosphere 

monolayers deposited at 𝜃 = 15°. Parameters listed in the diagram are the center to center 

separation distance, s, side length of nanotriangle, a, and base length, l. [191] 
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patterns with different size, shape and location. Thus, if two depositions are carried out at the same 

𝜃 but different azimuthal angle with respect to the monolayer domains, two nanotriangles can be 

formed at different locations on the substrate. Figure 5.1.1 shows an example of such a structure 

deposited at 𝜃 = 15° using two opposite azimuthal angles, 𝜑 = 0o and 180o, respectively. These 

nanopatterns are known as overlapping or double triangle (DT) nanopatterns. The relative center-

to-center separation distance, s, between each nanotriangle (defined in Figure 5.1.1) can be 

controlled systematically during fabrication.  

 DT nanopatterns exhibit optical properties not observed in their single pattern counterpart. 

For instance, the extinction spectra of single nanotriangles exhibit typically a single, strong 

resonance peak that attributes from the dipole resonance. [192] DT nanopatterns, however, have 

the combined shape of two overlapping triangles, and thus have a much larger size compared to 

single nanotriangles. Therefore, higher order resonance modes are observed in their optical 

spectrum. Zhao et al., for instance, performed simulational and experimental studies of Au DT 

nanopatterns templated from 500 nm-diameter nanospheres. [108] They showed that the 

transmission spectra of DT nanopatterns possessed multiple resonance peaks (or LSPR 

wavelengths) due to the dipole and quadrupole resonances. Another optical phenomena DT 

nanopatterns can exhibit is Fano resonance, which is the constructive or destructive interference 

between lower and higher order resonance modes. [193]Yan et al. detected Fano resonance in DT 

nanopatterns both theoretically and experimentally on separation-dependent Au DT nanopatterns. 

[191] For certain s, they demonstrated that the dipole and quadrupole resonances of the DT 

nanopatterns could destructively interfere to create a Fano resonance peak.  Yan et al. also 

compared the LSPR sensitivities of the Fano resonance peak of DT patterns and the dipole 

resonance peak of single nanotriangle patterns, and showed the DT nanopattern with a FOM of 3.5 
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is much more sensitive than the single nanopattern with FOM = 0.9. Lastly, when s of the DT 

nanopattern is large enough to form a gap between the two individual triangle (i.e. they are no 

longer overlapping), the localized electric field in the gap can become enhanced, as discussed in 

Section 1.2.1. Sundaramurthy et al. performed a simulation on gap-dependent Au DT 

nanopatterns, and verified that as the gap between the nanopatterns decreased the localized electric 

field located between the nanotriangles was enhanced significantly. [194] 

The fabrication of all DT nanopatterns reported thus far uses a single source deposition 

system. Although this method is simple, it requires multiple deposition steps. For instance, Haynes 

et al. used a multi-step SNSL procedure to tune the separation distance between the nanotriangles. 

[195] First, they mounted their substrates on an aluminum bracket with a fixed 𝜃. Then after one 

deposition, the substrate was removed and remounted with a different angled bracket. This and 

other similar multi-step SNSL methods present several problems: they are time-consuming and 

complex, which make the fabrication method difficult to scale up; the interruption during 

consequent deposition introduces unnecessary oxidation for metals like Ag or Cu; additionally, 

since the size of the triangular opening among nanospheres is very small, during the deposition, 

such an opening will become smaller and change the shape of later deposited pattern. For instance, 

Kandulski et al. showed that for 540 nm-diameter nanosphere monolayer the opening was filled 

when a 123 nm thick Ag was deposited. [196] For smaller nanospheres, this effect will become 

more severe. Finally, the nanopattern in early deposition will also introduce an additional 

shadowing effect for patterns deposited later. To resolve some of these shortcomings, one strategy 

is to simultaneously deposit two or more materials using multiple sources with the right deposition 

configurations.  
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In this Chapter, we introduce a strategy to fabricate DT nanopatterns with tunable LSPR 

properties using a dual source deposition system. By placing colloidal monolayer substrates on 

different locations, DT nanopatterns with different separation and shape can be fabricated 

simultaneously. As a result, each sample has a different LSPR wavelength. Such a method can be 

used to perform a high throughput screening of DT patterns for different plasmonic applications. 

 

5.2 Experimental Methods 

Colloid Monolayer 

500 nm-diameter PS nanospheres were used to form the colloid monolayers according to 

Appendix 1. 

 

Deposition Strategy 

Ag DT nanopatterns were prepared using a dual source electron beam deposition system 

with a deposition configuration shown in Figure 5.2.1. The chamber contains two Ag sources with 

a center to center distance of 7”.  A 21”-long aluminum substrate holder was mounted 20” above 

and parallel to the center-to-center direction of the two sources. If the substrate was placed at 

different location of the holder, the vapor incident angles from Source 1 (𝜃1) and Source 2 (𝜃2) 

could be different. In the experiment, substrates were placed at three different locations as 

illustrated in Figure 5.2.1 (a) in order to obtain three different DT patterns: Location A1 was 

directly above Source 1 and horizontally 7” away from Source 2, with 𝜃1= 0° and 𝜃2 = 18°; 

Location A2 was 3” away from Source 1 and 10” away from Source 2 with 𝜃1= 8° and 𝜃2 = 25°; 

and Location A3 was 6” away from Source 1, and 13” away from Source 2 with 𝜃1 = 15° and 𝜃2 =

 32°. We also denote the DT nanopatterns resulted from these three locations as Samples A1, A2, 
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and A3. Additional substrates could not be placed further on the holder since the shadowing effect 

would prevent the deposition of Source 2 through the gaps in the nanosphere monolayer when 

𝜃2 ≥ 40°. [141] Depositions were performed when the pressure of the chamber reached 10-6 Torr. 

The Ag deposition rate of each source was controlled to be 0.5 nm/s, which was monitored by a 

separated QCM facing each source. After the depositions, the colloidal monolayers were removed 

using Scotch tapes, and the substrates were rinsed in toluene, acetone, and 2-propanol successively 

to remove PS residual.  

5.3 Morphology 

Figures 5.3.1 (a1) - (a3) show the predicted DT nanopatterns by numerical simulation (NS) 

at the A1, A2, and A2 locations, respectively. Each pattern is consisted of two overlapped 

nanotriangles, a large triangle and a small triangle, where the large triangle is formed by Source 1 

with a relative small 𝜃1 while the small triangle is formed by Source 2 at a large 𝜃2. The relative 

position and size of the two triangles also change with the positions: From Location A1 to A3. The 

(a) 
(b) 

Figure 5.2.1 (a) Deposition configuration of substrates relative to the two substrate 

sources (b) Up-side down view of substrate relative to sources. 
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separation between the two triangles becomes larger and larger while the sizes of both triangles 

become smaller, especially for the smaller triangle, the change is significant. This change is due 

to the increasing 𝜃1 and 𝜃2  when substrate location varies from A1 to A3. These results match 

well with the SEM images of experimentally obtained DTs as shown in Figure 5.3.1 (a1’) – (a3’). 

The SEM images show that as the substrate positions move from A1 to A3, the double triangle 

nanopatterns become smaller and more separated. However, for the sample fabricated at Location 

A3, the SEM image of the nanopattern shows that the large and small triangles become well 

separated, which is different from that predicted in Fig. 5.3.1 (a3).  

 

 

Figure 5.3.1 (a1-a3) The numerical calculation (NC) and the (a1’-a3’) SEM images of Ag 

DTs for samples A1, A2 and A3. The scale bars represent 250 nm.  
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Table 5.3.1 Values of the in-plane height (Hip) and separation distance of numerically calculated 

nanopatterns (NC) and experimentally measured (Exp) nanotriangles. SEM image illustrates the 

measurement strategy for each parameter. 

 

To quantitatively characterize the DT patterns, the size, shape, and separation distance of 

the predicted and experimental nanotriangles were measured.  In the right figure of Table 5.3.1, 

the parameters of in-plane height and separation distance are defined:  the in-plane height Hip is a 

distance measure of the triangle from one vertex to its base; while the separation distance, s is the 

center to center separation distance of the nanotriangles. For the DT patterns, there are two Hips: 

Hip(𝜃1) corresponding to Source 1 and Hip (𝜃2) due to Source 2. Table 5.3.1 summarizes the values 

of Hips and s for the DT nanopatterns both predicted by NS and revealed from SEM images.  

Overall, the values in the table show that as the substrate position changes from A1 to A2, the size 

of the corresponding nanopatterns become smaller, and the separation distance between two 

triangles increases. Also, the trend predicted by the NC and measured from experiment is 

consistent with each other. 

5.4 Optical Properties 

The optical extinction spectra of the DT nanopatterns are shown in Figure 5.4.1, and reveal 

multiple resonances within the wavelength range of 350 nm to 1200 nm. For Sample A1, the 

spectrum shows a strong, dipole resonance peak at 0 = 676 nm. Similar resonance peaks were 

s 
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observed in the study reported by Zhao et al, where DT nanotriangles were fabricated from 500 

nm –diameter nanospheres and 𝜃1 = 𝜃2 = 10.5°[108] The spectrum of their DT nanopattern has a 

strong resonance peak around 750 nm. For Sample A2, the maximum resonance peak blue-shifts 

to 0 = 656 nm. The spectrum for Sample A3 consists of a single resonance peak at 0 = 578 nm. 

Overall, it is observed that the dipole resonance peak blue-shifts with increasing separation 

distance, which is also consistent with similar work reported by Zhao et al.[108]. Therefore, if one 

considers only the nanotriangle separation distance, the LSPR peak can be tuned by changing the 

nanotriangles’ separation distance. However, other factors such as the size and thickness of each 

individual triangle can have an effect. However, additional work is needed to determine the 

influence of these parameters. 

To better understand the multiple resonance behavior of the DT patterns, FDTD 

simulations of the DT nanopattern were performed. Because the substrates are stationary during 

the deposition, the relative orientation of the monolayer will change shape of the two 

nanotriangles, and thus influence the optical response of the nanopattern. This effect was taken 

into consideration in the simulation. Figure 5.4.2 shows the simulated x-and y-polarized extinction 

spectra of Sample A1 at orientations 𝜑 = 0°, 10°, 15°, and 20°, respectively. The insets in Figure 

5.4.2 are the nanopatterns predicted by numerical calculation. As the orientation of the 

nanostructures changes, the corresponding optical response also varies for each polarization 

direction. For the y-polarized extinction, the spectra at 𝜑 = 0° shows two strong peaks at  = 856 

nm and  = 1003 nm; when 𝜑 changes from 𝜑 = 10o to 𝜑 = 15o, these two peaks shift from  = 

861 nm and  = 981 nm to  = 899 nm and  = 950 nm. When 𝜑 = 20°, these two peaks 

merge into one strong resonant peak at  = 907 nm. Similarly, for the x-polarized extinction, the 

spectra at 𝜑 = 0° shows two relative strong peaks at  = 1025 nm and  = 870 nm. When 𝜑 changes 
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 to 𝜑 = 10o, the stronger resonance peak redshifts, and the separation between these two peaks 

becomes larger ( = 1125 nm and  = 912 nm). When 𝜑 = 15o, the larger resonance peak further 

redshifts (beyond the spectral range in our calculation), while the small resonance peak shifts to  

=830 nm. When 𝜑 = 20°, the small resonance peak splits into two peaks, one at  = 841 nm, and 

the other at  = 694 nm. Clearly, these multiple resonance peaks should be the origins for the peaks 

observed in experiments (Fig. 5.4.1). In order to quantitatively compare the experimental results 

and FDTD spectra, we need more information regarding the orientation distribution and 

polarization state of the measurement system. Nevertheless, we demonstrate that using a two-

source deposition system, one can finely tune DT nanopatterns, therefore to tune the LSPR 

property. Thus, by further changing the nanosphere size and deposition material, it is expected that 

the optical properties could be adjusted over a larger wavelength range to fit into specific 

applications. 
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Figure 5.4.1 The experimental extinction spectra for samples A1, A2, and A3. 
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5.5 Conclusions 

In this chapter, a single-step co-deposition SNSL strategy is used to fabricate Ag DT 

nanopatterns at with different size and separation distance, which can be used to tune the optical 

properties of the nanopattern. There patterns show multiple LSPR resonances which are due to the 

complicated DT configurations and orientation of the monolayer domains. In fact, our FDTD 

simulations demonstrate that DT nanopatterns fabricated at different domain orientations show 

different multiple resonance peaks which support the experimental results. Because this fabrication 

method is location dependent, it is best suited for high throughput combinatory studies of DT 

nanopatterns or similar structures where a large amount of samples can be deposited in one 

deposition and optical properties can be simultaneously measured. 

 

 

Figure 5.4.2 The simulated extinction spectra for Samples A1, A2, and A3. 
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CHAPTER 6 

 

ALLOY SHADOW NANOSPHERE LITHOGRAPHY 

 

6.1 Introduction 

In Chapter 5, a co-deposition strategy is introduced. This strategy is a useful strategy to 

systematically prepare DT nanopatterns with different LSPR wavelengths by varying the locations 

of substrates.  As discussed in Section 1.2.1, by varying the composition of the nanopatterns, one 

could also tune the LSPR wavelengths. Thus, if one of the sources is changing to a different 

materials, and by varying the relative deposition rates of the two sources, one is expecting to obtain 

mixed phase or alloy nanopatterns with different composition ratios and LSPR properties. 

However, due to the line-of-sight property of the deposition feature, if the substrate is stationary, 

the nanopatterns formed should be DT as demonstrated in Chapter 4, i.e., there will be two 

triangles with different materials. To ensure a uniform mixture of the two materials during the co-

deposition, a fast azimuthal rotation can be introduced as demonstrated in Chapter 3.  Such a 

rotation can also eliminate the domain effect as well.  

In this chapter we introduce a new method to fabricate mixed-phase Ag-Cu nanopatterns 

and films by combining SNSL with a glancing angle co-deposition technique. The nanopatterns 

were prepared at different Ag compositions from 100% to 0% by changing the relative deposition 

rates of Ag and Cu. Characterizations by ellipsometry, energy dispersive X-ray spectroscopy, and 

X-ray diffraction revealed that the thin films and nanopatterns were composed of small, well-

mixed Ag and Cu nano-grains with a diameter less than 20 nm, and their optical properties could 
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be described by an effective medium theory. All the nanopattern had the same shape, but showed 

tunable LSPR properties. In general, the LSPR wavelengths redshifted with decreasing Ag 

composition. Such a relation could be fitted by an empirical model based on the bulk theory of 

alloy plasmonics.  

 

6.2 Experimental Methods 

Colloid Monolayers 

500 nm- and 750-diameter PS nanospheres were obtained to form the colloid monolayers. 

The monolayer preparation method for 500 and 750 nm PS beads is given in Appendix 1. 

Deposition Strategy 

The Ag-Cu nanopatterns and thin films were fabricated using the dual source electron 

deposition system discussed in Section 2.3.3.  Based upon the substrates position, the incident 

angle relative to the Ag and Cu crucibles were, 𝜃 = 10° and -10°, respectively. Figure 6.2.1 

illustrates the deposition configuration relative to the substrate. After loading the samples, the 

deposition chamber was pumped down to a base pressure of < 1 × 10-6 Torr. The rate and total 

thickness of each deposition source were monitored by two quartz crystal microbalances (QCMs) 

independently, such that the total deposition thickness, i.e., the sum of Ag and Cu deposition 

thicknesses, was 50 nm, while the deposition rates of Ag and Cu were varied to achieve the atomic 

composition of Ag, CAg = 0, 20, 40, 60, 80, and 100%. The individual deposition rate and thickness 

of Ag and Cu were determined according to their atomic mass % based upon to the following 

equation,  

𝑅𝐴𝑔

𝑅𝐶𝑢
=  

𝐷𝐴𝑔

𝐷𝐶𝑢
=  

𝐶𝐴𝑔

(1−𝐶𝐴𝑔)
×

(𝜌𝑐𝑢𝑀𝐴𝑔)

(𝜌𝐴𝑔𝑀𝐶𝑢)
 ,                                               (6.1) 

where RAg and RCu are the deposition rates (Å/sec) of Ag and Cu, respectively. DAg and DCu are the 
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thickness of Ag and Cu deposited throughout the deposition. 𝜌ag and  𝜌cu are the bulk densities and 

MAg  and MCu are the molar mass of the corresponding materials. Based on this equation, the table 

below gives the deposition rates and thicknesses for each corresponding 𝐶𝐴𝑔
𝐶𝑎𝑙. Table 6.2.1 

summarizes the deposition rates for each concentration used in this study.  

During the deposition, the chamber pressure was kept below 1 × 10-6 Torr, and the samples 

were rotated azimuthally at a speed of 10 rpm. After the co-deposition, the substrates were allowed 

to cool in the vacuum. Similar to the nanopatterns prepared in Chapter 4, once removed from the 

chamber, the colloid template was detached from the substrate using Scotch tape. Then, the 

substrates were rinsed in toluene, acetone, and 2-propanol successively to remove PS residual.  

 

 

Figure 6.2.1 Schematic diagram of SNSL and co-deposition with azimuthal substrate 

rotation. 
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Table 6.2.1 Deposition conditions for alloy nanopatterns. 

 

Morphological and Optical Characterizations 

SEM images and energy dispersive X-ray measurements (EDS) of the nanopattered and 

thin films on silicon substrates were taken by SEM equipment.  SEM images were analyzed by 

Image J software (NIH). The topographies of the nanopatterns on silicon substrates were measured 

by AFM. 

Optical measurements were taken using the equipment specified in Section 2.4.2. The 

optical transmission spectra of the Ag-Cu nanopatterns were measured by a UV-Vis 

spectrophotometer. Reflection measurements of the nanopatterns were taken at incident angle of 

0° by a custom-built set-up reported in ref. [142]  Both optical transmission and reflection 

measurements were measured on glass substrates. To reduce the effect of oxidation, all UV-Vis 

measurements were taken immediately after deposition. The crystal structures of the thin films on 

glass substrates were characterized by a X-ray diffractometer (XRD) with a fixed incident angle 

of 0.5°. The XRD scans of the thin films were recorded with a Cu Kα1 radiation (λ = 1.541 Å) in 

the 2α range from 20° - 80° with a step size of 0.010°. Spectral ellipsometry (SE) measurements  

of nanopattern on glass substrates were taken by a spectroscopic ellipsometer (M-2000, J.A 

Woollam Co., Inc.) at an angle of 65°, 70°, 75°, and 80°, respectively, over a wavelength rage of 

370 - 1000 nm. 

CAg D
Ag

 (nm) D
Cu

 (nm) R
Ag

 (Å/s) R
Cu 

(Å/s) # of rotations 

100 25 * 25* 0.7* 0.7* 59.5 

80 42.6 7.4 1.2 0.2 61.3 

60 34.2 15.75 0.9 0.4 65.7 

40 25.5 25.4 0.7 0.7 60.5 

20 13.2 36.7 0.4 1 61.2 

0 25** 25** 0.7** 0.7** 59.5 
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6.3 Composition and Morphology 

6.3.1 Thin film composition 

Due to the small size of the co-deposited nanopatterns, Ag-Cu thin films with different CAg 

were used to analyze the composition and crystal properties. These films were deposited 

simultaneously with the nanopatterns for each CAg. The composition of the thin films was verified 

by both EDS and SE. From EDS results, we ignored other composition data from the substrate and 

background, and assumed that the Ag and Cu compositions CAg + CCu = 1. For SE, the composition 

was estimated using a three layer model: a base layer of the Si wafer, a 1.3 nm-thick native oxide 

layer, and a composite Ag-Cu layer with optical property given by an effective medium 

approximation (EMA). The Bruggerman's formula for the EMA layer was used to estimate CAg. 

Figure 6.3.1 shows the predicted 𝐶𝐴𝑔
𝐶𝑎𝑙 calculated from deposition rates versus the 𝐶𝐴𝑔

𝑀𝑒𝑎𝑠 

measured/extracted by EDS and SE. The solid line was a guide to the eye where 𝐶𝐴𝑔
𝑀𝑒𝑎𝑠  equaled 

to 𝐶𝐴𝑔
𝐶𝑎𝑙. The 𝐶𝐴𝑔

𝑀𝑒𝑎𝑠 from the EMA fitting was also presented in Figure 6.3.1 (a), and showed good 

agreement with 𝐶𝐴𝑔
𝐶𝑎𝑙. For EDS 𝐶𝐴𝑔

𝑀𝑒𝑎𝑠in Figure 6.3.1 (a) we observed that these measured values 

were lower than those 𝐶𝐴𝑔
𝐶𝑎𝑙 predicted via deposition rates. As the CAg decreased, the incongruity 
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of the predicted and measured values increased until 𝐶𝐴𝑔
𝐶𝑎𝑙   = 40%. This CAg inconsistency could 

be attributed to the difference in the sticking coefficients of Ag and Cu during the deposition. 

Because Ag has a lower melting point than Cu (TAg = 962 °C and TCu = 1085 °C, respectfully), it 

is expected that Ag would have a smaller sticking coefficient than Cu. And, even if the deposition 

fluxes were the same, less Ag would be deposited due to its lower sticking coefficient. This effect 

has been well studied in literature, and is a common problem in Ag based depositions. [197-199] 

Due to the consistency between predicted, ES, and EDS measurements, all CAg will now be 

referred to as 𝐶𝐴𝑔
𝐶𝑎𝑙. 

Because Cu and Ag are immiscible, the resulting mixed phase films were expected to have 

both Ag and Cu polycrystals or nanocrystals. [200] This assumption was confirmed by XRD. 

Figure 6.3.1 (b) shows the measured XRD patterns of the thin films. In general, the trend from 

Figure 6.3.1(b) indicated that as 𝐶𝐴𝑔
𝐶𝑎𝑙 decreased, the XRD peak intensities of Ag decreased, while 

the Cu peak intensities increased. For the pure Ag sample, four distinct peaks were present at 2α 

= 38, 44, 64, and 78°, respectively, which correspond to the (111), (200), (220), and (311) planes 

of cubic Ag (JCPDS Ref. No. 01-071-3762). With the introduction of Cu in 𝐶𝐴𝑔
𝐶𝑎𝑙 = 80% sample, 
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Figure 6.3.2 The Ag (111) crystal size for thin films plotted as a function of 𝐶𝐴𝑔
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the (200) peak of Ag vanished, and the (111), (220), and (311) peaks decreased significantly. As 

the 𝐶𝐴𝑔
𝐶𝑎𝑙 decreased further, all the remaining Ag peaks decreased as well. At 𝐶𝐴𝑔

𝐶𝑎𝑙 = 60%, a broad 

peak from 2α = 42 - 45° appeared. This peak was consistent with both the (200) Ag plane and the 

(111) Cu plane of cubic Cu (JCPDS Ref. No. 01-071-4609). As the 𝐶𝐴𝑔
𝐶𝑎𝑙 decreased to 𝐶𝐴𝑔

𝐶𝑎𝑙 = 40%, 

this broad peak shifted to the Cu (111) position (2α = 43.4°) and became sharper. At 𝐶𝐴𝑔
𝐶𝑎𝑙 = 20%, 

only the (111) peak of Ag remained while the (200) peak of Cu, at 2α = 50°, became 

distinguishable. The pure Cu spectra showed three peaks at 2α = 43, 50, and 74°, which 

corresponded to the (111), (200), and (220) planes of a cubic Cu. Within the limit of the XRD, no 

oxidation states of Cu or Ag were observed. This result was consistent with other studies of 

electron-beam deposited Ag [199] and Cu [142] thin films, and co-sputtered Ag-Cu thin films. 

[43] With the exception of the 𝐶𝐴𝑔
𝐶𝑎𝑙 = 80%, very little peak shifting is present within the XRD 

patterns. From this result, composite films clearly did not follow Vegard’s Law of a solid solution, 

which states that there is a linear dependence of the d-spacing vs. the atomic concentration. This 

law implies that the lattice parameter of a solid solution can be approximated by the mixtures of 

the two constituents’ lattice parameters. Instead, our measurements showed two distinct cubic 

patterns. [201,202] Therefore, we confirmed that the deposited structure was not alloying, but was 

phase separated. 

To better understand the crystallinity of the co-deposited samples, the crystal sizes, τ, of 

the (111) peaks of Cu and Ag were approximated using Scherrer’s equation, 

   𝜏 =
𝐾 𝜆

∆ cos 𝛼
,                                       (6.2) 

where K is a shape factor, λ is the X-ray wavelength (1.541 Å),  is the full-width at half-maximum 

(FWHM) of the Ag/Cu (111) peak and  is the Bragg angle of each peak. Figure 6.3.2 show the 

crystal grain size of the Ag (111) peak as a function of 𝐶𝐴𝑔
𝐶𝑎𝑙. The mixed phase nanopatterns 
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possessed crystal grain sizes less than 25 nm. The trend in Figure 6.3.2 showed that as 𝐶𝐴𝑔
𝐶𝑎𝑙 

decreases, so does the Ag crystal grain size. This occurrence may be caused by the increased 

interfacial stress between Cu and Ag as 𝐶𝐴𝑔
𝐶𝑎𝑙 decreases. [200,203]  

 

6.3.2 Ag-Cu nanopattern morphology 

Figure 6.3.3 (a-f) shows representative SEM micrographs of the Ag-Cu nanopatterns of 

different 𝐶𝐴𝑔
𝐶𝑎𝑙 . All the nanopatterns have a broad, quasi-triangular shape. This shape was also 

predicted by numerical simulations as shown in Figure 6.3.3. Clearly, all the nanopatterns 

possessed similar shape, which made the comparison of optical property easy. However, for 

nanopatterns at 𝐶𝐴𝑔
𝐶𝑎𝑙 =100% and 0% smaller nanoparticles near apex were observed. This effect is 

related to the adatom diffusion properties of pure Ag and Cu and their low sticking coefficients, 

as discussed in the previous section. The shape of the Ag-Cu nanopatterns were measured and 

 

Figure 6.3.3 The representative SEM images of Ag-Cu mixed phase nanopatterns at 𝐶𝐴𝑔
𝐶𝑎𝑙= 

(a) 0%, (b) 20%, (c) 40%, (d) 60%, (e) 80%, and (f) 100%. 
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quantitatively compared. The in-plane height hp and hexagonal diameter dh shown in Table 6.3.1 

The table shows approximately that for all the samples, hp = 180 ±10 nm and dh = 410 ±10 nm.  

Thus all the nanopatterns were consistent in size and shape. However, one may ask that 

since there was shadowing effect during pattern growth, as compared to the thin film, would the 

structures really poses the same properties. In particular, one can observe variations of the 

topography of the nanopatterns via SEM images in Figure 6.3.1. To address this question and 

ensure the patterns are a homogeneous mixture of Ag and Au, EDS mapping of the nanopatterns 

was used to determine their homogeneity. However, as the dimensions of the nanopatterns were 

too small, we could not obtain conclusive information. Instead a larger pattern was generated from 

the 20 µm colloid monolayer at 𝐶𝐴𝑔
𝐶𝑎𝑙  = 40% with a total QCM thickness of 500 nm (250 nm for 

each metal source). Figure 6.3.4 (a) shows a representative SEM image. This pattern was very 

similar to the 𝐶𝐴𝑔
𝐶𝑎𝑙 = 40% nanopattern shown in Figure 6.3.1 (c). EDS mapping of the 20 µm 

templated nanopatterns, shown in Figure 6.3.4 (b-e), revealed that both the Ag and Cu across the 

entire triangular pattern, even in these high contrast regions, were well mixed. This result suggests 

that the brighter regions were topologically thicker local areas due to self-shadowing effect during 

the growth. 

 

Table 6.3.1 The measured dimensions of triangular nanopatterns. 
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Figure 6.3.4. (a) SEM micrograph of original unit cell. A composition mapping of (b) Cu, (c) 

Ag, and (d) Si. (e) The combined element mapping of Cu and Ag. 

  

Figure 6.3.5. The representative height profile of Ag-Cu nanopatterns for 𝐶𝐴𝑔
𝐶𝑎𝑙 = (a) 40% and 

(b) 0%. AFM images of 𝐶𝐴𝑔
𝐶𝑎𝑙 =  40% Ag nanopatterns: (c) top view and (d) tilted view. 
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To estimate the thickness distribution of the nanopatterns, the topography of each 

nanopattern was characterized by AFM, and is summarized in Table 6.4.1. The measurements 

revealed that the nanopatterns possessed a non-uniform height distribution. The height profile of 

the Ag-Cu nanopatterns showed that the thickest areas of the pattern were localized to the center 

of the nanopatterns in Figure 6.3.5 (a-b) In addition, the three-dimensional AFM images of the 

𝐶𝐴𝑔
𝐶𝑎𝑙 = 40% shown in Figure 6.3.5 (c-d) illustrated the height distribution of the triangular ridges 

near the center of the nanopattern. As inferred from SEM images, those ridges correspond to higher 

surface topological features. In fact, comparing all the AFM images from different samples, the 

nanopatterns have similar topology. Table 6.3.1 summarizes the measured height values for each 

nanopattern. Clearly, the average height measured across the center of the nanopattern was 

approximately 13 nm and the average maximum height was approximately 25 nm for all the 

samples.  

6.4 Optical Properties 

Because the shape of all the mixed Ag-Cu nanopatterns were consistent, it is expected that 

the change in their optical or LSPR properties shall be due only to the composition changes, no 

Figure 6.4.1. (a) The transmission spectra of mixed phase Ag-Cu nanopatterns obtained from 

500 nm-diameter nanosphere monolayers versus 𝐶𝐴𝑔
𝐶𝑎𝑙. (b) The LSPR wavelengths 

𝜆1, 𝜆2, 𝑎𝑛𝑑 𝜆3 versus 𝐶𝐴𝑔
𝐶𝑎𝑙 . (c) The plot of FWHMs of different LSPR peaks versus 𝐶𝐴𝑔

𝐶𝑎𝑙. 
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the shape and size effect.  Figure 6.4.1 (a) shows the transmission spectra of the Ag-Cu 

nanopatterns obtained using a monolayer of 500 nm-diameter PS spheres as the template. 

Throughout this study the LSPR property was typically characterized by the extinction spectra, 

 𝐸 = 1 − 𝑅 − 𝑇, where R is the reflection and T is the transmission. In previous chapters, R was 

negligible. However, from reflection measurements, we found that the effect of reflection cannot 

be ignored due to the limited wavelength range (450-1100nm) of our reflection measurements, 

extinction could not be evaluated for  > 1100 nm. Based on both the transmission Figure 6.4.2 

(a) and extinction spectra Figure 6.4.2 (b) we estimated the longest resonance wavelengths and 

summarized them in Table 6.4.1 for different 𝐶𝐴𝑔
𝐶𝑎𝑙. We found that the resonance wavelengths 

derived from extinction and transmission spectra showed little deviation. Therefore, for the sake 

of better comparison and discussion, we used the transmission spectra to identify the resonance 

wavelengths. As shown in Figure 6.4.1 (a) most of the transmission spectra contained two or more 

resonances peaks within the 350 - 1500 nm wavelength range, and the corresponding resonance 

wavelengths as a function of 𝐶𝐴𝑔
𝐶𝑎𝑙 are plotted in Figure 6.4.1 (b).  These resonances were 

consistent with triangular nanopattern resonances reported in literature. [185,186] They 
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Figure 6.4.2. Optical properties of mixed phase nanopatterns. (a) The reflection spectra and 

(b) extinction spectra calculated from transmission and reflection. 
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correspond to a strong dipole resonance, the weaker in-plane and out-of-plane quadrupole 

resonances for triangular nanopatterns. These resonance wavelengths vary for Cu and Ag. Huang 

et al. prepared Ag nanotriangles templated from 450 nm PS nanospheres with hp  = 99 nm. [204] 

They reported with a strong in-plane dipole resonance peak at a wavelength of 1 ~730 nm and an 

in-plane quadrupole resonance, 2 ~ 420 nm. No other resonances were observed. However, 

according to discrete dipole approximation, these Ag nanotriangles should also have an out-of-

plane resonance below 350 nm. [185] In our experiment for 𝐶𝐴𝑔
𝐶𝑎𝑙 = 100%, we observe similar 

results as Ref. 48: an in-plane dipole resonance at 1 = 717 nm and a quadrupole resonance at 2 

= 510 nm, respectively. No other peaks were observed within the measured wavelength range.  

Similarly, optical resonances of Cu nanotriangle patterns have also been reported in literature. 

Chan et al. fabricated oxide-removed Cu triangular nanopatterns using from 500 nm nanosphere 

monolayer template. They observed a strong dipole resonance wavelength at 1 = 789 nm and a 

broad quadrupole resonance around 2 = 500 nm. [31] For our measurements at 𝐶𝐴𝑔
𝐶𝑎𝑙 = 0% we 

observed a strong dipole resonance at 1 = 967 nm, a shoulder peak at 2 = 690 nm, and broad 

quadrupole resonance at 3 = 440 nm. Compared to the 1 values reported by Chan et al., our 

measured values were redshifted. This difference may be resulted from a thin oxide layer on our 

Cu nanopatterns: Chan et al. demonstrated that 1 of the triangular nanopattern can be blue shifted 

Table 6.4.1 (a) Dipole resonance peaks for optical transmission and (b) extinction 

resonance peaks. 

 

CAg % Transmission 

peak

(nm)

Extinction peak

(nm)

100 717 717

80 914 912

60 1029 1024

40 1004 1005

20 1049 1045

0 967 989
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by more than 100 nm when removing the oxide layer. [31] Another possibility for this difference 

may be due to the size of the nanopattern. Because we rotated the substrates during the deposition, 

the size of the nanopatterns will be larger than that of the patterns fabricated with stationary 

substrates reported by Chan et al.  Overall, the 𝐶𝐴𝑔
𝐶𝑎𝑙 = 100% and 0% samples showed characteristic 

resonances for nanotriangle patterns compared to literature. However, when  𝐶𝐴𝑔
𝐶𝑎𝑙 changes, the 

three resonant wavelengths changed accordingly. When 𝐶𝐴𝑔
𝐶𝑎𝑙 decreased from 80% to 20%, the 

resonance wavelength 1 increased from 914 nm to 1029 nm, the decreased 1004 nm, and 

increased to 1049 nm, and a shoulder resonance peak, 2, was observed for all 𝐶𝐴𝑔
𝐶𝑎𝑙 samples except 

for 𝐶𝐴𝑔
𝐶𝑎𝑙 = 80%. When 𝐶𝐴𝑔

𝐶𝑎𝑙  = 60%, 2= 716 nm, then it blue-shifted to 712 nm, 710 nm, and 690 

nm, as 𝐶𝐴𝑔
𝐶𝑎𝑙 decreased from 40% to 0%, respectively. The third resonance peak was also not 

observed for 𝐶𝐴𝑔
𝐶𝑎𝑙 =  80%. When 𝐶𝐴𝑔

𝐶𝑎𝑙 = 60%, 3 = 450 nm, and then it blueshifted to 3 = 450nm, 

447nm, and 440 nm for 𝐶𝐴𝑔
𝐶𝑎𝑙 = 40%, 20%, and 0%, respectfully. Overall, the addition of Cu 

redshifted the dipole resonance, while the weaker quadrupole resonance wavelengths (2 and 3) 

fluctuated or blueshifted within a narrow wavelength range. Figure 6.4.1 (c) shows FWHM of the 

Figure 6.4.3. (a) The transmission spectra of mixed Ag-Cu phase nanopatterns obtained from 

750 nm-diameter nanosphere monolayers versus 𝐶𝐴𝑔
𝐶𝑎𝑙 . (b) The LSPR wavelengths 

𝜆1, 𝜆2, 𝑎𝑛𝑑 𝜆3 versus 𝐶𝐴𝑔
𝐶𝑎𝑙 . (c) The plot of FWHMs of different LSPR peaks versus 𝐶𝐴𝑔

𝐶𝑎𝑙. 

 



 

121 

Ag nanopatterns for the three different resonances. The FWHM of 1 for 𝐶𝐴𝑔
𝐶𝑎𝑙 = 80% to 20% were 

broader than those for 𝐶𝐴𝑔
𝐶𝑎𝑙 = 100% and 0%, while the FWHMs of 2 and 3 fluctuated in a narrow 

wavelength range. Generally, the FWHM of LSPR is correlated to fluctuations in nanopattern size, 

shape, thickness, and separation distance. [5]  For instance, as shown by the AFM images and 

profiles shown in Figure 6.3.4, different triangular patterns could have different local thickness or 

height and shape fluctuations, which   could be reasons to induce variations in FWHM.  

The transmission spectra of triangular nanopatterns prepared using 750 nm diameter 

nanospheres Figure 6.4.3 also contained three resonance peaks for all 𝐶𝐴𝑔
𝐶𝑎𝑙 samples. The plot of 

these peak positions, 1, 2, and 3, versus 𝐶𝐴𝑔
𝐶𝑎𝑙 is shown in Figure 6.4.3 (a) and they follow the 

same trend as those shown in Figure 6.4.1 (a). As 𝐶𝐴𝑔
𝐶𝑎𝑙 decreased from 100% to 0%, the resonance 

peak 1 redshifted from 1053 nm to 1213 nm, 1310 nm, 1348 nm, 1373 nm, and then blueshifted 

to 1237 nm, respectively. The 2 peak also redshifted from 647 nm to 722 nm, 773 nm, 779 nm, 

819 nm, and then blueshifted to 777 nm for 𝐶𝐴𝑔
𝐶𝑎𝑙 = 100% to 𝐶𝐴𝑔

𝐶𝑎𝑙 = 0%, respectfully. Unlike the 

other two resonance peaks, 3 blueshifted with decreasing 𝐶𝐴𝑔
𝐶𝑎𝑙  from 448 nm to 430 nm, 410 nm, 

394 nm, 382 nm, and 357 nm. Compared to 500 nm templated nanopatterns, 1 and 3 from the 

750 nm template follow the same trend, while 2 does not. Therefore, for both the 500 nm and 

750nm templated nanopatterns, the 1 was most responsive to changes in 𝐶𝐴𝑔
𝐶𝑎𝑙, while the 2 and 

3 shifted over a narrow wavelength range.  The FWHMs of 1 of the mixed phase nanopatterns 

were broader than those of the pure Ag and Cu nanopatterns, and the FWHMs of 2 and 3 

fluctuated within a narrow wavelength. Clearly LSPR wavelength increases with colloid template 

size. Thus, both the composition and the nanopattern size can be used to simultaneously to tune 

the LSPR wavelengths. 
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Currently, there are few theoretical models that can be used to predict the plasmonic 

properties of alloy or mixture nanostructures. For bi-layer or core-shell nanoparticles, Mie theory 

can be used to predict their optical absorption behavior. [205] The other widely used model to 

predict the optical properties of alloys is a composition-weighted averaging model. [206-208] 

However, both models cannot give accurate optical prediction for the truly mixed alloy 

nanomaterials [209]. More recently, Rioux et al. proposed an analytical model for the dielectric 

properties of alloys based on Drude-Lorentz model. [209] This model was used to build an 

empirical equation that accurately correlated the composition and plasma frequency within the 

dielectric function. Although this model was proposed to correlate bulk plasma frequency to the 

alloy composition, we suggest that the model could also be used to predict the relationship between 

composition of the alloy nanopatterns and their LSPR wavelengths, given the close relationship of 

bulk plasma frequency and LSPR wavelength. For example, according to a simplified Mie theory 

discussed in Section 1.2.1, the extinction cross section of a small spherical metal nanoparticle is 

given by (Equation (1.29)). According to Drude model, 𝜀1(𝜔) = 1 −
𝜔𝑝

2𝜏2

𝜔2𝜏2+1
Thus, the resonance 

frequency 𝜔𝑟 can be expressed as 𝜔𝑟 =
1

𝜏
 √

𝜔𝑝
2𝜏2

3
− 1. In the visible and near-infrared frequency 

range,  
𝜔𝑝

2𝜏2

3
≫ 1, ( this product is approximately 950 and 20,000 for Cu and Ag, respectively) ref. 

[210], 𝜔𝑟 ∝ 𝜔𝑝. Therefore, we can assume that 𝜔𝑟 ∝ 𝜔𝑝 and use the empirical model derived by  

Rioux et al. to fit our experimental data [209], 

1

𝜆0(𝐶𝐴𝑔
𝐶𝑎𝑙)

= 𝐶𝐴𝑔
𝐶𝑎𝑙2

(
2

𝜆0(100%)
−

4

𝜆0(40%)
+

2

𝜆0(0%)
)+ 𝐶𝐴𝑔

𝐶𝑎𝑙 (
−1

𝜆0(100%)
+

4

𝜆0(40%)
−

3

𝜆0(0%)
)+ 

1

𝜆1(0%)
   

(6.3) 
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where 𝜆1 (𝐶𝐴𝑔
𝐶𝑎𝑙) is the dipole resonance wavelength at 𝐶𝐴𝑔

𝐶𝑎𝑙  and λ1(100%), λ1(40%), and λ1(0%) 

are the dipole resonance wavelengths for 𝐶𝐴𝑔
𝐶𝑎𝑙 = 100%, 40%, and 0%, respectfully. Figure 6.4.4 

shows the fittings of the LSPR wavenumber as a function of 𝐶𝐴𝑔
𝐶𝑎𝑙 by Equation (6.3) for 

nanopatterns obtained from both 500 nm template and 750 nm template. These no-parameter 

fittings shows that the experimental data agree very well with the prediction by Equation (6.3). 

Therefore Equation (6.3) can also be used to predict LSPR resonance of the mixed Cu and Ag 

nanopatterns. 

6.5 Conclusions 

In Chapter 5, a co-deposition strategy is introduced. This strategy is a useful strategy to 

systematically prepare DT nanopatterns with different LSPR wavelengths by varying the locations 

of substrates. As discussed in Section 1.2.1, by varying the composition of the nanopatterns, one 

could also tune the LSPR wavelengths. Thus, if one of the sources is changing to a different 

materials, and by varying the relative deposition rates of the two sources, one is expecting to obtain 
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Figure 6.4.4. The plot of 1/𝜆1 as a function of 𝐶𝐴𝑔
𝐶𝑎𝑙 and their fiting curves using the 

empirical equation for samples fabricated from 500 nm and 750 nm-diameter 

nanosphere monolayers. 
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mixed phase or alloy nanopatterns with different composition ratios and LSPR properties. 

However, due to the line-of-sight property of the deposition feature, if the substrate is stationary, 

the nanopatterns formed should be DT as demonstrated in Chapter 4, i.e., there will be two 

triangles with different materials. To ensure a uniform mixture of the two materials during the co-

deposition, a fast azimuthal rotation can be introduced as demonstrated in Chapter 3.  Such a 

rotation can also eliminate the domain effect as well.  

In this chapter we introduce a new method to fabricate mixed-phase Ag-Cu nanopatterns 

and films by combining SNSL with a glancing angle co-deposition technique. The nanopatterns 

were prepared at different Ag compositions from 100% to 0% by changing the relative deposition 

rates of Ag and Cu. Characterizations by ellipsometry, energy dispersive X-ray spectroscopy, and 

X-ray diffraction revealed that the thin films and nanopatterns were composed of small, well-

mixed Ag and Cu nano-grains with a diameter less than 20 nm, and their optical properties could 

be described by an effective medium theory. All the nanopattern had the same shape, but showed 

tunable LSPR properties. In general, the LSPR wavelengths redshifted with decreasing Ag 

composition. Such a relation could be fitted by an empirical model based on the bulk theory of 

alloy plasmonics.  
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE OUTLOOK 

 

In this dissertation, we have demonstrated that SNSL is a promising technique for 

preparing tunable plasmonic nanomaterials. Four different strategies have been introduced, which 

can systematically shift the LSPR wavelength of a specific nanopattern by changing its size, shape, 

separation distance, or composition. In Chapter 3, Ag FONs patterns were fabricated using a 

SNSL method where the vapor incident angle 𝜃 was changed systematically. This method changed 

the shape and size of the Ag coating on the PS nanospheres as predicted by numerical calculations. 

The morphology change caused the LSPR wavelength of each Ag FON to redshift with increasing 

𝜃. By controlling the LSPR wavelength of Ag FONs, these structures were optimized for SERS 

applications. Additionally, the SERS signal induced by the PS nanospheres could be used as an 

internal reference for quantitative SERS measurements. During this study, it was also observed 

that the quality of the monolayer can broaden the LSPR peak with increasing 𝜃 due to many 

differently oriented domains. Thus, to eliminate such an effect, in Chapter 4, Ag triangular 

networks were introduced. By continuously rotating the substrate azimuthally during the 

deposition and systematically changing 𝜃, the resulting Ag nanopatterns fabricated on the 

substrates were independent of monolayer domain orientation. The variations in the size and shape 

of the nanopatterns, predicted by both numerical and Monte Carlo simulations, also induced shifts 

in the LSPR wavelength, which was used to optimize SERS response. To further increase the 
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variety of nanopatterns using SNSL method, a third fabrication strategy was introduced by 

combing SNSL with co-deposition. In Chapter 5, various Ag DT nanopatterns were fabricated. 

By changing the substrate locations, the size and the separation distance of the DTs could be tuned, 

so that the optical properties were varied. Finally, in Chapter 6, we expand upon the co-deposition 

method from Chapter 5 to fabricate Cu-Ag alloy nanopatterns. The LSPR of the alloy 

nanopatterns were tuned by changing the relative composition of Cu (or Ag) and the size of the 

nanospheres. Such alloy plasmonic nanopatterns provide another means to create tunable 

plasmonic nanopatterns. 

 All the nanopatterns presented in this work demonstrate that NSL is a very powerful 

nanofabrication technique that can produce a variety of predictable plasmonic nanopatterns. We 

also demonstrate that these structures can be used to improve SERS performance. However, 

despite its numerous advantages, there are still several challenges associated with this technique.  

The first challenge is the current monolayer self-assembly method.  We use an air/water 

interface method to fabricate the colloid monolayer. While this method is potentially scalable, it 

takes a long assembly time (> 7 hours). To shorten the production time and improve the quality of 

the monolayer, we devised a semi-automatic procedure as describe in Section 2.3.1. However, to 

make this method more convenient, it must be fully automatic.  

Another challenge arises from the quality of the colloid monolayer mask. As shown in 

Chapters 3 and 5, a large variation of the domain orientation causes a large variations of the 

nanopattern shape, thus induces a broader LSPR peak, which is not desirable for the applications. 

Thus, additional strategies are needed to either isolate single domains from the substrates or to 

improve the air-water interface method to consistently produce large area single domain 

monolayers.  
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The third challenge is the fixed lattice spacing of the monolayer. The size of the nanosphere 

determines the shadowing effect during the SNSL process. Therefore, with a fixed nanosphere, the 

lattice constant of the monolayer is fixed, so is the pattern. Therefore, if methods of varying the 

lattice constant can be introduced to SNSL, one will have more flexibility to create plasmonic 

nanomaterials. Few methods have been mentioned in the literature to achieve such a goal. For 

example, Yan et al. proposed that depositing monolayers onto a polymer substrate, then swelling 

that polymer at a controlled rate can be used to change the lattice spacing of the colloid 

monolayers.[211] Alternatively, to modify the PS monolayer by RIE, as discussed briefly in 

Chapter 2, can change the shape  and size of the nanospheres, thus it can be used the alter the 

lattice. Lastly, not all materials evaporated will generate the same nanopattern. Due to the different 

diffusion and interfacial properties between low and high melting temperature metals, the resulting 

nanopattern could be different. For instance, in Chapter 4, the shape of triangular network patterns 

made from Ti were different from that by Ag.  To overcome possible variations due to diffusion 

effects, alloying methods could be used. For instance, Larson et al. demonstrated that alloying Ag 

with a small amount of Ti could be used to stop the diffusion effects of Ag to create helical 

nanostructures. [212] Similarly, the co-deposition method presented in Chapter 6 could also be 

used to create alloy nanopatterns with more consistent patterns. 

Despite its many challenges, SNSL is still an inherently scalable and cost-effective 

nanofabrication technique. While this study highlighted optical sensing applications, SNSL could 

also be used to generate plasmonic structures for other applications such as solar cells, 

metamaterials, hydrogen capture and storage, thermal therapy, etc. [213,214]. Overall, the 

fabrication strategies presented in this dissertation improve some of the practical challenges 
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associated with SNSL while demonstrating that SNSL is a viable method to fabricate tunable 

plasmonic nanopatterns.  
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APPENDIX A 

 

COLLOID MONOLAYER SELF-ASSEMBLY: EXPERIMENTAL PROCEDURES 

 

Preparation of substrates  

Glass and silicon were cut into 1.2 × 1.2 cm2 pieces. Glass substrates and a 15 cm diameter 

Petri dish were cleaned in a boiling piranha solution (4:1 v/v of sulfuric acid: hydrogen peroxide) 

for at least 20 minutes. Silicon pieces were cleaned using the RCA-1 cleaning method (5:1:1 v/v/v 

of water: ammonium hydroxide: hydrogen peroxide) at ~ 70°C for at least 20 minutes. After 

chemical cleaning, all substrates were thoroughly rinsed in deionized (DI) water and dried with N2 

gas. Next, the solution of polystyrene nanospheres is prepared.  

Preparation of colloid monolayers (Washing and Dilution) 

The polystyrene nanospheres used in self-assembly method were purchased from 

Polysciences ® or Bangs laboratories ®. PS nanospheres were prepared by diluting the PS 

nanospheres and performing a “washing procedure”. Figure A1 (a-c) illustrates the preparation 

procedures. First the solution is mixed with a vortexer, as shown in Figure A1 (a). Then, the PS 

nanosphere suspension is diluted to specific concentration as specified in. Table A1.  Next, the PS 

solutions are “washed”. A washing procedure is as followed: The solution is diluted further by 

adding 600uL of water to the centrifuge tubes. Then the tubes are centrifuged at specific speed 

depending upon the nanosphere size. The centrifuge speeds are listed in Table A1.  After  
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Table A.1. Specific dilution concentration for specific PS nanosphere diameters, and typically 

used volumes of PS (based on concentrations from Polyscienes initial volume of 2 %), DI water, 

ethanol, and recommended centrifugation speed and time to use for when washing the PS 

nanosphere solution. 

 

centrifugation, the PS nanospheres settle to the bottom of the centrifuge tube. The additional 600 

uL solution is removed. This washing procedure is repeated two more times. After washing, the 

solution is diluted in ethanol using a 2:1 ratio of solution to ethanol. 

Figure A.1 Photos of self-assembly method (a-c) colloid monolayer preparation procedures. (d-

f) Experimental procedures and mechanical set-up for air/water interface method. 

 

 

Bead Size Recipe 

(v/v%) 

Initial 

volume 

(𝝁L) 

Water 

(𝝁L) 

Ethanol  

(𝝁L) 

Centrifuge speed 

(rpm)/Time(min) 

2000 nm 2.4%  480 40 260 5500/ 5 

1000 nm 1.12% 230  300 320  7000/5 

750 nm 0.9%  180 340 260 8500/5 

500 nm 0.6%  120 400 260 9500/10 

350 nm 0.15% 30 490 260 13500/10 

200 nm 0.1%  20 520 260 15000/30 

150 nm 0.09% 17 474 245 15000/30 
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Monolayer Preparation: Air/Water Interface method 

Figure A1 (d-f) illustrate the monolayer preparation method. Once washed, the suspension 

was loaded into a syringe with a 20G needle. The needle is bent, as shown in Figure A1 (d), then 

the syringe is mounted onto a syringe pump (KD Scientific). A cleaned glass Petri dish (diameter 

of 10 cm), pre-filled with 24 mL of DI water, was tilted at an angle of ~ 7°, and a needle attached 

to the syringe was bent towards the water within the Petri dish. Droplets of PS solution were 

dispensed onto the water surface at a rate of 0.015 ml/min. Each drop spread radially outward from 

the droplet location, and a monolayer of PS nanospheres was slowly formed on the water surface 

along the edge of the Petri dish. This process continues until the monolayer fills the entire dish. 

A Teflon ring, with a diameter smaller than the diameter of the Petri dish, was placed gently 

on the water surface to protect the monolayer film against adhering to the side wall of the Petri 

dish. (As shown in Figure A.2). After the water level was raised, glass and silicon pieces were slid 

carefully under the water to the area below the monolayer film. Finally, the monolayer film was 

deposited onto the surface of the submerged substrates by slowly pumping water out from the Petri 

Dish. 

Figure A.2 Photo of Teflon rings on the surface of the colloid monolayer film 

 


