


 
 

ABSTRACT 

Engineered Metallic Nanostructures: Fabrication, Characterization, 

and Applications 

by 

Arash Bohloul 

Metallic nanostructures have garnered a great deal of attention due to their 

fascinating optical properties, which differ from the bulk metal. They have been 

proven to exceed expectations in wide variety of applications including chemical 

and biological sensing. Nevertheless, high-throughput and low cost nanofabrication 

techniques are required to implant metallic nanostructures in widespread 

applications. With that vision, this thesis presents a versatile and reliable method 

for scalable fabrication of gold nanostructures. In this approach, a plasma-treated 

ordered array of polystyrene nanospheres acts as an initial mask. The key step in 

this process is the vapor-deposition of nickel as a sacrificial mask. Thereby, gold 

nanostructures are directly formed on the substrate through the nickel mask. This is 

an easy, powerful, and straightforward method that offers several degrees of 

freedom to precisely control the shape and size of nanostructures. We made a 

library of nanostructures including gold nanocrescents, double crescents, nanorings, 

and nanodisks with the ability to tune the size in the range of 150 to 650 nm. The 

fabricated nanostructures are highly packed (up to 8×108 cm-2) and uniformly cover 

the centimeter scale substrate. The optical properties of metallic nanostructures 

were extensively studied by a combination of UV-visible-NIR and Fourier transform 



 
 

infrared (FTIR) spectroscopies, and correlation between optical response and 

geometrical parameters were investigated.  

In the next part of this thesis, highly sensitive surface enhanced infrared 

absorption (SEIRA) analysis was demonstrated on gold nanocrescent arrays. 

Theoretical modeling was confirmed that these substrates provide highly dense and 

strong hot-spots over the substrate, which is required for surface enhanced 

spectroscopic studies. Gold nanocrescent arrays exhibit highly tunable plasmon 

resonance to cover desired molecular vibrational bands. These substrates 

experimentally illustrated 3 orders of magnitude enhancement of IR signal over the 

entire substrate and up to 105 SEIRA enhancement factors on hot-spot area.  

Finally, we showed that fabricated substrates are completely biocompatible 

for growth, adhesion, and proliferation of human dermal fibroblast cells. Leveraging 

the capability of gold nanocrescent arrays to enhance IR signals, we developed a real 

time SEIRA spectroscopic technique for label-free biological cell analysis. The 

performance of proposed method was assessed by in situ tracking the SEIRA signal 

of human dermal fibroblast cells cultured on gold nanocrescent arrays. 
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Chapter 1 

Literature Review: Evolution of 

Surface Enhanced Infrared Absorption 

(SEIRA) Substrates  

1.1. Introduction 

In the past decade, metallic nanostructures have been widely investigated for 

both their fundamental optical properties and their many technological 

applications. The scientific community has utilized them for chemical and biological 

sensing, surface enhanced spectroscopies1-4, metamaterials with negative refractive 

index5-9, and optical nano tweezers.10-12 Metallic nanostructures have also shown 

great potential as optical switches, waveguides, and recently as lithographic tools.13-

16 The unique optical properties of metallic nanostructures are different from bulk 

material. The conduction electrons in metallic nanostructures can be excited by 

illuminating light with a wavelength comparable to the size of the nanostructures. 
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This leads to the collective oscillation of electrons known as localized surface 

plasmon resonance (LSPR). In the LSPR frequency, we observe an intense 

absorption and scattering of light, as well as confinement and enhancement of 

electromagnetic fields in close vicinity of nanostructures.17  

These amplified and concentrated electric fields on the surface of 

nanostructures have been the focus of the emerging field of surface-enhanced 

spectroscopy. The most notable subjects of this field are surface-enhanced Raman 

scattering (SERS) and SEIRA. The SERS effect was first recognized in the 1970s by 

Van Duyne and Jamire18, and independently by Albrecht and Creighton.19 By the 

1980s, similar enhancement for infrared absorption was reported by Harstein et 

al.20, and later in the 1990s, Osawa et al. named this phenomenon as SEIRA.21  

To date, more research has been conducted into SERS than SEIRA, possibly 

due to the fact that electromagnetic-field enhancement around nanoparticles has 

been found to be more effective for SERS than for SEIRA. At the same time, when 

accounting for their cross section, where infrared absorption is higher than for 

Raman scattering, the overall enhanced signals for Raman and infrared seem 

comparable.22  

The main reason that less attention has been paid to SEIRA could be due to 

the difficulty of fabricating metallic nanostructures with spectral features outside 

the visible region of the light spectrum. Because the conventional metallic 

nanoparticles have LSPR in the UV-Visible range of the light spectrum, their 

applications are limited to this range. Recent and innovative fabrication methods, 
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however, have provided a new generation of metallic nanostructures with LSPR in 

the range of near-IR to far-IR.1  

Here, we present an overview of the physics related to the interaction of light 

with metallic nanostructures, as well as the mechanisms associated with SEIRA-

active substrates.  We also review the major research efforts regarding SEIRA. There 

are many different approaches to the preparation of SEIRA active substrates. For 

each of these approaches, we provide a basic overview of the preparation technique; 

we describe the different methods for creating SEIRA active substrates, and 

compare their efficiency. We conclude by focusing on recent progress in the 

biological applications of SEIRA-active substrates.  

1.2. Physics behind LSPR and SEIRA 

Collective oscillation of free electrons is termed plasmons. If we consider the 

plasmons as oscillation of electron gas with respect to positive atom nuclei, the 

plasma frequency can be described as: 

𝜔𝑝 =  √
𝑛 𝑒2

𝑚 𝜀0
 

Equation 1-1. Plasma frequency 

 



 21 

Where n is the electron density in the structure, e is the charge of electron, 

and m is the effective mass of electron, and ε0 is the permittivity of free space. 

Equation 1-1 can be used to describe bulk plasmons.23 

Illuminating the surface of noble metals with light leads to collective 

oscillation of free electrons at the metal surface, which known as surface plasmon 

resonance (SPR). These excited plasmons propagate in the direction of the metal-

dielectric interface and decay on the z-axis. Any change on the metal-dielectric 

interface can influence the surface plasmons, which is the basis for SPR sensing.17  

 

Figure 1-1. Schematic illustration of SPR on metal-dielectric interface  

Reprinted from reference 17 

On the other hand, when the size of metallic particles becomes smaller than 

the electromagnetic wavelength, surface plasmons are confined to the particle 

volume and known as LSPR. Coherent movement of conduction electrons in respect 
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to fixed nuclei leads to formation a coulomb attraction force known as “restoring 

force.” This allows the electrons to oscillate in LSPR frequency (Figure 1-2).  

 

Figure 1-2. Light interaction with metallic nanospheres 

Reprinted from reference 17   

Mie theory offers an analytical solution to Maxwell equation to calculate light 

interaction with a spherical particle. When the size of particle is much smaller than 

the electromagnetic wavelength, the solution is simplified by estimating a “quasi-

static” electric field around the particle. Then, the extinction spectrum of the 

spherical particle can be described as: 

𝐸(𝜆)  ∝ [
𝜀𝑖(𝜆)

(𝜀𝑟(𝜆) +  𝜒𝜀𝑜𝑢𝑡)2 + 𝜀𝑖(𝜆)2 
] 

Equation 1-2. Extinction response of spherical particles 

     Where E(λ) is the extinction (sum of absorption and scattering) of the 

particle,  χ is a factor describing the aspect ratio of spherical particle (which is equal 
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to 2 for sphere), and εout is the dielectric constant of souronding envoronment. The 

wavelength dependant dielectric function of metals defines with εm= εr + iεi, where εr 

is the real part and εi is the imaginary part of dielectric function. The calculated 

extinction reaches the maximum (LSPR peak) when the εi has small value while εr is 

negative and equal to -2εout. Therefore, changing εout directly modifies the LSPR peak 

position. By increasing the size of particle, other effects such as retardation and skin 

depth effects can modify the LSPR peak.24 

Moreover, if we consider the incoming electromagnetic wave with the 

constant vector E0 in the direction of z, the eclectic field distribution around the 

sphere with radius r is given by the following equation: 

𝐸𝑜𝑢𝑡 (𝑥, 𝑦, 𝑧) =  𝐸0�̂� − 𝛼𝐸0[
�̂�

𝑟3
−  

3𝑧

𝑟5
 (𝑥�̂� + 𝑦�̂� + 𝑧�̂�)] 

Equation 1-3. Electric field around spherical particles 

Where α is the polarizability of spherical particle, r is the distance from 

center of the sphere, and ẑ, ŷ, x ̂ are the Cartesian unit vectors. The polarizability, α, 

can be described as: 

𝛼 = (
𝜀𝑚(𝜆) − 𝜀𝑜𝑢𝑡

𝜀𝑚(𝜆) + 2𝜀𝑜𝑢𝑡
)𝑎3 

Equation 1-4. Polarizability of spherical particles 
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  The polarizability dominates the second term in Equation 1-3, which is the 

induced electric field around the particle. When, the εm is roughly equal to -2εout, 

polarizability increases dramatically and results in an enormous electric field 

around the particle.25 Nevertheless, the induced electric field decays rapidly from 

the surface. This calculation is limited to the spheroid geometries. There are 

numerical methods such as finite difference time domain (FDTD), discrete dipole 

approximation (DDA), and finite element method (FEM) to precisely calculate the 

plasmonic response for more complex geometries.17 

Infrared absorption is based on the interaction between electromagnetic 

waves and the vibrational modes of molecules. When the frequency of light matches 

the vibrational mode of the molecule, the energy of the photon can transfer to the 

vibrational mode. Yet the vibration requires showing a net dipole moment change in 

order to become active and absorbs the infrared light. For example, the vibrational 

stretching in homoatomic doesn’t have any dipole moment change, therefore energy 

transfer is forbidden in this case. The infrared absorption can be described as: 

𝐴 ∝  |𝜕µ 𝜕𝑄⁄ |2|𝐸|2 cos2 𝜃 

Equation 1-5. Infrared absorption 

In the above equation, ∂µ/∂Q is the partial derivative of dipole moment (µ) in 

respect with coordinate (Q). E describes the electric field that molecules experience 

by interacting with light, and θ is the angle formed between ∂µ/∂Q and the electric 

field E. The infrared absorption is directly proportional to the local electric field 
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intensity (E2). This result dominates the fundamental of SEIRA spectroscopy on 

metallic nanostructures. As shown, metal nanoparticles provide a strong electric 

field, which is confined in close vicinity of the particle. If an IR active molecule is 

placed in this vicinity, we can obtain an enhanced infrared signal. This enhance 

signal is proportional to (E/E0)2, where E is the enhanced electric field near the 

metal nanoparticles and E0 is the incident electric field.26     

1.3. SEIRA on Random Metal Island Film 

The first generation of SEIRA-active substrates was made of random metal 

islands on surfaces. For two decades after first report of IR enhanced signal, random 

metal islands had been subjected to extensive researches related to SEIRA 

applications.  Enhancement of IR signal was first found using a molecular monolayer 

of organic acid absorbed on an evaporated silver layer; this molecular monolayer 

enhanced the signal by factor of 20.20 Traditionally, metal island films were formed 

by vapor-depositing a desired metal directly on a substrate, as shown in Figure 1-4a. 

This random island film was first deposited on an ATR prism, and was utilized for 

SEIRA experiments on ATR configuration. Afterward, the researchers utilized low 

reflection substrates to conduct SEIRA analysis on transmission and external 

reflection modes (Figure 1-3).27-29    



 26 

 

Figure 1-3. Schematic illustration of different SEIRA configurations 

(a) ATR, (b) external reflection, and (c) transmission configuration 

The SEIRA-active substrates not only enhance the IR signal but also show 

unique selection rules that help to reveal orientation of molecules in respect to the 

substrate. In this area of research, metal islands are considered to be ellipsoids, with 

the long axis parallel to the substrate. Theoretical studies have shown that the 

induced electric field is normal to the surface of particle at each point.30 Therefore, 

the SEIRA selection rules demands the dipole moment to have an element normal to 

the metal surface in order to be active. This effect was studied experimentally by 

analyzing the infrared response of p-nitrobenzoic acid adsorbed on silver island 

film. Although the SEIRA signal showed about 200 times enhancement, the SEIRA 

spectra showed fewer vibrational features compared to traditional IR spectra on 

KBr pellets, which followed the SEIRA selection rules (Figure 1-4b).31 
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Figure 1-4. SEIRA experiments on random metal islands 

(a) SEM image of Silver island film fabricated on BaF2 substrate (reprinted from 

reference 32) (b) SEIRA enhancement and selection rules for p-nitrobenzoic acid,  

top to bottom, IR spectra of control at transmittance mode, reflectance absorption, 

and SEIRA spectra (reprinted from reference 31)  

Metal islands have been widely utilized as dual purpose platforms. The 

substrate serves as a SEIRA surface, as well as an electrode for electrochemical 

studies. In the proposed configuration, an ATR prism covered with metal islands 

film is used as an SEIRA-ATR substrate, and simultaneously as an electrode for 

electrochemical reactions. Metal islands provide significant signal enhancement in 

comparison to the original ATR crystal. Moreover, in ATR configuration, the 

electrochemical activities in electrode/electrolyte can be monitored selectively by 

lowering the bulk interference.33-52 
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Osawa et al. reported real time monitoring of electrochemical process using 

SEIRA-ATR for the first time at 1993.33 Since then, SEIRA-ATR has been used to 

study the adsorption, orientation, and exchange of active species at the electrode 

interface. Ataka et al. studied the structure and reorientation of water molecules at 

the metal island film as a function of applied potential; in this study, the SEIRA 

spectra of water molecules showed different features in comparison to bulk water. 

The SEIRA spectra tracked the changes by varying the electrode potential. The 

variation observed at SEIRA spectra occurred for two main reasons. First, varying 

the potential resulted in the rotation of water molecules in respect with the 

substrate. Second, the rate of hydrogen bonding was different by varying the 

electrode potential.35  

Cai et al. studied the potential dependent orientation of pyridine in metal 

island film, using SEIRA-ATR to track the dynamic. The vibrational bands were 

significantly changed by varying the potential (Figure 1-5c). Based on SEIRA 

selection rules, the authors discovered that pyridine molecules lying flat on the 

surface at negative potential and standing vertically by increasing the potential. 

Moreover, the orientation of pyridine molecules was confirmed by scanning 

tunneling microscopy (STM), as shown in Figure 1-5a, b.39  
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Figure 1-5. Pyridine rearrangement study with SEIRA measurements. 

STM images of pyridine molecules on the surface with elctrode potential (a) 0.3 V 

and (b) -0.3 V vs SCE electrode. SEIRA spectra of pyridine on metal electrode on 

different potentials. Reprinted from reference 39. 

More recently, Liu et al. have used SEIRA-ATR to investigate the interaction 

of Cytochrome c (cyt c) with a lipid bilayer containing Cardiolipin (CL). They used 

combination of SEIRA-ATR and cyclic voltammetry to study the effect of electrode 

potential on the interaction of cyt c and CL-modified membrane. The metal island 

film was modified with a lipid membrane. The IR bands of proteins contain two 

important bands arising from vibrational modes of amide I (~1659 cm-1) and amide 

II (~1551 cm-1). Because the dipole moments are perpendicular to the substrate are 

SEIRA active, the orientation of proteins in respect to the substrate could affect the 
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infrared response. Therefore, the ratio of amide I to amide II bands was calculated 

to investigate the orientation of cyt c to the substrate upon voltage change.53 

As an important transition in this field, Enders et al. modified a wet chemical 

preparation method by using small gold nanoparticles as seeds and increasing their 

size by the deposition of gold from solution.54 The surface was covered with discrete 

gold nanostructures with random shapes (Figure 1-6a). The substrate effectiveness 

as a SEIRA platform was assessed by modification with a self-assembled monolayer 

(SAM) of octadecanethiol (ODT) (Figure 1-6b). The authors claimed IR signal 

enhancement by a factor of 2000, which is a significant enhancement for random 

metal islands, although two effects should be considered. First, the organic residues, 

which were sandwiched between the substrate and gold nanoparticles, could 

contribute to an infrared signal. Second, and in general, the SEIRA active substrates 

based on random metal islands suffer from reproducibility. Because there are 

limited controls over the morphology of metal islands, the SEIRA response differs 

from substrate to substrate, which is a drawback that limits the widespread use of 

SEIRA active substrates.  
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Figure 1-6. Discrete metal islands for SEIRA experiments 

(a) SEM image of descrete gold nanostructurs on silicon substrate, (b) SEIRA spectra 

of ODT monolayer on nanostructures, and (c) IRRAS spectra of ODT monolayer on 

flat gold as control. Reprinted from reference 54  

1.4. Nanoparticle-Modified Substrates 

To acquire higher IR enhanced signal and improve the reproducibility, 

another approach based on self-assembly of metallic nanoparticles was introduced. 

There are well-established methods for synthesis and preparation of homogeneous 

nanoparticles, allowing the size of the nanoparticles to remain uniform. Moreover, 

there are various degrees of freedom to modify size, shape, and composition of 

nanoparticles, which enables tunable optical properties for specific applications.  
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Wang et al. report a SEIRA substrate based on aggregation of gold nanoshells 

onto hexagonal closed packed monolayer. The optical properties of individual 

nanoshells could be tuned up to near-IR via modifying the diameter of the 

nanoparticle or the thickness of the gold. In this process conducted by Wang et al., a 

broadband plasmonic feature appeared in the range of mid-IR. This observation was 

a result of plasmon hybridization that also brought highly intense electromagnetic 

fields in the junction of nanoshells, which are called “hot-spots”. This extended 

plasmonic feature was used for SEIRA measurement of para-mercaptoaniline 

monolayer on gold nanoshells. The authors estimated that the majority of SEIRA 

signal was coming from hot-spots. Therefore, the hot-spot area was calculated and 

the enhancement factor was normalized to this area, which showed a signal 

enhancement of 4 orders of magnitude.55, 56 

1.5. Electron Beam Lithography (EBL)   

Engineered metallic nanostructures have emerged as new generation of 

SEIRA-active substrates. Progressive computational methods have allowed 

researchers to predict the optical properties of metallic nanostructures with 

complex geometrical architectures.57 This has facilitated the rational design of 

plasmonic nanostructures for specified applications. Because strong near field 

enhancement is crucial for surface enhanced spectroscopy, designs that support 

significant near-field enhancement have been proposed. Nevertheless, robust 

nanofabrication techniques are needed to test these theoretical calculations in real 

experiments.  



 33 

There are two general types of approach for fabricating nanostructures, 

bottom-up and top-down. Bottom-up methods consist of using physical or chemical 

properties to create highly ordered array with nanoblocks over the large scale. This 

includes synthesis of nanoscale blocks and self-assembly in to well-defined periodic 

arrangements. Nanosphere lithography58, block copolymer lithography59, and 

nanoporous membrane template (such as anodic aluminum oxide)60 are considered 

the major bottom-up lithographic methods. On the other hand, top-down 

approaches are about transferring nanopattern information to bulk materials; these 

methods include EBL61, nanoimprint lithography62, photolithography63, and ion 

beam lithography64.  

EBL is a direct write technique, in which a highly energetic electron beam 

induces chemical changes in a sensitive resist and defines the pattern directly on the 

surface of a substrate. Developing the resist can transfer the pattern to the 

substrate. EBL offers high resolution nanofabrication, as well as simplicity, so 

researchers have exploited this method to fabricate well-defined and periodic 

arrays of metallic nanostructures.  

1.5.1. SEIRA on Rod-Shaped Nanostructures 

Gold nanorods fabricated by EBL are widely used as active nanoantenna for 

SEIRA-based experiments. Researchers have been able to tailor the plasmonic 

response of nanorods over the mid IR region by changing the dimensions of the 

structures. Rod-shaped nanoantenna featured two distinct plasmonic modes that 

are highly dependent to the orientation of polarized light. Incident light with an 
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electric field polarized along the long axis (longitudinal) can excite the plasmonic 

mode in higher wavelengths; as a consequence, strong electromagnetic 

enhancement can be formed around the tip-ends of the nanorod. Therefore, the tips-

ends can  be used as active hot-spots for SEIRA-based experiments.65 

In 2008, Neubrech et al. conducted the first study of the use of gold nanorods 

for SEIRA experiments65 In their study, they tuned longitudinal LSPR resonance by 

changing the length of the nanorod, and the nanoantenna were modified with a SAM 

of ODT. The plasmon overlap with respect to the IR band of interest had a significant 

effect on IR signal enhancement. Moreover, the authors estimated that most of the 

IR signal enhancement was generated from the nanorod tip-ends, which produced 

an enhancement of 5 orders of magnitude. This study not only showed robust IR 

enhancement but also highlighted the importance of engineered nanostructures for 

SEIRA applications. 

The study by Neubrech et al. was an important step for developing rod-

shaped nanoantenna, because it showed that rationally designed nanostructures 

could be effective in SEIRA-based experiments. However, using a synchrotron IR 

source was necessary for gaining an acceptable signal to noise ratio, due to the 

limited numbers of nanoantenna exposed to the IR beam area.  
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Figure 1-7. Periodic arrays of nanorods fabricated by EBL 

(a) SEM image of gold nanorods on CaF2 substrate. normalized electric field to the 

highest value for (b) longitudinal plasmonic excitation and (C) transverse plasmonic 

excitation. Reproduced from reference 66  

D’Andrea et al. utilized a periodic array of gold nanorods as a dual purpose 

substrate for both SERS and SEIRA (Figure 1-7a).66 When the incident light is 

polarized perpendicular to the long axis of the nanorod, it excited plasmonic mode 

in the visible range; this is called transverse plasmonic mode and is ideal for SERS 

based experiments. On the other hand, polarization along the long axis of the 

nanoantenna resulted in longitudinal plasmonic excitation, which was engineered to 

appear in the mid-IR region by choice of nanorod length (Figure 1-8a). Therefore, 
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the orientation of polarized light with respect to nanoantenna switched the system 

between SERS or SEIRA mode. The theoretical calculation made by D’Andrea et al. 

confirmed highly confined hot spots on the tip-ends caused by longitudinal 

plasmonic excitation (Figure 1-7b). On the other hand the, transverse plasmonic 

excitation generated hot-spots distributed along the sides of the antenna (Figure 

1-7c). The authors were able to study SERS and SEIRA properties of the methylene 

blue monolayer as a probe (Figure 1-8b). To calculate the SEIRA enhancement 

factor, they compared the SEIRA signal to a control signal of methylene blue on a flat 

gold surface. The enhancement factor, weighed by hot-spot area, was found to be 

around 200,000. 



 37 

 

Figure 1-8. Periodic arrays of nanorods for SEIRA experiments 

(a) Plasmonic spectra of gold nanorods with various lenghts. (b) Infrared reflection 

absorption spectroscopy (IRRAS) spectra of control on flat gold mirror and SEIRA 

spectra of  MB monolayer on nonorods, from top to bottom, respectively. 

Reproduced from reference 66      
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SEIRA-based experiments using EBL-fabricated nanorods have been 

expanded to study several subjects, including  cold-condensed carbon monoxide on 

the substrate67, the effect of probe thickness on enhanced IR signal68, and the effect 

of interparticle gap between nanorods on measured IR signal69. Interaction of 

nanoantennas in nanometer sized junctions could cause significant electromagnetic 

field enhancement, which has been utilized for surface enhanced spectroscopy 

applications.  

Huch et al. attempted to decrease the gap size between EBL-fabricated 

nanorods by applying the photochemical metal deposition method.70 In this study, 

EBL fabricated nanorods had an interparticle gap higher than 20 nm. Nevertheless, 

illuminating the substrate with Nd:YAG laser in the presence of HAuCl4 resulted in 

the enlargement of nanorods by direct reduction and deposition of gold atoms on 

the nanostructures (Figure 1-9). SEIRA activity of fabricated substrates was 

monitored by evaporating 4,4’-bis (N-carbazolyl)-1,1’-biphenyl as a probe layer. The 

authors reported a 20-fold increase in the SEIRA enhancement factor; this occurred 

when the gap size decreased from 50 nm to 4 nm, which followed the overall trend 

in theoretical calculation with some degree of deviation. This effect was more 

pronounced by reaching to the sub-10 nm interparticle gap (Figure 1 10). 
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Figure 1-9. Sub-10 nm gap formation by photochemical deposition method  

(a) SEM images of gold nanorods upon photochemical gold deposition and gap 

reduction from top to bottom. (b) Near-field intensity for single nanorod and in the 

nanogap. Reproduced from reference 70    
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Figure 1-10. SEIRA measurements on Sub-10 nm gaps  

(a) The experimental and (b) theoretical simulation spectra of nanorods with a 4,4’-

bis (N-carbazolyl)-1,1’-biphenyl film with thickness about 5 nm. reprinted from 

reference 70 

One intriguing approach to further push the boundaries consists of exposing 

the inaccessible hot-spots for interaction with target molecules. Because fabricated 

nanostructures on solid substrates have one face completely in contact with the 

surface, the hot-spots in this area remain isolated from target molecules. By 

leveraging the wet or dry etching techniques, researchers have been able to remove 

upper parts of the substrate, where hot-spots underneath the nanostructures 

became exposed for increasing the near-field overlap with sample. The selective 

etching of the substrate led to the formation of nanopedestals, where free-standing 

nanostructures are mounted on top.71  
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This effect was expanded on by Huck et al., who used free-standing gold 

nanorods on silicon substrate for SEIRA measurement of ODT monolayer (Figure 

1-11).72 This modification produced a SEIRA signal one order of magnitude stronger 

than a regular gold nanorod array, which fit well with the theoretical expectation. 

This observation can be attributed to several factors, including (i) increasing the 

hot-spot volume to overlap with target molecules, (ii) reducing the polarizability 

effect of substrate, which boosted the near-fields, and (iii) optical properties similar 

to nanocavity, which showed near-field amplitude dependent on the height of the 

pedestal. Due to the last factor, near field amplitude reached a maximum when the 

pedestal height was half of the plasmon resonance wavelength. Therefore, it was 

vital to find an optimum height for the pedestal in order to obtain the highest near-

field enhancement.72  
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Figure 1-11. SEIRA experiment on nanopedestal substrate.  

(a) SEM image of elevated gold nanorods on nanopedestals. (b) Electromagnetic 

field distribution for original nanorod and elevated nanorods. (c) Transmittance 

spectra of nanorods modified with ODT. Reproduced from reference 72 

Adato et al. proposed a method of increasing the sensitivity of SEIRA 

measurements based on the collective resonance of periodic nanorod arrays.73 The 

optical properties of nanostructures with random arrangement remain independent 

from each other, while a nanoantenna in a periodic array experiences the incident 

electric field, and also receives the induced electric dipoles from other antennas. 

Adato et al. tailored the periodic arrangement of nanostructures to obtain in-phase 

dipolar coupling between antennas. This resulted in the collective excitation of gold 
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nanorods, and increased the amplitude of electromagnetic fields in hot-spots by one 

order of magnitude with respect to random nanorods. 

1.5.2. SEIRA on an engineered nanogap  

Because near-field coupling plays an important function for increasing the 

electromagnetic intensity in the gap between nanostructures, many researchers 

have focused on designing geometries consisting of elements that meet at a central 

junction. Theoretical calculations have facilitated studying the optical properties of 

these proposed structures. Due to the flexibility of fabrication with EBL, researchers 

can use EBL methods to design and position the elements of nanoantenna to obtain 

20 nm junctions.  

Aouani et al. fabricated log-periodic trapezoidal nanoantennas, which are 

composed of two arms with a 20 nm junction between the arm-tips.74 This 

combination produced mutifrequency plasmonic with a strong hot-spot at the 

junction that could be useful for multiband SEIRA experiments. The authors were 

able to examine the SEIRA properties of carboxyl-terminated alkanethiol monolayer 

on nanostructures. Furthermore, the carboxyl group underwent esterification 

reaction by using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-

hydroxysuccinimide (NHS), and the SEIRA measurement successfully tracked the 

correspondent modification in vibrational response. This geometry offered 

multifrequency hot-spots, and therefore, vibrational bands of different functional 

groups were detected simultaneously. The authors claimed to produce an 

enhancement factor up to 5 orders of magnitude by weighing the signal per 
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molecule for both nanoantenna and control measurements. This study was 

expanded by the same research group, who fabricated three-arm log-periodic 

trapezoidal nanostructures, and exploited the multifrequency nature of these 

structures as all-purpose surface enhanced spectroscopic substrates. They studied 

the surface enhanced fluorescence, Raman, and Infrared spectroscopy on a single 

substrate, which covered a broadband electromagnetic field enhancement.75      

Another potential design is a cross antenna that consists of four nanorods 

oriented in a cross arrangement with a 40 nm junction at the center, which 

introduced by Brown et al.76 These nanostructures were fabricated on ZnSe 

substrate by the EBL method. The junction was designed to boost the near-field 

coupling between antennas and concentrate the electromagnetic field intensity as a 

robust hot-spot. By changing the length of the nanorods, the authors were able to 

obtain a desirable overlap between plasmonic resonance and vibrational modes of 

interest. The theoretical calculation showed that the near-field enhanced intensity 

could reach up to 14000 on the junction. The performance of cross antenna was 

examined by SEIRA measurements of Hemoglobin, SAM of ODT, and silica. The 

experimental SEIRA factor for silica was reported to be 750.  

The concept behind Brown et al.’s study was improved using two fan-shaped 

nanoantenna instead of a nanorod cross arrangement.77  In addition, nanostructures 

were fabricated on top of a gold mirror modified with a SiO2 spacer (Figure 1-12a, 

b), and optical measurements were performed on reflection mode instead of 

transmission mode. The calculated near-field intensity in the junction showed 
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enhancement to be about 1 order of magnitude higher than previous reports (Figure 

1-12c). This was explained by two major effects. First, the SiO2 spacer with 

optimized height could boost the strength of hot spot because of a scattered-wave 

interference effect. Second, the circular part of the fan shaped antenna acted as 

charge reservoir, which concentrated the electromagnetic field more effectively in 

comparison to nanorods. Using a SAM of ODT as a probe, the experimental SEIRA 

enhancement factor normalized to hot-spot area was reported to be 8.1×104.  

 

Figure 1-12. SEIRA experiment on fan-shaped nanoantenna  

(a) Schematic structure and (b) SEM image of fan-shaped nanoantenna. (c) Near-

field intensity around nanoantenna. (d) Zoom-in spectra of nanoantenna modified 

with SAM of ODT and correspondant baseline fit. (e) IRRAS spectra of SAM of ODT 

on flat gold surface as control. (f) Baseline corrected spectra containing the SEIRA 

signal of ODT monolayer. Reproduced from reference 77 
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1.6. Unconventional Fabrication Methods  

In the previous section, we reviewed examples of the rational design and 

fabrication of metallic nanostructures that use the EBL method. Because of the 

flexibility of this fabrication approach, SEIRA experiments on engineered 

nanostructures have been achievable. While studies on substrates fabricated by EBL 

have attracted a great deal of interest, there are inherent drawbacks associated with 

the EBL technique that have prevented the development of SEIRA-active substrates 

for widespread applications. EBL fabricated substrates have been limited to 

nanostructures that cover a small area and that have a long process time. This 

makes it a time consuming and expensive method which is difficult for large scale 

fabrication. To this end, researchers have started developing novel fabrication 

techniques for creating SEIRA-active substrates. The high throughput and low cost 

of these techniques make them feasible for real life applications.  

1.6.1. Fabrication Techniques Based on Nanosphere Lithography 

One of the widely-used methods for the large scale fabrication of 

nanostructures is nanosphere lithography (NSL). In optimized conditions, 

nanospheres (usually silica or polystyrene) tend to form a hexagonally closed-

packed monolayer. This self-assembled monolayer can be used as an evaporation or 

etching mask for producing desired nanostructures.78 For example, Shumaker et al. 

have fabricated crescent-shaped nanostructures through nanosphere template 

lithography (NTL).79 In their proposed method, randomly dispersed nanospheres 

act as a deposition and etching mask. The authors deposited a metal layer through 
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e-beam evaporation and employed the nanospheres as a deposition mask. Tilting 

the substrate gave the metal evaporation beam access to the area underneath the 

sphere. Next, dry etching with argon can remove the exposed part of the metal film, 

while the area underneath the nanosphere remains intact and forms a crescent-

shape structure. The diameter of the nanosphere determines the diameter of the 

resulting crescent, and the tilt angle of the substrate during metal evaporation 

controls the width of the crescent. The resulting nanocrescents possess unique 

plasmonic properties due to their asymmetric shape and sharp tip-ends, making 

them ideal for surface enhanced spectroscopy. The plasmonic response of 

nanocrescents can be tuned from the visible to the infrared range by changing the 

diameter and width of the structures.  

In continue, Bukasov et al. used randomly dispersed silver nanocrescents to 

study the SEIRA properties of ODT monolayer.80 Experimental SEIRA enhancement 

normalized to the surface area of nanostructures was reported to be 40000, which 

demonstrates the potential of nanocrescent in this area. Nevertheless, the signal to 

noise ratio was relatively low in this study. This may have been caused by an 

inadequate number of nanostructures on the substrate, which was reported to be 

about 200 to 500 nanostructures on a centimeter scale substrate. Moreover, 

randomly distribution of nanostructures could hamper the reproducibility of SEIRA 

measurement from spot to spot and substrate to substrate. 
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1.6.2. Hole-Mask Colloidal Lithography  

 

Figure 1-13. Hole-mask colloidal lithography  

(a) Schematic overview of of fabrication process. (b), (c) SEM images of gold split 

ring resonators on silicon substrate. Reprinted from reference 81 

Catalo et al. proposed a high-throughput approach for fabricating split-ring 

resonators (SRRs) using the hole-mask colloidal nanolithography method.81 As 

shown in Figure 1-13, by employing a Poly (methyl methacrylate) (PMMA) film as 

sacrificial layer, nanospheres were randomly distributed on the PMMA-coated 

substrate. A thin metal film was then deposited over the substrate; removing the 

nanospheres leaves nanoholes behind in the metal film. After an isotropic oxygen 

etching process, PMMA was etched away through the nanoholes until the substrate 
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was reached, resulting in a hole-mask template. The authors then carried out tilted-

rotation evaporation of gold over the hole-mask, which defines a pattern of SRRs on 

the substrate. The tilt angle of the evaporation beam Ѳ defined the diameter of the 

SRRs, and the polar rotation angle ϕ determines the gap opening of the SRRs. The 

plasmonic response of the SRRs was engineered to overlap with SEIRA probes (ODT 

and deuterated ODT), as shown in Figure 1-14.  

Catalo et al. reported a hot-spot-normalized SEIRA enhancement factor 

around 8000 for the ODT vibrational bands, and up to 20000 for d-ODT. They stated 

that the lower enhancement factor for the SRRs, in comparison to other engineered 

antenna, is attributable to several factors. First, a silicon substrate with a high 

refractive index can reduce the strength of hot-spots. Second, the imperfection and 

roughness of the fabricated metal surface may affect the optical properties. Third, 

the remaining organic residue hampers ODT monolayer formation on the gold 

surface.  

 

Figure 1-14. SEIRA measurement on gold SRRs   

(a) Reflectance spectra of SRRs without an ODT monolayer, and (b) with an ODT 

monolayer. Reprinted from reference 81 
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1.6.3. Nanostencil Lithography 

Given that the substrate plays an essential role in the effectiveness of SEIRA 

properties, it is very important to develop fabrication approaches compatible with a 

variety of substrates. This can be achieved by fabricating a reusable nanostencil for 

directly transferring the pattern to a desired substrate. Nanostencil lithography will 

allow the fabrication of nanostructures on substrates sensitive to solvents, 

developers, and dry/wet etching because the pattern transfer involves only a metal 

evaporation step.82 The most important part of the nanostencil is a free-standing 

membrane, which consists of engineered nanoapertures. By placing the nanostencil 

on top of the substrate, a metal evaporation beam can reach to the substrate 

through the membrane, allowing the apertures to define the shape of the 

nanostructures on the substrate.  

Altug and co-workers employed nanostencil lithography to fabricate gold 

nanorod arrays.83  They start with 100 nm thick SiNx suspended on top of a 550 µm 

silicon wafer, and then create a pattern of rod-shaped nanoapertures on the SiNx by 

EBL. The silicon wafer carrier facilitates handling the nanostencil during the pattern 

transfer onto the desired substrate. Gold nanorods were fabricated by placing the 

nanostencil on top of the substrate and then exposing it to gold evaporation (Figure 

1-15a). The periodic ordered arrangement of the stencil was successfully 

transferred to the substrate, however, the fabrication resolution was limited due to 

a relatively large gap between the stencil and substrate. This resulted in scattered 

gold nanoparticles forming clusters around the nanorods (Figure 1-15c). The 
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authors argue that adding these scattered gold clusters could cause an increase in 

both the intensity and area of the hot-spots around the nanorod. The calculated area 

of the hot-spots increased from 7.5×104 nm for nanostructures without nanoparticle 

clusters to 2.3×105 nm for nanostructures with nanoparticle clusters (Figure 1-15d, 

e). The SEIRA enhancement factor normalized to the area of the hot spots was 

calculated to be around 10300.  

 

Figure 1-15. Nanostencil lithography  

(a)schematic illustration of nanostencil lithography. SEM images of the (b) 

nanostencil and (c) fabricated nanorods. Near-field intensity around nanorods (d) 

with and (e) without nanoparticle clusters. Reprinted from reference 83 
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1.6.4. Laser Interference Lithography 

Laser interference lithograph is an interesting development in the class of 

unconventional fabrication methods. Two coherent laser beams are able to generate 

an interference pattern that can directly affect a photoresist on the substrate; this 

process transfers the pattern onto the large scale substrate. Tuning the pattern 

periodicity, as well as rotating the substrate for a second exposure, allows the 

fabrication of different nanostructure shapes. Bagheri et al. used laser interference 

lithography to fabricate a periodic array of gold nanoantenna with an elliptical 

shape on CaF2 substrate (Figure 1-16).84 The plasmonic response was tuned by 

changing the dimensions of the nanostructures, and it showed good homogeneity 

over the centimeter scale substrate. The authors tested the performance of these 

substrates for SEIRA measurement of ODT monolayer as well as a thin film of XARP, 

which is a positive photoresist. The SEIRA enhancement factor, normalized to the 

hot-spots, was around 72000 for the ODT monolayer and 900 for the XARP thin film. 

This method offers high throughput fabrication on a large scale, although the near 

field enhancement remained low in comparison to other nanostructures, due to 

plain shape of structures. 
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Figure 1-16. Laser interference lithography  

(a) Schematic overview of fabrication process by changing the orientation of two 

mirros that reflect laser light to the substrate. (b) SEM image of gold nanoantenna. 

(c) Intensity of near-field enhancement around nanoantenna. (d) Transmittance 

spectra of nanoantenna modified with SAM of ODT. (e) IRRAS spectra of SAM of ODT 

on flat gold. (f) Baseline-corrected spectra contains SEIRA signal of ODT monolayer. 

Reproduced from reference 84 
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1.6.5. SEIRA Substrate Fabricated by Template Stripping Method 

Template-stripped lithography (TSL) is yet another method of fabricating 

large-scale substrate for SEIRA applications. The sub-10 nm gap formed between 

the two metals can provide a robust electromagnetic field for surface enhanced 

spectroscopy. Chen et al. started with gold nanostructures fabricated by 

photolithography. They continued by depositing a 5 nm thick layer of Al2O3 on top of 

the substrate using ALD.85 Then, a 150 nm thick silver layer was deposited by 

evaporation. By applying a UV-curable adhesive, the whole structure was stripped 

off from the silicon wafer. The resulting substrate consisted of gold nanostructures 

separated from silver by a 5 nm Al2O3. The adhesion of materials to the initial and 

transfer substrates dominated the template-stripping process. Fabricated substrates 

supported Febry-Perot resonance between 1.6 µm to 10 µm due to buried a 

nanogap cavity between the two metals. They used benzenethiol monolayer as a 

SEIRA probe to evaluate the substrate, and calculated a SEIRA enhancement factor 

of up to 105, normalized to the area of the nanogap.  

1.7. Summary of Engineered SEIRA-active Substrates 

Fabricated nanostructures with EBL showed a great deal of interest due to 

flexibility of tuning the shape and size to obtain desired optical properties. On the 

other hand, unconventional fabrication methods solved the problems associated 

with EBL method such as high cost of fabrication and long process time. In Table 

1-1, we attempt to summarize the recent reports in this field.  
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Shape Substrate 
Fabrication 

method 
SEIRA probe EF 

EF 
normalization 

Nanorod65 CaF2 
Electrodeposition 

in membrane 
ODT 3.3×105 Hot-spots 

Nanorod69 ZnSe EBL ODT 2×104 Hot-spots 

Nanorod67 Silicon EBL CO 5.5×104 Hot-spots 

Nanorod66 CaF2 EBL MB 6×105 Hot-spots 

Nanorod68 CaF2 EBL CBP 2.5×104 Hot-spots 

nanorod73 Silicon EBL Silk fibroin 104-105 Hot-spots 

Nanogap70 CaF2 EBL CBP 2×105 Hot-spots 

Nanorod on 
pedestal72 

Silicon EBL ODT NR NR 

Nanoslit 
Nanorod86 

CaF2 EBL ODT 
1.35×104 
9.34×104 

Hot-spots 

Split ring 
resonator87 

ITO EBL ODT NR NR 

log-periodic 
trapezoidal74 

BaF2 EBL AT-EG6-COOH 1.9×105 
Signal per 
molecule 

log-periodic 
trapezoidal75 

SiO2 EBL Streptavidin 1.2×104 
Signal per 
molecule 

Cross antenna76 ZnSe EBL 
SiO2 
ODT 

Hemoglobin 

7.5×102 
- 
- 

Junction area 

Fan-shaped 
antenna77 

Silica spacer EBL ODT 8.1×104 Hot-spots 

Nanocross88 MgF2 spacer EBL PMMA NR NR 

Ellipsoidal 
nanostructures84 

CaF2 EBL 
ODT 

XARP 
7.2×104 
9×102 

Hot-spots 
Hot-spots 

Nanorod83 Silicon 
Nanostencil 
Lithography 

Protein A/G-IgG 1.03×104 Hot-spots 
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Shape Substrate 
Fabrication 

method 
SEIRA probe EF 

EF 
normalization 

Split ring 
resonator81 

Silicon HCL 
ODT 

d-ODT 
8×103 
2×104 

Hot-spots 

Nanogap85 Silicon TSL Benzenethiol Up to 105 
Signal per 
molecule 

Triangle89 
CaF2 

Silicon 
NSL PMMA 

6.9 
5.3 

Beam area 

Double-layered 
stacks90 

Ta2O5 

Stacks 
EBL Dodecanethiol 2.2×106 

Signal per 
molecule 

nanocrescent91 Glass NTL ODT 4.6×104 
Nanostructure 

Area 

Table 1-1. Summary of nanostructures shape and SEIRA response   

1.8. Biological Application of SEIRA-Active Substrates   

Infrared spectroscopy is able to directly extract chemical information from 

vibrational modes associated with molecules, including biological species. In 

comparison to fluorescence based methods, the IR signal comes from the intrinsic 

chemical structure of biomolecules, which makes it a label-free spectroscopic 

analysis. Nevertheless, the major problem associated with infrared spectroscopy is 

insufficient sensitivity due to a cross-section for infrared absorption. In previous 

sections, we outlined the potential of metallic nanostructures for enhancing the IR 

signal on solid substrates. Therefore, the next logical step is to develop a SEIRA-

active substrate for biological applications; this will require increasing the IR signal 

and obtaining enough sensitivity. 



 57 

Traditionally, random metal islands were utilized as SEIRA-active substrate 

for biological studies. Compatibility of this system with attenuated total reflection 

(ATR) configuration makes it possible to run experiments in an aqueous 

environment by reducing the interference of water molecules in IR spectra. The 

capability of these substrates has been exploited for label-free immunoassay92, 

nucleic acids analysis93, and bacterial cell analysis.94 

Another biological application of SEIRA-active substrates is for cell 

membrane studies. A lipid membrane is the interface of a living cell with the 

environment, and it plays an important role in cell signaling95 and drug interaction 

.96 Biomimetic cell membranes can form on a metal surface, and be used as a model 

system for biological studies. Recently, a SEIRA-active substrate has been modified 

to support a lipid membrane for the purpose of studying the interaction of graphene 

oxide and a biomimetic membranes.97 Also, the interaction of anti-inflammatory 

drugs (NSAIDs) with cell membrane has been investigated by analyzing the SEIRA 

spectra of Ibuprofen on gold nanoshell aggregates that have been modified with a 

hybrid lipid bilayer.98 

Although substrates based on random metal island film and nanoparticle 

aggregates have proven the capability of SEIRA-active substrate in biological 

studies, engineered nanoantenna can provide higher signal enhancement and 

improved the reproducibility. Among the first to show the capability of engineered 

SEIRA nanoantenna for biological applications were Altug and co-authors. They 

employed a periodic array of gold nanorods to probe the SEIRA properties of silk 
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fibroin, which is a silk protein with the ability to create a uniform film on the 

substrate. Altug et al. observed the key characteristic of protein vibrational bands 

correspondent to amide I and II at 1660 cm-1 and 1537 cm-1. Further quantitative 

analysis showed that the SEIRA enhancement factor was between 4 to 5 orders of 

magnitude of that caused by approximately 300 zeptomoles of proteins.73 In the 

next application, the engineered gold nanorods were exploited for an antibody 

assay.83 This involved a 3 nm physisorbed monolayer of Protein A/G on gold 

nanostructures, which resulted in observation of vibrational bands associated with 

amid I and II. The authors reported that after adding the anti-mouse IgG the 

vibrational bands of amid I and II became stronger due to immobilization of 

antibody (IgG) on protein A/g. The hot-spot-normalized SEIRA signal showed an 

enhancement of up to 4 orders of magnitude.  

The traditional method for resolving the interference of water in FTIR 

studies is to conduct the analysis in an ATR configuration. This technique is based 

on the total internal reflection of light in a highly refractive crystal, and the 

formation of evanescent waves that extend on top of the surface with limited depth 

of penetration (0.5 µm- 5 µm depending on refractive index of crystal). These waves 

are able to probe the vibrational information of IR-active species in close vicinity to 

the surface.99 On the other hand, plasmonic internal reflection (PIR) uses plasmonic 

nanoantenna with a high scattering cross-section on the interface.100 Plasmonic 

nanoantennas are able to confine the electromagnetic field in the nanometer scale 

near their surface. Therefore, introducing an IR-active sample in this nanometer 

scale vicinity results in a strong plasmonic-vibrational coupling, making the detector 
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receive signal through scattered light from the nanoantenna. The depth of 

penetration in PIR is much smaller than ATR, which reduces the interference of bulk 

media in SEIRA spectra. Moreover, the vibrational signals are highly enhanced in 

comparison to an ATR configuration. 

 

Figure 1-17. Plasmonic internal reflection  

Schematic illustration of (a) ATR and (c) PIR. (b) Electromagnetic field intensity on 

top of ZnSe and Ge ATR crystals for p-polarization (dashed lines) and s-polarization 

(solid lines). (d) Enhanced near-field intensity on two directions around 

nanoantenna. (e) Reflectance spectra of nanoantenna in presence of water in PIR 

configuration. (f) Relectance spectra before (dashed line) and after (solid line) 

streptavidin monolayer. Reprinted from reference 101 

The PIR configuration shows a great deal of potential for time-resolved 

biological investigation in aqueous solution. Adato et al. utilized PIR configuration to 

study the protein immunoassay bonding on the plasmonic nanoantenna in presence 

of water.  The variation in amide I and II bands were interpreted to obtain antibody 

recognition effects. This study showed that PIR configuration can facilitate biological 
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analysis in aqueous environment and in a time resolved fashion. This study was an 

important step for implanting the SEIRA-active substrate for biological 

applications.100   

 

Figure 1-18. SEIRA measurement on PIR configuration  

(a) Schematic illustration of immunoassay with protein-binding. (b) amide I and II 

infrared bands of proteins. (c) extracted SEIRA caused by SA binding. (d) amide 

band peak integral as a function of time for 3 antibodies with different binding 

properties. Reprinted from reference 101 

1.9. Conclusion 

Advanced fabrication methods have led random metal islands to be replaced 

with nanoantenna with engineered plasmonic nanostructures for use as SEIRA-

active substrates. High-throughput nanofabrication approaches have been 

developed to reduce the cost of fabrication, and have also made the process scalable. 
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This has helped to promote the use of SEIRA-active substrates for real-life 

applications, such as biological applications. This field has shown a great deal of 

promise for label free bioanalysis, which offers high sensitivity and capability for in-

situ analysis. Despite tremendous advancement in this research area, the real-life 

applications demand novel nanolithography methods that lower the fabrication 

cost, ensure reproducibility, and offer SEIRA-active substrates with robust signal 

enhancement. 
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Chapter 2 

Materials and Methods 

2.1. Materials 

Glass slides (Micro Slides, 75×25×1 mm) were purchased from Propper 

Manufacturing. Silicon wafers (Boron doped, single side polished, diameter of 76.2 

mm, thickness of 375 µm) were acquired from Virginia Semiconductors. Polystyrene 

nanosphere suspensions with diameters ranging from 100 nm to 700 nm (1.5 g, 

solid content  ̴10 wt%) were purchased from Bangs Laboratories Inc. Ammonium 

hydroxide (ACS reagent, 30%), hydrogen peroxide solution (ACS reagent, 30 wt%), 

nitric acid (purified by redistillation, ≥99.999% trace metals basis, 70%), ethylene 

glycol (anhydrous, 99.8%), toluene (anhydrous 99.8%), and chloroform (anhydrous, 

≥99%, contains 0.5-1.0% ethanol as stabilizer) were  procured from Sigma Aldrich. 

Gold pellets (99.999% pure, 1/8”×1/8”), graphite crucible liner (7 ml), nickel starter 

source (solid piece of nickel in the shape of the 7 ml crucible, 99.99%) were 
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purchased from Kamis Inc. Hexanes (certified ACS grade) and acetone (certified ACS 

grade) were purchased from Fisher Scientific. Ethanol 190 proof (95%, KOPTEC), 

was acquired from VWR. 1-octadecanethiol (98%) was purchased from Sigma 

Aldrich. SYLGARD 184 (Polydimethylsiloxane elastomer kit) was acquired from 

Dow Corning.  

Human dermal fibroblasts (HDF) cell line (normal, human, adult, 1 ml frozen) 

was purchased from ATCC. Dulbecco’s phosphate buffered saline (D-PBS) (1X, 500 

ml), Fetal Bovine Serum (FBS) (500 ml), Dulbecco’s modified Eagle’s medium 

(DMEM) (500 ml), Trypsin-EDTA solution (1X, 100ml) were purchased from ATCC. 

Trypan blue solution (0.4%), and penicillin-streptomycin (5000 U/ml) were 

procured from Thermo Fisher Scientific Inc. Thiol-free DMEM (With 4500 mg/L 

glucose and sodium bicarbonate, without L-methionine, L-cystine and L-glutamine) 

was purchased from Sigma Aldrich. LIVE/DEAD viability/cytotoxicity assay kit was 

procured from Invitrogen.  

2.2. Fabrication of Metallic Nanostructures 

2.2.1. Preparation of Substrates 

Glass slides and silicon wafers were cut into 1cm×1cm squares by using a 

diamond knife. The substrates were cleaned with acetone in an ultrasound bath for 

5 min. The substrates were then transferred in RCA 1 solution (5:1:1 

H20:NH4OH:H2O2 75°C), which is the standard procedure for removing organic 

residues from silicon surface, and remained in the solution for 10 min. The cleaned 
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substrates were kept in a water bath and just before using, were dried by nitrogen 

flow. 

2.2.2. Nanosphere Monolayer Formation 

All the polystyrene (PS) nanospheres used in this study were 

unfunctionalized, in a water suspension with solid content of approximately 10 

wt%. To remove any aggregation, the nanosphere suspension was passed through 

syringe filters (MCE membrane, Millipore) with pore size of 0.8 µm (2 µm) for 

nanospheres with diameter below 400 nm (above 400 nm).  

We used spin coating (PWM32, Headway Research Inc.) to prepare a uniform 

monolayer of PS nanospheres with hexagonal closed packed (HCP) arrangement 

over the centimeter scale substrate (Figure 2-1a). This process started by placing a 

cleaned and dried substrate on the center of spin coater chuck and activating the 

vacuum to immobilize the substrate at a fixed position (Figure 2-1b). PS nanosphere 

suspension (20-50 µl) was then dispensed on the center of the substrate using a 100 

µl pipette. For a cleaned substrate, the suspension spreads evenly all over the 

surface. The spin coating process was controlled by recipe in which the spinning 

speed, ramp, and time could be modified. In all the experiments, spinning ramp was 

set on 1000 rpm/s while spinning speed and time were optimized for various 

diameters and concentration of nanospheres. The optimized spin coating conditions 

for various diameters were summarized in Table 2-1.  
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Figure 2-1. Spin coater instrument  

(a) Wide-view of the spin coater and (b) glass substrate on spin coater chuck 
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Nanosphere 
diameter 

(nm) 

Nanosphere 
concentration 

(wt%) 

Ethylene glycol 
(vol%) 

Spinning 
speed (rpm) 

Time (s) 

100 2 2 3500±500 90 

200 5 - 3000±300 45 

400 10 - 3000±300 45 

600 20 - 2700±300 45 

700 20 - 2700±300 45 

Table 2-1. Optimized condition for spin coating of PS nanospheres  

Usually, fifteen substrates were prepared for spin coating process. The first 3 

substrates were used to modify small deviations from optimized recipe. Spin coating 

process was started with optimized recipe in Table 2-1 and quality of PS 

nanosphere monolayer was checked under the optical microscope (refer to 2.3.1). 

Based on the optical microscope observation, the spinning speed was modified 

±500rpm from optimized condition.   

2.2.3. Reducing Nanosphere Size by Dry Etching 

To shrink the size of nanospheres, dry etching was carried out using either 

reactive ion etching (RIE) (Plasmalab System 100/ICP 180) or RF plasma cleaner 

(SuperPlasmod 300 equipped with a 300 W power supply and Oxygen and argon 
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process gasses). Not only size of nanospheres is reduced in presence of plasma but 

also the morphology of spheres can be controlled by using different dry etching 

conditions. 

RIE process was performed by using a Plasmalab System 100/ICP 180. The 

substrates were placed on top of a four inch carrier wafer on the load lock chamber 

(Figure 2-2). The load lock chamber was then pumped down with a roughing pump. 

After then, the carrier wafer was transferred to the reaction chamber where the 

pressure is approximately 10-6 Torr. The RIE process was controlled automatically 

through a computer where the process parameters could be modified. The chamber 

pressure, gas flow rate, RIE power, and process time were set in RIE recipe. A 

mixture of oxygen and argon with flow rate ratio of 20/25 SCCM was introduced to 

the chamber while pressure was set on 60 mTorr. The RIE power was set on 60 W 

and process time was varied from 30 s to 150 s dependent upon the initial diameter 

of nanosphere and desired interparticle gap opening.  
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Figure 2-2. RIE instrument  

(a) Wide-view of RIE instrument (b) load-lock chamber of RIE 

In contrast to RIE, the entire process control of the bench-top RF plasma 

cleaner is manual (Figure 2-3). Samples were loaded on top of a silicon wafer and 

inserted into the plasma chamber. The chamber was pumped down to 5 Torr using a 

roughing pump. An equal mixture of argon and oxygen were introduced to the 

chamber to reach the pressure of 10 Torr. The RF power was set on 100-250 W and 

turned on for 1 min.  
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Figure 2-3. RF plasma cleaner instrument 

2.2.4. Deposition of Metals  

Deposition of metals was performed with either e-beam evaporation (Sharon 

Vacuum, Brockton, MA) or sputter coating (Denton Desk V sputter system). E-beam 

evaporation is a directional deposition method while, sputter coating offers 

isotropic deposition profile. These properties were utilized for rational design of 

nanostructures. Nickel film was used as a sacrificial mask to define the gold 

nanostructures on the substrate.  

2.2.4.1.  E-beam Evaporation 

The main components of an e-beam evaporator are evaporation chamber, 

roughing pump, cryo pump, thickness monitor, and power supply (Figure 2-4). Since 

evaporation process needs high vacuum, the pumping system provides vacuum in 

the range of 10-7 -10-6 mTorr. To obtain a proper metal deposition, the upper limit of 

the pressure is 5×10-6 mTorr. However, for metals sensitive to oxidation (such as 

aluminum), it is essential to pump down the chamber as low as possible. Substrates 



 70 

are loaded on a sample holder and the sample holder is placed upside down on top 

of the chamber. On the bottom part of the chamber, there is a pocket for loading the 

crucible liner with evaporation material inside it. By reaching to the suitable 

chamber pressure, power supply applies a voltage between 5 to 10 kV to a tungsten 

filament, which is placed under the crucible liner pocket. The heated tungsten 

filament produces high energy electron beams due to thermionic emission effect. 

Then, a set of magnets guide the electron beam toward the crucible center, which 

results in heating and evaporation of materials. 

 

Figure 2-4. E-beam evaporator instrument  

(a) wide-view of instrument, (b) vacuum chamber, and (c) crucible liner inside the 

e-beam pocket 
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The substrates were directly attached to the sample holder using carbon tape 

to expose to perpendicular evaporation beam. For tilted evaporation, substrate was 

loaded on top of an aluminum mount with tilted head (10°, 20°, and 30°) (Figure 

2-5). Evaporation source of nickel was a solid piece of nickel in the shape of the 7 ml 

crucible liner. For evaporation of gold, a graphite crucible liner (7 ml) was filled 

with 25 g of gold pellets. When the chamber pressure was below 5×10-6, process 

was started by turning on the power source. The power increased very slowly to 

reduce thermal shock to the crucible. The evaporation rate of metals was kept in the 

range of 0.5-0.7 Å/s. Upon reaching to desire metal thickness, the power was 

decreased gradually and power source was turned off. To improve adhesion of gold 

to the surface, titanium (2 nm) was deposited first as an underlayer.  

 

Figure 2-5. Aluminum mount for tilted evaporation 

2.2.4.2. Sputter Coating 

In sputtering, the target material and samples are placed in a vacuum 

chamber in which target material attaches to the cathode and samples are located 
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on the anode. Plasma is formed in the chamber by ionizing the sputtering gas 

(usually argon). Upon applying a voltage between cathode and anode, the high 

energy ions strike the target material and sputter off the target atoms, which lead to 

deposition of sputtered material on the substrate. This method is an anisotropic 

deposition process in which sputtered atoms can reach to the shadowed area on the 

sample. 

 Upon loading the substrates, chamber was pump down to 10-5 Torr and 

argon gas was introduced to the chamber to reach to 10-3 Torr. The sputtering 

power was set on 50 W and deposition rate (1.5-2 Å/s) and thickness was 

monitored by a thickness monitor. Prior to gold deposition, chromium (2 nm) was 

deposited to improve adhesion of gold nanostructures to the substrate. 

Fabrication of metallic nanostructures consists of two steps deposition 

(three steps for double crescent nanostructures). Nickel evaporation is the first step 

for fabrication of all nanostructures. Next deposition is gold evaporation or 

sputtering (dependent upon desired nanostructure shape). The thickness of nickel 

mask should be at least 30 nm higher than the thickness of gold nanostructures to 

ensure successful removal of nickel mask. This will be described in details in 

Chapter 3. 

2.2.5. Removing the Sacrificial Mask  

After metal deposition process, the PS nanospheres were removed by 

adhesive tape. Then, nitric acid solution could selectively remove the nickel film. 
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Optimizing the concentration of nitric acid in a level to completely remove the nickel 

mask and to keep nanostructures intact was essential. The optimized concentration 

of nitric acid was found to be 0.1 M, 0.2 M, 0.4 M, and 0.4 M for gold nanocrescent, 

gold double crescent nanostructures, gold nanoring, and gold nanodisk, 

respectively. The substrates were immersed in nitric acid solution in a 

crystallization dish and placed in an ultrasound bath (Fisher Scientific FS6) for 

about 2 min. During the process, the overall reflectivity of the substrate was 

reduced, which was evident with naked eye, due to nickel mask removal. We found 

that placing some small drops of concentrated nitric acid (4 M) near the corners of 

the substrate for about 20 s could help to remove the nickel mask more effectively 

in this process.  

2.3. Characterization of Nanostructures  

Fabricated nanostructures on substrate as well as purchased PS nanospheres 

were subjected to extensive microscopic, topographic and optical characterizations. 

2.3.1. Optical Microscope Imaging 

The quality of PS nanosphere monolayer on the substrate was assessed with 

reflected light microscopy using a Nikon Eclipse ME 600L microscope with objective 

lenses ranging from 5x, 10x, 20x, 50x, to 100x. The optical microscope images were 

taken by an OptixCam Summit K2 camera attached to the microscope. To obtain 

higher contrast, the glass substrates were placed on top of a silicon wafer for optical 

microscope analysis.  
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2.3.2. Scanning Electron Microscopy 

Scanning electron microscope (SEM) images was taken by a FEI Quanta 400F 

field emission scope. This instrument was equipped with a secondary electron (SE) 

detector and energy dispersive x-ray spectroscopy (EDX) detector. Fabricated 

substrate was mounted on top of an aluminum stub (Ted Pella, Inc.) using carbon 

tape. The SEM images were acquired at working distance of 10 mm, spot size of 3, 

and voltage between 5 kV to 20 kV. The voltage was set on 5 kV for nanostructures 

fabricated on glass substrate and 20 kV for nanostructures on silicon substrate. In 

case of nonconductive samples, a 5 nm thick gold layer was deposited on top of the 

sample to reduce the charging effect.  

2.3.3. Atomic Force Microscopy 

The height of nanostructures was analyzed with atomic force microscopy 

(AFM) using a Bruker Multimode 8. Fabricated substrate was mounted on top of 

AFM specimen disk (15 mm diameter, Ted Pella) using a double-sided tape. The 

sample was then placed in the scanner tube where the internal magnet held the 

specimen disk in a fixed place. All the measurements were performed in contact 

mode.  

2.3.4. UV-Visible-NIR Spectroscopy 

The optical properties of nanostructures on glass substrate with plasmonic 

wavelength below 3000 nm were measured by a UV-visible-NIR Carry 5000 

spectrophotometer on transmission mode from 500 nm to 2700 nm with a 
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measurement speed of 600 nm/min. samples were run in a solid sample holder with 

an aperture of 5 mm in diameter. The absorbance spectra were collected on single 

beam mode and all the measurements were performed with a baseline correction 

scan on a bare glass substrate. 

2.3.5. Infrared Microscopy 

For nanostructures with plasmonic wavelength higher than 3000 nm, 

spectroscopic measurements were carried out on a FTIR spectrometer (Nicolet 

iS50) coupled to a FTIR microscope (Nicolet Continuum). Microscope was equipped 

with a mercury cadmium telluride (MCT) detector cooled with liquid nitrogen and a 

KBr beam splitter. The FTIR spectra were acquired using a 15X objective lens which 

provided a 100×100 µm collection aperture, and 4 cm-1 resolution. The number of 

scans was set on 256 (unless otherwise stated). One hour before using the 

instrument, the MCT detector was filled with liquid nitrogen. To obtain polarized 

light, a ZnSe light polarizer was placed in the middle of the IR light path. The FTIR 

microscope was able to switch between transmittance and reflectance modes. In 

case of nanostructures fabricated on silicon substrate, plasmonic spectra were 

collected on reflectance mode and a bare silicon wafer was used to obtain 

background. For nanostructures fabricated on glass substrate, the plasmonic spectra 

were measured on transmittance mode by taking the spectra of a bare glass slide as 

background signal.  
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2.3.6. Measurement of Nanostructures Dimensions 

The size and shape of metallic nanostructures dominate the optical 

properties of them. Therefore, it is important to precisely measure the geometrical 

properties of fabricated nanostructures. The dimensions of nanostructures were 

evaluated based on SEM images with measuring the geometrical parameters of at 

least 100 nanostructures and calculating the average and standard deviation by 

using Image-Pro Plus Software (version 5). The nanocrescent was surrounded in a 

circle, which determined the diameter and gap opening of nanocrescent. The 

nanocrescent width was measured in the middle of the nanostructures.  

2.4. SEIRA and IRRAS Measurements of ODT Monolayer 

2.4.1. Experimental Measurement 

Prepared substrates were first cleaned thoroughly in acetone bath along 

sonication for 10 min. the substrates were then dried with nitrogen blow and placed 

in a UV-ozone cleaner (BioForce Nanosciences) for 10 min. A solution of ODT with 1 

mM concentration was obtained by dissolving 14.3 mg of ODT in 50 ml ethanol (190 

proof) in a crystallization dish. Afterward, cleaned substrates were immersed in the 

ODT solution and the crystallization dish was covered with Parafilm and left still for 

12 h. Next, substrates were removed from solution and rinsed with ethanol at least 

for 2 min to remove any unbonded ODT molecules. Finally, the substrates were 

dried by nitrogen flow.  
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The SEIRA spectra of ODT-modified substrates were measured by FTIR 

microscope on transmittance mode and using light polarizer (as described in 2.3.5) 

in the range of 2000 cm-1 to 8000 cm-1 and 512 scans. 

A 40 nm gold film was vapor-deposited on top of RCA1-Cleaned silicon 

substrates (2cm×2cm) by using e-beam evaporator to obtain flat gold substrates. 

Then, one of the substrate was modified with ODT monolayer as described. IRRAS 

measurements were carried out on a Smart SAGA accessory (with 80 degree 

incident) attached to the FTIR spectrometer (Nicolet iS50). The background 

correction was performed on a bare flat gold substrate and following that IRRAS 

spectrum of ODT-modified flat gold substrate was measured with 512 scans in the 

range of 2500 cm-1 to 4000 cm-1.  

2.4.2. Theoretical Calculations 

*All the theoretical simulations were performed by Yang Cao and Hangqi Zhao 

Numerical calculations based on finite-difference time-domain methods have 

been performed through a software package named “Lumerical” (Version 8.9.163).  

Modeled gold nanocrescent structures have been placed on glass substrate. Since 

nanocrescent structures have been fabricated in a large scale experimentally, 

periodic boundary conditions are used in numerical calculations. Center to center 

distance of adjacent crescents are 400 nm, 590 nm and 700 nm, respectively. 

Minimum repeating unit has been built in the software with periodic boundary 

conditions applied in horizontal plane. Meantime, perfect matched layers (PML) 
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have been applied in vertical direction in order to absorb all reflections near the 

boundary. For gold nanocrescent structures, Johnson and Christy experimental data 

has been used to model the gold dielectric function.102 Since titanium has been used 

as adhesion layer, we consider the effect of 2 nm titanium layer in calculations.  

Plane wave source shines on gold nanocrescents with normal incident angle. 

Furthermore, we consider two polarization configurations: “u-polarized” with 

polarization angle to be 0 degree and “c-polarized” with polarization angle to be 90 

degrees. A two-dimensional monitor has been applied below gold nanostructures to 

record the transmission spectra. What’s more, electric field intensity (E2) has also 

been obtained at plasmon resonance peak position to facilitate SEIRA measurement 

results. Here we calculated electric field enhancement using a 556 nm diameter 

crescent and placed a two-dimensional monitor 3 nm above the gold nanocrescents. 

2.5. Refractive Index Sensing 

Plasmonic nanostructures are sensitive to change in environmental 

refractive index. This was used widely for creating sensors based on refractive index 

sensing. To evaluate sensitivity of fabricated nanostructures, transmittance spectra 

of nanostructures were measured with UV-visible-NIR spectroscopy (Carry 5000 

spectrophotometer) in presence of air, water, ethanol, and toluene.  

Fabricated nanostructures on glass substrates were immersed in acetone and 

placed in ultrasound bath for 10 min. the substrates were then dried with nitrogen 

flow. All the measurements were carried out on single beam transmittance mode. In 
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presence of air, the plasmonic spectra were collected as described in 2.3.4. To 

measure plasmonic spectra in presence of liquid media, a drop of liquid was 

sandwiched between fabricated substrate and a bare glass substrate with the same 

size. In this case, baseline correction scan was run on two bare glass substrates with 

the same liquid media sandwiched between them. 

2.6. Biological Cell Studies 

2.6.1. Cell Culture 

*All of the cell culture work was done by Nasim Taheri 

By growing the field of nanobiotechnology, there is a high demand for 

applications of metallic nanostructures in biological cell analysis. SEIRA-active 

substrates can make a robust label-free platform for live cell analysis. However, 

studying the interface of cells with nanostructures is a prerequisite for any 

application in this field. Here, we utilized cell culture procedure to grow HDF cells 

directly on fabricated substrates. The cell culture procedure is described in detail in 

continue.   

2.6.1.1. Thawing Frozen Cells 

Prior to start any cell culture work, the laminar flow hood (Labconco) was 

sprayed with ethanol 70% thoroughly and wiped out with paper tissue. Also, all the 

required supplies for working under the hood were sterilized with ethanol 70% and 

wiped out with paper tissue. Since the thawing procedure is a stressful process for 
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the cells, all the supplies and materials should be ready before starting the 

procedure. 

To prepare cell culture media, frozen FBS and penicillin-streptomycin were 

warmed to 37°C in a water bath. Next, 50 ml of FBS and 5 ml of penicillin-

streptomycin were added to 500 ml of DMEM. The bottle was capped and gently 

shaken for 30 s. Afterward, prepared cell culture media was split in 50 ml centrifuge 

tubes and kept in fridge. It is important to mention that all the centrifuge tubes were 

labeled with DMEM, 10% FBS, 1% penicillin-streptomycin, date of preparation, and 

initial of person who prepared media.  

Human dermal fibroblast (HDF) cell line was received in dry ice package. A 

centrifuge tube containing cell culture media was warmed to 37°C in a water bath 

for 15 min, wiped with ethanol 70%, and placed under the hood. The vial containing 

frozen cells was removed slowly from the package and held in 37°C water bath for 1 

min upright to avoid water from the lid. Submerging the vial in the water bath can 

increase the risk of contamination. The vial was removed from water bath when a 

tiny chunk of ice remained in it. The vial was wiped with ethanol before transferring 

to the cell culture hood. Cell culture media (5 ml) was added into a 15 ml centrifuge 

tube. Cells were then transferred from the vial carefully to the centrifuge tube by 

using an automatic pipette and gently mixed by pipetting. The centrifuge tube 

containing the cell suspension was spun in a centrifuge (Thermo Scientific, ST 16) 

with spinning speed of 3000 rpm for 8 min. Afterward, centrifuge tube was wiped 

gently with ethanol 70% and transferred to the hood. The media was pipetted out 
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carefully without disturbing the cell pellet at the bottom of centrifuge tube. 

Prewarmed media (2 ml) was added gently onto the cell pellets to avoid osmotic 

stress and cells were resuspended in the centrifuge tube. Cell suspension (100 µl) 

was transferred in an Eppendorf tube (1.5 ml) to be used for cell counting with a 

hemocytometer, which will be explained in details in 2.6.1.2. Total number of cells 

was calculated as 1.5×106 cells. Cell suspension was diluted with prewarmed media 

to reach total volume of 12 ml and transferred to cell culture flask (Falcon, 75 cm2). 

Flask was then placed in an incubator at 37 ˚C and 5% CO2. 

2.6.1.2. Cell Counting with Hemocytometer  

Cell counting was carried out using a hemocytometer (Marienfeld, 0.0025 

mm2). This device was a modified microscope slide with two identical chambers 

that covered with a glass coverslips. The chamber was divided by 9 squares with the 

same dimensions in which each square had volume of 10-4 ml. prior to counting, 

hemocytometer and coverslip were cleaned with ethanol. Cell suspension (100 µl) 

in Eppendorf tube was diluted with 100 µl of trypan blue to measure the cell 

viability. Then, diluted cell suspension (10 µl) was injected gently into the 

hemocytometer chamber under the coverslip using a 10 µl pipette and 

hemocytometer was placed under a microscope (Vista Vision) with 10X objective. 

By using trypan blue, dead cells appeared as blue circles, while live cells were 

observed unstained on the microscope. Using a hand tally counter, viable 

(unstained) and unviable cells (stained) were counted in four large corner squares 

of the hemocytometer chamber. The results consisted of number of viable cells 
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counted, number of unviable cells counted, and total cells counted (number of viable 

cells counted + number unviable cells counted). Cell density was calculated from the 

following formula.  

𝐶𝑒𝑙𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 × 
𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
 × 104  𝑐𝑒𝑙𝑙𝑠

𝑚𝑙⁄  

Equation 2-1. Cell density 

The dilution factor was determined from the amount of trypan blue that 

added to the cell suspension. In our experiment, the dilution factor was 2 since we 

diluted the cell suspension 1:1 with trypan blue.  

2.6.1.3. Cell Culture Media Change 

During the growth period, cell culture flask was checked every day to verify 

the cells were stayed healthy. The cell culture media should be pinky orange in color 

and cells should be remained attached to the bottom of flask. Usually the cell culture 

media should be changed every 2 days for HDF cell line. Cell culture media (in 15 ml 

centrifuge tube) were warmed in water bath 37 ˚C for 15 min. When ready, cell 

culture flask was transferred to the hood and the media was aspirated off the cells. 

Then, fresh media (12 ml) was poured gently into the flask by using an automatic 

pipette and finally cell culture flask was returned to the incubator.  
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2.6.1.4. Trypsinizing Cells  

When the cells reached to 80% confluency (80% of flask surface covered 

with the cells), they were harvested from the cell culture flask. This process was 

carried out with trypsinizing, which could detach adherent cells from surface of the 

flask.  

The cell culture flask was transferred to the hood and the media was aspired 

off the cells. Afterward, PBS solution (10 ml, 1X) was poured on the cells with an 

automatic pipette. The flask was rocked gently 4-5 times and PBS solution was 

aspires off the cells. This process was repeated 3 times. Then, prewarmed trypsin-

EDTA solution (10 ml, 1X) was added onto the cells and cell culture flask was 

returned to the incubator 37 ˚C, 5% CO2 for 4 min. Cells were resuspended in 8 ml 

cell culture media. It should be noted that the cells are sensitive to trypsin-EDTA 

and longtime exposure can reduce the cell viability. However, addition of cell culture 

media inactivates the trypsin-EDTA.  

2.6.1.5. Cell Passaging  

After trypsinizing, cell suspension was transferred to a centrifuge tube (15 

ml) and spun in a centrifuge (Thermo Scientific, ST 16) at 3000 rpm for 8 min. The 

media was aspired off the cell pellet and cells were resuspended in 5 ml of 

prewarmed (37 ˚C) cell culture media. The cells were then counted using 

hemocytometer and cell density was calculated accordingly (refer to 2.6.1.2). The 

cell suspension was then diluted by adding enough cell culture media to obtain cell 
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density of 2.5×106 cells/ml (recommended seeding density for 75 cm2 cell culture 

flask). The diluted cell suspension (12 ml) was added to each cell culture flask. 

Finally, all the flasks were placed in the incubator 37 ˚C, 5% CO2.  

2.6.2. Cell Growth on Fabricated Substrates 

First, all the substrates were cleaned by immersing in acetone and sonication 

for 10 min in an ultrasound bath. The substrates were then dried by nitrogen flow 

and placed in the UV-ozone cleaner for 10 min. next, substrates were immersed in 

the ethanol 70% for 24 h. Afterward substrates transferred to a sterilized 6-well 

plate. A cloning cylinder (glass, 150 µl, Sigma Aldrich) was mounted on top of the 

substrate. Since the cylinder was greased on one side, it was sealed to the substrate 

(Figure 2-6). In the meantime, HDF cells were trypsinized (refer to 2.6.1.4), 

centrifuged, resuspended in 5 ml of prewarmed cell culture media (37 ˚C), and 

counted (refer to 2.6.1.2). Required seeding density for volume of cylinder (150 µl) 

was 2×104 cells/ml. Therefore, the cell suspension was diluted somehow to obtain 

2×104 cells/ml and 100 µl of diluted cell suspension was added to each cylinder 

attached to the substrate. Finally, the 6-well plate was placed in a 37 ˚C, 5% CO2 

incubator.  
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Figure 2-6 Cell growth in cloning cylinder on top of the substrate 

2.6.2.1. Optical Microscope Imaging of Cells 

Optical microscope imaging was carried out using an EVOS transmittance 

microscope equipped with 10x, 20x, and 40x objectives. The images were taken 6 h, 

12 h, 24 h, and 48 h after cell seeding on the substrates. Images were taken quickly 

to reduce thermal shock to the cells. 

2.6.2.2. Live-Dead Assay 

The HDF cells were cultured on the substrates in a 24-well plate as described 

in previous section. Live-dead assay kit contains calcein AM (4mM in anhydrous 

DMSO, green dye) and ethidium homodimer-1 (2mM in DMSO/H2O 1:4, red dye). 

The vials were held in the water bath 37 ˚C for 1 min and wiped with ethanol prior 

transferring to the cell culture hood. Ethidium homodimer-1 (32 µl) was added to 

16 ml of PBS in a 50 ml centrifuge tube. The centrifuge tube was shacked to ensure 

mixing. Next, calcein AM (8 µl) was added to the centrifuge tube to obtain live-dead 

assay solution. Afterward, 24-well plate was removed from incubator and 
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transferred to the cell culture hood. The media was aspired from cylinders by using 

glass Pasteur pipette. Interior of cylinder was washed by adding 1 ml of PBS, rocking 

the plate gently, and   discarding the PBS with aspiration. The washing process was 

repeated for 3 times. The prepared live-dead assay solution (100 µl) was added to 

each cylinder and 24-well plate was return to the incubator for 40 min prior to 

fluorescence imaging. Fluorescence imaging was carried out using a EVOS 

fluorescence microscope equipped with 4x, 10x, and 20x objectives.   

2.7. SEIRA Experiments on Backside Reflectance Mode 

Backside reflectance mode configuration empowers SEIRA-active substrates 

for time resolved measurements in aqueous media. This is based on measuring 

plasmonic spectra at reflectance mode while substrate is inverted under the 

microscope. As a result, light passes through the substrate and reflected at the 

interface of nanostructures.  

All the optical measurements were performed using a FTIR microscope 

(Nicolet continuum) attached to a FTIR spectrometer (Nicolet iS50) and equipped 

with MTC detector. The instrument characteristics were discussed in section 2.3.5. 

Substrates were acquired at reflectance mode, using a 15X objective that provided a 

100×100 µm aperture, 512 scans, and 4 cm-1 resolution. Fabricated substrate was 

placed under the microscope in such a fashion that the nanostructures faced 

opposite side of the incident light. The light was focused on the bottom surface of 

the substrate by changing the position of microscope stage in z-axis. For 
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spectroscopic measurements with polarized light, a ZnSe polarizer was inserted in 

the middle of the infrared light path. All the substrates were run with a baseline 

correction scan on a glass slide coated with 40 nm flat gold layer and placed upside 

down under the microscope.  

2.7.1. PDMS Flow Cell Design and Fabrication 

 For backside reflectance measurements in aqueous condition, a 

Polydimethylsiloxane (PDMS) flow cell was designed (Figure 2-7). This allowed 

real-time SEIRA analysis in presence of water.  

 

Figure 2-7 PDMS flow cell  

(a) fabricated of fluidic chamber, (b) fluidic chamber with inlet and outlet PTFE 

tubing and gold nanostructures substrate on top, and (c) flow cell attached on top of 

a glass slide as support  
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To create a replica, a silicon wafer (diameter of 76.2 mm, on side polished, 

Virginia Semiconductors) was cleaned in RCA1 solution (refer to 2.2.1) and transferred 

to a glass petri dish. A square piece of glass (6×6 mm) was cut from a glass slide 

(LabScientific, 75×25×3 mm) using a diamond knife and placed on center of the silicon 

wafer. Small amount of vacuum silicon grease (Dow Corning) was applied in the 

interface to ensure suitable attachment. PDMS base (50 g) along with PDMS curing agent 

(5 g) were added to a disposable plastic cup and vigorously mixed using a glass stirring 

rod until bubbles appeared on the mixture. The mixture was then degassed in a vacuum 

desiccator for 30 min. Next, the mixture was poured over the replica and petri dish was 

transferred to a 70 °C oven to cure for 1 h. Afterward, a sharp razor was used to cut a 

rectangle (10×25 mm) of the PDMS in such a fashion that the replica pattern remain at 

the center of the rectangle. Finally, the PMDS were removed from the silicon substrate to 

use as fluidic chamber.  

To supply PDMS chamber with inlet and outlet PTFE tubing (outer diameter of 

1/16 in, Sigma Aldrich), two holes with diameter smaller than outer diameter of PTFE 

tubes were inserted using a PDMS puncher (1.25 mm, Elveflow). The PTFE tubes were 

readily implanted into the holes due to elasticity of PDMS. A glass slide (Propper, 

75×25×1 mm) was used as a support for PDMS fluidic chamber. The microscope slide 

and lower surface of PDMS device were exposed to oxygen plasma in a SuperPlasmod 

300 plasma cleaner for 1 min and then immediately attached to bond the surfaces. 

Finally, SEIRA-active substrate sealed the top of the PDMS chamber by applying small 

amount of vacuum silicon grease (Dow Corning) between the surfaces.  
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Chapter 3 

Fabrication of Gold Nanostructures via 

Metallic Mask Nanosphere Lithography 

In this chapter, we describe the use of metallic mask nanosphere lithography 

as a low-cost and straightforward method for scalable fabrication of gold 

nanostructures. We successfully fabricated a library of gold nanostructures with 

different shapes and sizes. The proposed fabrication method produces centimeter 

scale substrates with highly packed (up to 8×108 cm-2) and uniform nanostructures 

on entire surface. We studied the optical properties of the nanostructures with UV-

visible-NIR spectroscopy and FTIR microscopy. Furthermore, this approach showed 

a great flexibility to tune optical response of nanostructures, which is essential for 

their potential applications. Finally, the capability of gold nanocrescents and 

nanodisks were assessed for refractive index sensing, which showed up to 900 

nm/RIU sensitivity.  
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3.1. Introduction 

Conduction electrons in metallic nanoparticles can be excited by incident 

light with a wavelength larger than the nanoparticle’s diameter.17, 103 This 

interaction leads to collective oscillation of electrons known as localized surface 

plasmon resonance (LSPR). This resonance gives rise to intense absorption and 

scattering of light, as well as local electric field enhancement around metallic 

nanoparticles. The size, shape, and composition of nanostructures, as well as their 

local dielectric environment, dominate the plasmonic response.25  

Lithographic techniques are well-established methods for the fabrication of 

metallic nanostructures on solid substrates. The most common techniques are 

based on scanning beam lithography, including electron beam lithography (EBL) 

and focused ion beam (FIB).61, 104 These methods offer a great deal of flexibility for 

designing various geometrical shapes, and consequently tuning plasmonic behavior 

for desired application. Despite their advantages, these techniques are time 

consuming, expensive, and have low throughput. 

Establishing plasmonic nanostructures for practical applications requires a 

reliable, low-cost, and scalable fabrication method. Nanosphere lithography (also 

known as colloidal lithography) has recently emerged as a powerful fabrication 

method that addresses issues associated with EBL and FIB.58, 105 This approach is 

based on using spherical nanoparticles as a primary template for fabrication. 

Nanospheres are often exploited as either an evaporation mask or an 

evaporation/etching mask. Various modifications result in techniques such as 
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shadow nanosphere lithography, nanosphere template lithography, and hole-mask 

colloidal lithography.78, 106-110 

Here, we introduce metallic mask nanosphere lithography (MMNL) as a 

versatile and reliable method for scalable fabrication of nanocrescent, double 

crescent nanostructure, nanoring, nanodisk, and hexagonal nanoring. This is an 

easy, powerful, and straightforward method that offers several degrees of freedom 

to precisely design nanostructure dimensions. The optical properties of 

nanostructures are highly tunable in regards to their shape and dimensions.  

3.2. Experimental 

Glass slides and silicon wafers (one side polished) were cut into 1cm2 

squares. The substrates were sonicated in an acetone bath for 5 min. After that, the 

substrates were cleaned in the solution of NH4OH:H2O2:H2O 1:1:5 at 75 °C (RCA-1 

standard solution) for 10 min and allowed to dry in nitrogen blow. PS nanospheres 

with diameters ranging from 100 nm to 700 nm were purchased from Bangs 

Laboratories Inc. The nanospheres were passed through a syringe filter (0.8 µm 

pore size for nanospheres smaller than 400 nm and 2µm pore size for 600 nm and 

700 nm nanospheres). Spin coating was used to make a self-assembled monolayer of 

nanospheres on the substrate. Depending on diameter of nanospheres, spin coating 

parameters were changed to modify monolayer formation.  

Plasma-treatment of the PS nanospheres was performed using either a RF 

plasma cleaner or reactive ion etching. The RF plasma cleaner attained chamber 
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pressure around 10 Torr, with equal portion of oxygen and argon. The RF power 

could increase up to 250 W. The RIE-treatment was achieved in an Oxford 

Plasmalab System 100/180ICP. The RIE parameters were set unchanged (60 mTorr, 

20 SCCM of oxygen, and 25 SCCM of argon) except for the power and time.  

Nickel was deposited using an e-beam evaporator (Sharon Vacuum, 

Brockton, MA) normal to the substrate or with tilted evaporation. Samples were 

placed on the stationary aluminum mounts (10˚, 20˚, 30˚) to acquire desired tilted 

angle during the evaporation. Nickel thickness was optimized to 60 nm. Gold was 

deposited (20 nm) using either a CRC-150 sputter coater (for nanoring fabrication) 

or e-beam evaporator (for nanocrescent, double crescent nanostructure, and 

nanodisk fabrication). Two nanometers of titanium (chromium) film was deposited 

prior to gold to enrich adhesion of nanostructures to the substrate with e-beam 

evaporator (sputter coater). Stationary aluminum mounts were used for tilted gold 

evaporation. The nanospheres were removed mechanically using Scotch tape and 

the substrate was immersed in 0.1 M nitric acid and placed in an ultrasound bath for 

about 2 min to remove the nickel mask.  

3.3. Results and Discussions 

3.3.1. Nanosphere Self-Assembled Monolayer  

Two dimensional arrays of nanospheres are versatile templates for 

fabricating of wide variety of nanostructures. When a drop of diluted polystyrene 

(PS) nanospheres spreads on the substrate, the nanospheres tend to form a 
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hexagonal closed packed monolayer (HCP) because it is thermodynamically 

favorable arrangement.111 During the solvent evaporation, several factors driving 

self-assembly and formation of HCP monolayer; the main factors are capillary force 

and nanosphere transport rate.112 However, monodispersity of nanospheres is a 

prerequisite to obtain highly ordered HCP. We exploited several sizes of PS 

nanospheres ranging from 100 nm to 700 nm.  

To employ a nanosphere monolayer as a fabrication template, it is essential 

to successfully cover the entire substrate with highly packed and well-ordered 

nanospheres. Spin coating is a simple and reproducible method to obtain a highly 

uniform PS monolayer on a large area substrate (Figure 3-1).  Centrifugal force 

causes solution to flow over the substrate, and a HCP monolayer of PS nanospheres 

eventually forms by evaporation of the solvent.113, 114 The quality of resultant 

monolayer is highly dependent on spinning speed, nanosphere concentration, 

volatility of the solvent, and wettability of the substrate.  
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Figure 3-1. Schematic illustration of the spin coating process 

The particle-substrate interaction plays an important role in the quality of 

the HCP monolayer. Therefore, a highly smooth and hydrophilic surface can assist 

formation of ordered HCP on large scale substrate. Glass and silicon substrates used 

in this study are cleaned with the RCA-1 procedure, which removes any organic 

residue from the surface and enhances the wettability of the substrate. Figure 3-2a 

shows a glass substrate uniformly coated with 400 nm PS nanospheres. The spin 

coating process lasts less than one minute and results in HCP monolayer on the 

entire substrate. The quality of the nanosphere-coated substrate can be verified by 

optical microscope after the process is complete. An ordered monolayer of 

nanospheres can diffract light, and nanospheres with different diameters show 

different colors in optical microscope images.115 Also, by changing the number of the 

stacked layers, different diffraction patterns can form, which result in different 

colors. Figure 3-2b shows the optical microscope image of the glass substrate 

covered with 400 nm PS nanospheres, which verifies uniform monolayer formation 
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on the substrate. Moreover, optical microscope imaging reveals the ordered 

domains and grain boundary between them, which is a good way to investigate 

uniformity of the prepared nanosphere monolayer. 

We observed some multilayer defects on the small area toward the edges of 

the substrate, which is attributed to the square shape of the substrate. Note that the 

multilayer defects are limited to the small area on the edges and the quality of the 

monolayer is preserved on the majority of the surface area.  

 

Figure 3-2. Optical images of nanosphere monolayer on substrate  

(a) Glass substrate coated with 400 nm PS nanopheres. (b) Optical microscope 

image of nanosphere monolayer on glass substrate 

PS nanosphers are assembled in uniform monolayer over the substrate, as 

seen in the SEM image in Figure 3-3. A higher-magnification SEM image confirms the 

formation of a hexagonal assembly of the nanospheres (inset Figure 3-3).  
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Figure 3-3. SEM image of 400 nm PS nanosphere monolayer  

As mentioned, several parameters affect the quality of the nanosphere 

monolayer formed by spin coating. Results revealed that varying the spinning speed 

strongly affected the quality of monolayer formed with 400 nm PS nanosphere. 

Increasing the spinning speed led to fragmented monolayer formation, while 

decreasing the spinning speed resulted in random multilayer formation on the 

substrate. With the spinning speed set to 3000 rpm, we achieved a highly uniform 

monolayer on the entire substrate (Figure 3-4a). Nevertheless, by increasing the 

spinning speed to 3500 rpm, voids started to form, which are evident in optical 

microscope image (Figure 3-4b). Moreover, by decreasing the spinning speed to 

2500 rpm, we observed regions of multilayers all over the substrate, as seen in the 

dark orange region shown in Figure 3-4c. 
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Figure 3-4. Spining speed effect on nanosphere monolayer  

Optical microscope image of 400 nm PS nanospheres self-assembled at spinning 

speed (a) 3000 rpm, (b) 3500 rpm, and (c) 2500 rpm. 

Because the nanosphere monolayer is used as an initial mask for fabrication 

of the nanostructure, the size of the nanospheres dominates the final size of the 

nanostructure. We optimized the spin coating condition for 100 nm, 200 nm, 400 

nm, 600 nm, to 700 nm nanospheres (Figure 3-5a-d). Optimization of spinning 

speed is dependent on the PS nanosphere diameter. In general, by increasing the 

diameter of PS nanospheres, the spinning speed should decrease in order to obtain a 

uniform monolayer. For 600 nm PS nanospheres, an optimized condition was 

achieved once the spinning speed decreased to 1500 rpm. In contrast, 4500 rpm 

spinning speed led to a uniform monolayer of 200 nm PS nanospheres. 
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Figure 3-5. SEM images of HCP monolayer PS nanospheres  

PS nanospheres with diameter of (a) 100 nm, (b) 200 nm, (c) 400 nm, and (d) 600 

nm on glass substrate. Scale bar is 1 µm 

For 200 nm PS nanospheres, the ordered domains of the HCP monolayer 

became smaller with more grain boundaries, which can attribute to the higher 

spinning speed. To address this issue, we reduced the concentration of 200 nm PS 

nanosphere suspension from 10 wt. % to 5 wt. %. As a result, the optimal spinning 

speed decreased from 4500 rpm to 3000 rpm, which resulted in larger HCP domains 

on the entire substrate. 

Also, for 600 nm PS nanospheres, the multilayer defects observed near the 

edges became more pronounced than for the 400 nm PS nanosphere coated 
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substrate; this outcome could be a result of lower spinning speed. When we 

increased the concentration of PS nanosphere suspension from 10 wt. % to 20 wt. 

%, the optimal spinning speed increased from 1500 rpm to 3000 rpm. The 

concentration of the suspension was increased by centrifugal sedimentation of PS 

nanospheres. The desired amount of supernatant was then removed to increase the 

concentration of nanospheres. In summary, we successfully adjusted the spinning 

speed for 200 nm, 400 nm, 600 nm, and 700 nm PS nanosphere at 3000 rpm by 

optimizing the concentration of PS nanosphere suspension.  

For many applications, such as metamaterials with split ring resonator 

geometry, it is important to reduce the nanostructure unit size to push the optical 

response toward the visible range of light spectrum.116 Most of sub-100 nm 

nanostructures have been fabricated with scanning lithography methods, which is 

time-consuming and cost-intensive. Therefore, nanosphere-coated substrates with 

small PS diameter are highly promising templates for fabrication of large-area and 

uniform nanostructures. This can pave the way for many applications based on sub-

100 nm nanostructures. However, this approach is challenging due to the difficulty 

of fabricating a uniform monolayer of PS nanospheres with diameter smaller than 

200 nm.  

Different effects contribute to monolayer formation during spin coating, with 

capillary and centrifugal forces being the main forces. These two forces work 

against each other, with centrifugal force pushing particles from the center toward 

the edges. Centrifugal force is related to the third power of the diameter of spheres. 
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Additionally, centrifugal force is directly correlated to angular spinning speed.113 By 

using smaller spheres, the centrifugal force dramatically decreases. To restore 

centrifugal force, spinning speed should be increased. Nevertheless, increasing the 

spinning speed hastens the solvent’s evaporation, after which spheres stick to each 

other in multiple layers before having a chance to spread on the substrate. 

Here, we present a modification of this process to make HCP of small PS 

spheres by spin coating. Besides diluting the nanosphere suspension with deionized 

water, we also added ethylene glycol. This retards solvent evaporation by 

decreasing the vapor pressure of solvent. As a result, nanospheres have more time 

in the liquid phase to spread on the substrate and arrange a HCP monolayer.114 

Through these modifications, we may be able to fabricate a highly uniform 

monolayer of nanospheres as low as 50 nm in diameter. 

As illustrated in Figure 3-6a, a spinning speed of 5000 rpm for 100 nm PS 

nanospheres was inadequate and resulted in an uneven multilayer. Increasing the 

spinning speed to 8000 rpm resulted in multilayer formation, as shown in Figure 

3-6b. We assume this outcome arises from rapid solvent evaporation at higher 

spinning speeds. Figure 3-6c shows the SEM image of a monolayer of PS 

nanospheres with optimal concentration of nanospheres and ethylene glycol. The 

monolayer forms on the entire substrate, but the structure is more likely to be 

random. The large particle size dispersion for 100 nm PS nanospheres resulted in 

the obstruction of HCP monolayer formation. As seen in the higher magnification 

SEM image in Figure 3-6c, nanospheres with a diameter smaller than 100 nm are 
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present. To remove these particles, we used centrifugation at 12000 rpm to 

selectively precipitate 100 nm PS nanosphers and leave the smaller particles in the 

solution. Subsequently, we removed the supernatant completely and re-dispersed 

the 100 nm nanospheres in the fresh solvent. Figure 3-6d shows the SEM image of 

the well-ordered HCP monolayer of PS nanospheres.  

 

Figure 3-6 Spin soating conditions for 100 nm nanospheres  

SEM image of 100 nm PS nanospheres self-assembled on glass substrate with 

different conditions: (a) spinning speed of 5000 rpm, (b) spinning speed of 8000 

rpm, (c) modifeied with ethylene glycol and spinning speed of 3000 rpm, and (d) 

modified with ethylene glycol, centrifigation, and spinning speed of 3000 rpm. Scale 

bar is 3 µm    
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3.3.2. Modification of PS nanospheres with dry etching 

HCP monolayer of nanospheres attracts attention as a simple nanofabrication 

mask. The HCP monolayer can act directly as an evaporation mask that results in 

deposition of well-defined triangular nanostructures on the substrate. Evaporated 

materials can access and deposit on the substrate through triangular spaces 

between hexagonal packed nanospheres.58 Although, this method is simple and 

straightforward, the fabricated nanostructures are limited to particular geometries. 

To overcome this limitation, we should modify the nanosphere monolayer mask. 

Dry etching of PS nanospheres is a well-established way to modify the size of 

nanospheres.117 Moreover, by controlling the conditions during the dry etching, we 

can modify the morphology and shape of the nanospheres. 

3.3.2.1. RF plasma etching 

We exposed nanosphere coated substrate to a RF plasma cleaner, which is 

used primarily for removing the organic residue and cleaning the substrate. As seen 

in SEM image in Figure 3-7, the lattice arrangement of the nanospheres remains the 

same as the original HCP nanospheres. Interestingly, we observed cylinder shape 

bridges remained between adjacent nanospheres, which altered the morphology of 

the initial nanospheres. By increasing the RF power, the diameter of the 

nanospheres became smaller and the cylinder shape bridge became thinner. 

Nonspherical morphologies can be readily fabricated in one straightforward step, 

which can be used as a template for fabrication of unique nanostructures.  
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Figure 3-7. Nanospheres exposed to plasma in RF plasma cleaner 

 400 nm PS nanospheres treated in a RF plasma cleaner chamber for 1 min with 

power (a) 100 W, (b) 150 W, and (c) 250 W. Scale bar is 500 nm 

3.3.2.2. RIE etching  

The nanosphere coated substrates were exposed to a mixture of oxygen and 

argon plasma using a reactive ion etching (RIE). The pressure, power, gas mixture 

ratio, and etching time determine the final size and surface morphology of the 

nanospheres. Figure 3-8 shows the SEM images of PS nanospheres exposed to 

plasma with different RIE powers. As seen in Figure 3-8a, an interparticle gap forms 

between the adjacent nanospheres. However, the nanospheres still connect to each 

other by cylindrical bridges. By increasing the RIE power, the interparticle gap 

becomes larger (Figure 3-8b). A further increase in RIE power results in smaller 

nanospheres. Moreover, increasing RIE power induces surface roughness (Figure 

3-8c). 
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Figure 3-8. Nanospheres exposed to plasma in RIE  

400 nm PS nanospheres treated with RIE for 1 min using presure of 60mTorr, 

oxygen/argon mixture of 20/25 SCCM, and different power: (a) 30 W, (b) 60 W, and 

(c) 120 W. Scale bar is 500 nm. 

When nanosphere coated substrates undergo optimized RIE etching, the 

diameter of 400 nm PS nanospheres steadily decreases with increases in the etching 

time, as shown in Figure 3-9a-d. Nevertheless, surface roughness becomes evident 

when the diameter reaches half of the initial diameter.  

We observed similar behavior for nanospheres with various diameters. PS 

nanospheres with different initial diameters were subjected to RIE treatment to 

study the effect of etching time. The diameter of RIE-etched nanospheres showed a 

reproducible trend with plasma exposure time, which is an important factor for a 

successful fabrication process (Figure 3-9e). We are able to achieve the desired 

interparticle gap and nanosphere diameter by choosing the initial diameter of 

nanospheres and adjusting the etching time.  
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Figure 3-9 Effect of RIE time on final size of nanospheres  

SEM images of RIE-treated 400 nm PS nanospheres with power of 60 W, presure of 

60 mTorr, oxygen/argon ratio of 20/25 SCCM, and different times: (a) 0 s, (b) 50 s, 

(c) 90 s, and (d) 110 s (scale bar is 500 nm).  (e) The  d/d0 (the ratio of diameter 

after etching to initial diameter) as a function of etching time for PS nanospheres 

with iniatial diameter of 100 nm, 200 nm, 400 nm, and 600 nm 

3.3.3. Fabrication of Gold Nanocrescent Arrays 

The MMNL method is schematically illustrated in Figure 3-10. Briefly, PS 

nanospheres overcoated with nickel are exploited as an evaporation mask to define 

the gold nanocrescent patterns. PS nanospheres form a HCP monolayer over the 

substrate as described. This nanosphere coated substrate is exposed to plasma that 

reduces the diameter of PS nanospheres and consequently produces gaps in what 

was a close packed array.  The gap dimensions can be controlled through the oxygen 

plasma etching time as well as the nanosphere dimension. Subsequently, a thin layer 

of nickel is deposited on the nanosphere modified substrate which is held at a fixed 

tilt during evaporation. The surface on the downward side is in effect shaded by the 
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sphere yielding a nanocrescent shape.  Nickel was selected for this work because it 

can be selectively removed.  The nanocrescent geometry, spacing, and dimensions 

are tuned by changing the substrate tilt angle, nanosphere diameter, and oxygen 

etching time.  Afterward, gold is deposited while the sample is held at a tilt angle 

opposite the first evaporation.  This results in deposition of gold nanocrescent 

directly on the substrate. The nickel layer is then removed with diluted nitric acid to 

reveal a highly uniform array of gold nanocrescent. 

 

Figure 3-10 Schematic overview for MMNL fabrication of gold nanocrescent  

(1) Nanosphere monolayer is formed via spin coating. (2) Size of nanospheres is 

reduced by RIE-treatment. (3) A thin layer of nickel is deposited through tilted e-

beam evaporation. (4) Gold is evaporated from opposite angle and deposited 

directly on the gap between nickel film and nanosphere. (5) Nickel mask is removed 

in nitric acid. 
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Figure 3-11a shows the SEM image of RIE-treated nanospheres, which are 

coated with nickel mask using e-beam evaporation. The substrate is held on an 

aluminum mount with tilt angle of θ1=20°, which positions the evaporation beam in 

θ1=20° in respect to substrate normal. As a result, the nanosphere acts as a shadow 

mask during the vapor-deposition. A crescent shaped aperture forms between the 

nanosphere and the nickel mask.  The tilt angle of the aluminum mount defines the 

geometry of the aperture between nanosphere and nickel mask. It is apparent that 

the width of the crescent shaped aperture increases by increasing the tilt angle. 

Nevertheless, a large tilt angle vapor deposition can result in overlap between 

adjacent nanospheres and change the geometry of the aperture between 

nanosphere and nickel mask. Therefore, it is important to consider appropriate gap 

size between nanospheres to prevent overlap.  

Nickel overcoated substrate is rotated 180° and placed on an aluminum 

mount with tilt angle of θ2=20°. Consequently, the gold evaporation beam can have 

access to the substrate through crescent-shape aperture designed in previous step. 

Through a mechanical lift off process, the nanospheres were readily removed by 

scotch tape. Formation of gold nanocrescent directly on the substrate is shown in 

Figure 3-11b after removal of the nanospheres.  

Finally, the sacrificial nickel mask is removed to leave well-defined gold 

nanocrescent on the substrate (Figure 3-11c). Nitric acid can selectively remove the 

nickel layer. Although the top layer of nickel mask is covered with the deposited 

gold layer, a nitric acid solution can still access the nickel through numerous 
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nanoholes on the substrate. It is important to find the optimal acid concentration 

that eliminates nickel mask completely while leaving the gold nanocrescent intact. 

We found the best selectivity in the range of 0.1 M nitric acid. It is worth mentioning 

that sonication can accelerate the mask removal process to less than 2 min.  

 

Figure 3-11. SEM images of nanocrescent fabrication steps  

(a) RIE-treated PS nanospheres coated with 60 nm nickel through 20° tilted 

evaporation. (b) 2 nm titanium and 20 nm gold deposited with 20° tilted 

evaporation from opposite direction and nanospheres were removed by Scotch 

tape. (c) Nitric acid selectively removed nickel mask and left gold nanocrescent on 

substrate. Scale bar is 500 nm 

Figure 3-12a shows the low magnification SEM image of Gold nanocrescents 

arrays fabricated by MMNL. A well-ordered gold nanocrescent array indicates that 

the MMNL successfully transfers nanocrescents to the substrate. Because fabrication 

starts with a HCP monolayer of nanospheres, the density of nanocrescents can 

acquire up to 8×108 cm-2 (for initial PS nanosphere diameter of 200 nm). As shown 

in Figure 3-12b-c, fabricated nanocrescents are uniform and have identical 

orientation, which is essential for optical applications. The nanocrescent arrays 

keep center to center distance (periodicity) of the original HCP monolayer. 
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Nevertheless, the diameter of nanocrescent is dominated by the size of RIE-etched 

nanospheres. The nanocrescents possess sharp tips because the crescent-shaped 

aperture on the fabrication mask becomes narrower at the tips. Moreover, the 

nanocrescent width is defined by the evaporation angle of the nickel mask.  

 

Figure 3-12. SEM images of gold nanocrescent arrays  

(a-c) Fabrication process starting with 400 nm PS nanospheres, 20° tilted nickel 

mask evaporation, and 20° tilted gold evaporation. 
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Figure 3-13. Gold nanocrescent dimensions  

w refers to the width, d is diameter, h represents the heigth, and α is the gap 

opening of nanocrescent 

The dimensions of metallic nanostructures can determine their optical 

properties. In this study we sized the dimensions of at least 100 nanostructures and 

measured average and standard deviation of each parameter on each substrate. The 

geometrical parameters of gold nanostructures are defined in Figure 3-13. 

Geometrical parameters of nanostructures used in this study are summarized in 

Table 3-1. To continue of this study, we describe the nanostructures by their 

average geometrical parameters.  
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Structure Periodicity (nm) Diameter (nm) Width (nm) 

Crescent 

 (Figure 3-15) 
   

 400 311±15 34±6 

 400 314±11 45±5 

 400 328±9 60±4 

 400 330±12 79±5 

Crescent  

(Figure 3-17) 
   

 200 142±7 20±5 

 200 147±6 33±4 

 400 311±15 34±6 

 400 330±12 79±5 

 600 556±12 43±4 

 600 470±11 86±5 

 700 657±14 52±5 

 700 513±12 106±6 

Ring  

(Figure 3-25) 
   

 400 292±8 41±4 

 400 314±6 43±3 

 400 341±6 41±3 

Disk  

(Figure 3-28) 
   

 400 309±11 - 

 400 330±8 - 

 400 347±6 - 

Table 3-1. Summary of geometrical parameters of fabricated nanostructures 
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The LSPR behavior of gold nanocrescent arrays was characterized using UV-

visible-NIR (wavelength ranging from 500 nm to 3000 nm) spectroscopy and FTIR 

microscopy (wavelength ranging from 1500 nm to 4000 nm). Figure 3-14a shows 

the plasmonic spectra (-log(T/T0)) of the gold nanocrescent array on glass substrate 

using unpolarized light. We observed four distinct peaks at 559 nm, 1005 nm, 1277 

nm, and 2019 nm. Based on previously reported studies, peak at 559 nm can be 

attributed to asymmetric dipolar mode and peak at 1005 can be associated to 

multipolar resonance.118 By using polarized light, LSPR response showed a high 

sensitivity to the orientation of nanocrescents in respect to polarized incident light. 

When the electric field is perpendicular to the main crescent axis (shows by arrow 

in Figure 3-14b), it excites the plasmon mode at higher wavelength, which is called 

c-polarization. Conversely, when the field is parallel to the main axis, it excites the 

plasmon mode corresponding to the resonance frequency at lower wavelength, 

which is called u-polarization (Figure 3-14c). The optical properties of the gold 

nanocrescent arrays are in a good agreement with the results of previous studies on 

randomly distributed nanocrescents.79, 109 Nevertheless, the absorption intensity is 

significantly higher than previous studies due to high packing density of 

nanocrescents on the substrate.  
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Figure 3-14. LSPR spectra of gold nanocrescent arrays  

Gold nanocrescent arrays with diameter of 330 nm, width of 79 nm, and fabricated 

on glass substrate on transmittance mode using: (a) unpolarized, (b) c-polarized, 

and (c) u-polarized ligth.   

An important feature of robust method for fabrication of metallic 

nanostructures is the capability to adjust the geometry of nanostructures, so that 

the optical properties can be tailored for desired applications. The fabrication 
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method described here offers several degrees of freedom for designing specific 

geometries.  

The width of the structures has an essential effect on the optical properties of 

a nanocrescent.119 Nanocrescents with different widths were fabricated simply by 

varying the tilt angle in the nickel evaporation step. By changing the tilt angle, the 

geometry of the crescent shaped aperture can be changed, thereby modifying the 

width of the gold nanocrescent. The SEM images of the resulting nanocrescents are 

shown in Figure 3-15a. As 1 increased from 0° to 10°, 10° to 20° and 20° to 30°, 

nanocrescent width increased from 34 nm, to 45 nm, 60 nm, and 79 nm, 

respectively. The width of the nanocrescent can reach to an upper limit. By 

increasing the nickel evaporation angle, the area shadowed by one nanosphere can 

overlap with an adjacent nanosphere.120 One way to further increase the 

nanocrescent width involves longer RIE etching time, which will increase the gap 

opening between nanospheres, and consequently inhibit overlap between adjacent 

nanospheres.  
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Figure 3-15 LSPR tunability of gold nanocrescent arrays  

(a) SEM images of gold nanocrescent arrays with same periodicity (400 nm) and 

varying width from 34 nm, 45 nm, 60 nm, to 79 nm (from bottom to top, 

respectively). RIE-treated nanospheres with same diameters were used for 

fabrication of these substrates. Scale bar is 500 nm. (b) LSPR dependence to width 

of nanocrescent.  

We studied the LSPR response of gold nanocrescents at various widths using 

UV-visible-NIR and using unpolarized light, as shown in Figure 3-15b. Both plasmon 

peaks associated with nanocrescent gradually blue shifted as width increased. 
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Moreover, as nanocrescent width increased, the intensity of resonance peak 

increased. Figure 3-16 LSPR peak wavelength as a function of nickel evaporation 

angle shows the LSPR maxima for both the c-polarized and the u-polarized plasmon 

peaks as a function of nickel evaporation angle. 

 

Figure 3-16 LSPR peak wavelength as a function of nickel evaporation angle 

The unique geometry of nanocrescents makes them ideal for a variety of 

applications. Nanocrescents can be considered a metamaterial with a split-ring-

resonator shape.121 They show a great response for LSPR refractive index sensing122, 

as well as surface enhanced spectroscopies.80 When utilizing nanocrescent 

structures for diverse applications, however, the optical properties need to be tuned 

rationally from the visible to the mid-infrared range of light spectrum. We tuned the 
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periodicity, diameter, and width of the nanocrescent by varying the initial PS 

nanosphere diameter, RIE etching time, and tilt angle during nickel evaporation, 

respectively. Figure 3-17 shows the SEM images of fabricated nanocrescent arrays 

on glass substrates starting with PS nanospheres diameter of 200 nm, 400 nm, 600 

nm, and 700 nm. Moreover, the versatility of the fabrication process was validated 

by varying the geometrical parameters (diameter and width) of the nanocrescents 

for each size of initial PS nanospheres. 
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Figure 3-17. SEM images of the library of gold nanocrescent arrays.  

Gold nanocrescents: periodicity of 200 nm with (a) d= 142 nm, w= 20nm, and (b) d= 

147 nm, w= 33 nm. Periodicity of 400 nm with (c) d=311 nm, w=34 nm, and (d) d= 

330 nm, w= 79 nm. Periodicity of 600 nm with (e) d= 556 nm, w= 43 nm, and (f) d= 

470 nm, w= 86 nm. Periodicity of 700 nm with (g) d= 657 nm, w= 52 nm , and (h) d= 

513 nm, w= 106 nm. 



 119 

  

The LSPR behavior of gold nanocrescent arrays was analyzed by UV-visible-

NIR and FTIR microscope. Figure 3-18 illustrates the LSPR spectra of gold 

nanocrescent arrays with different periodicity, diameter, and width. A general red 

shift was observed by increasing the diameter of the nanocrescent. However, width 

played an important role to tune LSPR response in short range of spectra. Moreover, 

nanocrescents with higher width showed more intense signal. This can be attributed 

to higher extinction cross section of gold nanocrescents with higher width.    
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Figure 3-18. LSPR spectra of gold nanocrescent library  

The absorption spectra of gold nanocrescent arrays fabricated on glass substrate 

with periodicity of 200 nm, 400 nm, 600 nm, and 700 nm (from top to bottom) 

The design of plasmonic nanostructures requires attention to shape, 

composition, size, and refractive index environment of the nanostructures. In 
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particular, optical properties of substrate can have a profound effect on applications 

related to metallic nanostructures.123 The intrinsic optical properties of the 

substrate, such as the range of transparency and the refractive index, are critical 

factors for certain applications. Furthermore, a local change in the refractive index 

of the environment in close proximity to the metallic nanostructures, including 

substrate alteration, induces a variation in the LSPR behavior of plasmonic 

nanostructures.124 Glass substrate is suitable for fabricating metallic nanostructures 

used in chemical and biological sensing applications. Nevertheless, the upper range 

of glass transparency is limited to wavelength of 5000 nm. To further cover the mid-

IR range of light spectrum, we utilized silicon as an alternative substrate for 

fabricating gold nanocrescent.  

We successfully fabricated gold nanocrescent arrays on silicon substrate. The 

optical properties of the nanocrescents on silicon substrate were measured with a 

FTIR microscope on reflectance mode; a bare silicon substrate was used as a 

reference. Figure 3-19 compares the optical properties of gold nanocrescents 

fabricated on glass and silicon substrates. For a given nanocrescent dimensions, the 

LSPR response of the gold nanocrescent on silicon substrate dramatically red shifts 

in comparison to nanostructures on glass substrate. This observation is a signature 

of the dielectric environment effect on the plasmonic response. In general, 

increasing the surrounding refractive index gives rise to an increase in LSPR 

wavelength124. In this case, the refractive index of glass is approximately 1.52, and 

for silicon it is about 3.44, which is relative to the measured result shown in Figure 

3-19.     
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Figure 3-19. Effect of substrate on nanocrescent optical behaviour  

LSPR spectra of gold nanocrescent arrays with diameter of 330 nm and width of 79 

nm fabricated on glass and silicon substrate. 

3.3.4. Fabrication of Double Crescent Nanostructures 

MMNL is capable of fabricating double-crescent nanostructures (DCNs).  

Briefly, a thin layer of nickel is deposited on the ordered arrays of RIE etched 

nanospheres, through perpendicular e-beam evaporation. Due to unidirectional 

nature of e-beam evaporation, nanospheres mask the area underneath them, which 

gives rise to deposition of nickel film with cylindrical and concentric nanoholes 

around the nanospheres. A gold layer is then deposited on the substrate at tilted 

angle evaporation, which defines the first nanocrescent directly on the substrate 

through the accessible aperture between nanosphere and nickel film. By rotating the 

substrate 180° and repeating the tilted gold evaporation step, a second 



 123 

nanocrescent is deposited beside the first one, with the crescent-tips located in close 

proximity to each other. Finally, the PS nanospheres are removed with scotch tape, 

and the nickel is etched away with nitric acid.  As seen from the SEM image in Figure 

3-20, the fabricated DCNs keep the ordered arrangement of original HCP 

nanospheres, and they are highly packed on the entire substrate. 

 

Figure 3-20. Low and high magnification SEM images of DCNs  

Because two nanocrescents are deposited separately, it is feasible to 

evaporate two different materials as elements of DCNs, which can result in novel 

optical behaviors.125, 126 Furthermore, by using different tilted angles during gold 
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evaporation, we can fabricate asymmetric DCNs; this will be of great interest due to 

potential for developing Fano resonance based nanostructures.127, 128   

To have a precise comparison between nanocrescent and DCNs, we 

deposited the first gold layer, and then covered half of the substrate before 

continuing to the next gold evaporation. As a result, we have a substrate half 

covered with gold nanocrescents and half covered with DCNs. More importantly, we 

can make sure the dimension of the first element of DCNs is same as the single 

nanocrescent.  

 

Figure 3-21. optical properties on DCNs vs nanocrescent 

(a) SEM images of gold nanocrescent and DCNs starting with PS nanosphere 

diameter of 400 nm (Scale bar is 500 nm) (b) LSPR spectra of nanocrescent and 

DCNs  
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After fabrication, the LSPR response of both nanocrescents and DCNs was 

measured by UV-visible-NIR spectroscopy. Figure 3-21 shows the plasmonic spectra 

of the fabricated nanostructures on glass substrate measured with unpolarized light. 

DCNs showed two distinct LSPR peaks similar to individual nanocrescent structure; 

that result is expected due to the geometrical architecture of DCNs. The peak at 

2360 nm attributes to c-polarized excitation and the other peak at 1639 nm 

attributes to the u-polarized excitation. In comparison with individual 

nanocrescents, the c-polarized peak for DCNs blue shifted from 2450 nm to 2360. In 

contrary, u-polarized peak showed a red shift from 1569 nm to 1639 nm in respect 

to the single nanocrescent structure. These observations can be derived from 

plasmon hybridization129, in agreement with previous reports.119, 130 The plasmonic 

behavior of nanoparticle dimers can be explained by the plasmon hybridization 

model. The plasmonic modes can split in binding, which is lower energy, and in 

antibonding, which is higher energy. The amount of splitting is dependent on the 

strength of the interaction between two elements of dimer. For the single 

nanocrescent structure, c-polarized resonance is observed at 2450 nm. Upon 

introducing the second nanocrescent, c-polarized plasmonic mode is divided into 

higher energy resonance, which is symmetric, and lower energy, which is 

asymmetric. Because the higher energy mode has a net dipole moment, it is active in 

the LSPR spectra of DCNs. Hence, it blue shifts in comparison to the single 

nanocrescent structure.  

In case of u-polarized resonance, the single nanocrescent structure has a 

LSPR peak at 1569 nm. For DCNs, the plasmon hybridization results in a lower 
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energy symmetric mode and a higher energy asymmetric mode. Therefore, we 

observed a red-shift in u-polarized resonance for DCNs, because the lower energy 

resonance has a net dipole moment and is activated with external electromagnetic 

field. 

3.3.5. Fabrication of Gold Nanorings  

The schematic illustration of gold nanoring fabrication is represented in 

Figure 3-22. 

 

Figure 3-22. Schematic overview for MMNL fabrication of gold nanoring  

(1) Nanosphere monolayer is formed via spin coating. (2) Size of nanospheres is 

reduced by RIE-treatment. (3) A thin layer of nickel is deposited through normal 

evaporation. (4) Gold is sputtered and deposited directly on the gap between nickel 

film and nanosphere. (5) Nickel mask is removed in nitric acid. 
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 Nanosphere coated substrate, modified with dry etching, is covered with a 

thin layer of nickel through perpendicular evaporation (Figure 3-23a). As a result, 

symmetric nickel nanoholes formed around the PS nanospheres. Gold is then 

sputtered on the substrate (Figure 3-23b); this step is the key the fabrication of gold 

nanorings. Because the nature of sputtering is based on bombardment of a metal 

source with high energy particle in plasma, the sputtered metal species undergo 

collision before deposition on the substrate. Therefore, sputtering is a highly 

isotropic deposition method, in which metal atoms reach to the substrate at many 

angles. In this case, the substrate is masked with a nickel layer, except for the area 

underneath the nanospheres, which is shaded during nickel evaporation step. 

Sputtered gold atoms readily reach to the uncovered area of the substrate as a result 

of isotropic deposition with sputtering. By removing the nanospheres and nickel 

mask, highly uniform gold nanorings are revealed on the substrate (Figure 3-23c).  

 

Figure 3-23. SEM images of nanoring fabrication process  

SEM images of RIE-treated PS nanospheres coated with nickel mask via 

prependicular e-beam evaporation (a), followed by sputtering gold and removing 

nanospheres with Scotch tape (b). Finally, nickel mask is removed with nitric acid 

(c). Scale bar is 500 nm. 
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Figure 3-24 shows the SEM image of fabricated gold nanoring arrays on the 

glass substrate. The periodicity remains the same as initial PS nanospheres, while 

the outer diameter of the nanorings mimics the diameter of the nanospheres after 

dry etching. Another important parameter is the width of nanoring, which is 

obtained by subtracting the inner radius from outer radius.   

 

Figure 3-24. SEM images of gold nanoring arrrays  

There are two factors that can modify nanoring width. First, the thickness of 

the nickel mask can change the width of the nanoring. By increasing the thickness of 

nickel mask, the accessible aperture between the nanosphere and the nickel mask 

become smaller. Consequently, sputtered gold atoms have a lower chance to reach 
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the substrates through this aperture, which results in a lower width for the 

nanoring. Another option for changing nanoring width is through modifying the 

chamber pressure during sputter-deposition. With higher chamber pressures, the 

number of collision is higher, which makes the deposition more isotropic and more 

likely to access the aperture between nickel mask and nanosphere. In contrast, by 

reducing the chamber pressure, the number of collisions is reduced and deposition 

becomes more anisotropic and directional. Therefore, less gold atoms access the 

unmasked part of substrate, which results in a smaller width for the nanorings. As 

seen from the high magnification SEM image in Figure 3-24, gold nanorings are 

more likely to be nonconcentric. We assume this behavior is a result of non-uniform 

sputtering with inclination toward one side of the substrate rather than the other 

side. We can cancel out this effect simply by rotating the stage during the sputtering 

process.  

Gold nanoring arrays with different diameters and same periodicity were 

fabricated by modifying 400 nm PS nanospheres with different durations for dry 

etching. As seen in the SEM images in Figure 3-25, the diameter of the nanorings 

gradually increased from 292 nm, to 314 nm, to 341 nm, while periodicity remains 

at the original 400 nm for the PS nanospheres. The average width of the nanorings 

remains approximately 40 nm in all three cases. For all three nanorings, we 

observed some level of asymmetry in the width of the fabricated nanorings, which 

as we mentioned before, is the result of the sputtering process. 



 130 

 

Figure 3-25. effect of diameter on optical properties of gold nanorings.  

(a) SEM images of gold nanoring with same periodicity (400 nm), same width (~40 

nm), and varying diameters from 292 nm, 314 nm, to 341 nm (from top to bottom, 

respectively). Scale bar is 500 nm (b) LSPR dependence to diameter for gold 

nanorings.  

To investigate the optical behavior of gold nanorings, the LSPR spectra were 

measured by FTIR microscopy in transmittance mode. The concentric nanoring is 

known to have a pronounced LSPR peak, which corresponds to excitation of the 

symmetric bonding dipolar mode. Previous studies showed that resonance position 

of this mode is highly reliant on the ratio of diameter (d) width (w). An additional 
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dipolar mode is attributed to an asymmetric antibonding mode. This mode is 

commonly observed at lower wavelength, and shows a minor tendency to shift by 

changing the d/w. However, higher order multipolar modes are known to be dark 

modes, due to symmetry of the concentric nanoring.118, 131, 132 

According to previous findings, breaking the symmetry of nanorings causes 

the bonding dipolar mode to red-shift. However, the antibonding dipolar mode 

shows a minor change. Moreover, by breaking the symmetry in nonconcentric 

nanorings, the net dipole moment for higher order modes is nonzero. Therefore, the 

higher order multipolar modes can be excited, which results in LSPR peaks for 

multipolar modes.118   

The measured LSPR spectra for fabricated nanorings in Figure 3-25b show a 

pronounced peak, which increases from 2478, to 2657 and to 2859, by increasing 

the diameter of nanoring from 292 nm, to 314 nm and 341 nm, respectively. We 

expected this resonance to be bonding dipolar mode. An additional weaker peak 

appears in the range of 1500 nm, and is attributable to higher order multipolar 

modes resulting from the asymmetric structure of the fabricated nanoring. In 

addition, we suspect the antibonding mode to occur in wavelengths below the range 

of measured spectra for the fabricated nanorings.   

The LSPR maxima for nanoring as a function of diameter are plotted in Figure 

3-26. The bonding dipolar resonance wavelength is expected to have a high 

sensitivity to d/w. Because the average width of all three nanorings is 

approximately the same, we observed an almost linear increase in LSPR peak 
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position by increasing the diameter. This result agrees with results reported in 

previous studies.133 

 

Figure 3-26. Plot of LSPR peak wavelength as a function of nanoring diameter  

3.3.6. Fabrication of gold nanodisk arrays 

Figure 3-27 outlines the schematic overview of gold nanodisk fabrication with 

the MMNL method.  
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Figure 3-27. Schematic overview for MMNL fabrication of gold nanodisk  

(1) Nanosphere monolayer is formed via spin coating. (2) Size of nanospheres is 

reduced by RIE-treatment. (3) A thin layer of nickel is deposited through normal 

evaporation. (4) Nanospheres are removed using Scotch tape. (5) Titanium as 

adhesion layer followed by gold vapor-deposited on the substrate. (6)Finally, the 

nickel mask is removed with nitric acid. 

After treatment of PS nanospheres with RIE etching, nickel is deposited 

normal to the substrate, and the nanospheres shade the substrate underneath, 

resulting in a nickel layer with cylindrical nanoholes (Figure 3-28a). Next, Scotch 

tape is used to remove the nanospheres, which exposes the substrate underneath 
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(Figure 3-28b). Upon evaporation of gold, the nickel layer masked the substrate, 

except for the nanoholes, in which gold was directly deposited. This produced a 

disk-shape area inside the nanohole (Figure 3-28c). Nickel mask can be removed 

selectively with nitric acid, resulting in the formation of a gold nanodisk array on the 

substrate (Figure 3-28d).  

 

Figure 3-28. SEM images of gold nanodisk fabrication process  

SEM images of RIE-treated PS nanospheres after deposition of nickel film with 

prependicular e-beam evaporation (a), followed by removing the nanospheres with 

Scotch tape (b), and evaporation of gold on the substrate (c). Finally, nickel mask is 

removed with nitric acid (d). Scale bar is 500 nm 
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Figure 3-29 contains the SEM images of fabricated gold nanodisks on the 

glass substrate. The gold nanodisks mimic the diameter of PS nanospheres after RIE 

treatment, while periodicity remains same as the diameter of the initial PS 

nanospheres. Nearly all the nanospheres produced gold nanodisks after the 

fabrication process. As a result, fabricated substrate possesses a high packing 

density of nanodisks.  

 

Figure 3-29. Low and high magnification SEM images of gold nanodisk arrays 

 Gold nanodisks fabricated on glass substrate with diameter of 330 nm and 

periodicity of 400 nm 
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To investigate optical properties of gold nanodisks, we fabricated three 

diameters of nanodisk array, keeping periodicity the same. The SEM images of the 

fabricated gold nanodisks are shown in Figure 3-30a. 

 

Figure 3-30 LSPR tunability of gold nanodisk arrays  

(a) SEM images of gold nanodisk arrays with same periodicity (400 nm) and 

increasing the diameter form 309 nm, 330 nm, to 347 nm (from top to bottom). The 

scale bar is 500 nm. (b) LSPR spectra of  correscponding gold nanodisk arrays.  

Next, the LSPR spectra were acquired using UV-visible-NIR spectroscopy. 

The measurements were performed under normal incidence in transmittance mode. 
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Figure 3-30b compares the LSPR spectra of nanodisks with altered diameters. It is 

obvious that the as-prepared nanodisk arrays possess a major plasmonic resonance 

in the range of 1000 nm to 1300 nm. The major LSPR peak for nanodisk 

corresponds to the excitation of dipolar mode. Based on a calculated model for 

nanodisks, there is a linear relation between diameter and resonance wavelength.106 

The LSPR peaks are plotted against a function of nanodisk diameter in Figure 3-31. 

 

Figure 3-31. LSPR peak wavelength of gold nanodisk as a function of diameter 

3.3.7. Fabrication of Hexagonal Nanoring 

A wide variety of nanostructures have been fabricated using approaches 

based on nanosphere lithography. In nearly all of the reported studies, nanospheres 
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are utilized either as evaporation or etching mask. This is a high-throughput and 

low cost approach, although the geometry of fabricated nanostructures is limited 

due to the spherical mask. Since PS nanospheres are polymeric particles, they show 

a glass transition temperature (Tg). This effect was used to modify the morphology 

of nanospheres at elevated temperatures.121 Nevertheless, the control over thermal 

annealing is challenging. It can be either time consuming at low temperatures or 

result in complete deformation at higher temperatures. Herein, we introduce a 

straightforward method to modify the morphology of PS nanospheres to non-

circular shapes. Briefly, we expose HCP monolayer of nanospheres to UV-ozone 

which results in a change in their morphology. Subsequently, the UV-ozone treated 

nanospheres undergo the plasma etching step and become ready as a unique 

fabrication template. 

Exposure of UV light in the presence of atmospheric oxygen leads to ozone 

generation. Then the ozone photodissociation results in a reactive oxygen atom and 

oxygen molecule. On the other hand, UV light converts organic materials into 

radicals. Subsequently, reactive oxygen atoms react with radicals and form volatile 

byproducts, such as CO2 and H2O.  UV-ozone is primarily utilized to remove organic 

contamination from the surface.  

Figure 3-32 shows the SEM image of the PS nanospheres that are exposed to 

UV-ozone for varied periods of time. The morphology of the nanospheres shows no 

apparent difference up to 5 min of UV-ozone exposure (Figure 3-32a-c). However, 

the interface between the adjacent nanospheres starts crosslinking. Further 
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increases in UV-ozone exposure time changes the shape of nanospheres into a 

hexagonal shape; while the cross-linked interface remains the same between 

nanospheres (Figure 3-32d-e). This method allows a great deal of control over the 

morphology of nanospheres. As seen in the SEM image in Figure 3-32f, even at 

higher UV-ozone exposure times, the hexagonal shape of nanostructures is retained. 

 

Figure 3-32. SEM images of nanospheres upon UV-ozone exposure  

400 nm PS nanospheres on glass substrate modified with UV-ozone with different 

exposure times: (a) 0 min, (b) 2 min, (c) 5 min, (d) 15 min, (e) 20 min, and (f) 25 

min. Scale bar is 500 nm 

By using plasma etching, the nanostructure size becomes smaller. The 

resulting crosslinked interface between nanospheres is reduced in size until the 

particles are completely separated. Nevertheless, the initial nanospheres transform 

into a hexagonal structure with 6 sharp edges. This unique nanostructure is then 
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utilized as an evaporation mask for the deposition of nickel.  Becuase e-beam 

evaporation is a highly directional deposition method, nanoholes with 

correspondent hexagonal shapes formed in the nickel film. 

Using a sputter coater, gold atoms reached the uncovered part of the 

substrate between the nickel mask and hexagonal nanospheres. Finally, a nitric acid 

solution selectively removes the nickel mask and leaves the hexagonal gold 

nanoring on the substrate.  

Figure 3-33 shows the SEM image of fabricated hexagonal nanorings. The 

outer part of nanostructure is completely hexagonal, while the inner part is more 

circular. This observation indicates that the area underneath the transformed 

nanospheres remain circular, which defines the inner part of nanostructure during 

gold sputtering. Good contact between initial nanospheres is inevitable to attain 

hexagonal nanostructures. As seen in SEM image (Figure 3-33b), the nanostructures 

remain circular on the sides where they are separated from each other.  
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Figure 3-33. SEM images of hexagonal nanorings fabrication process  

400 nm PS nanospheres on glass substrate after (a) after 15 min UV-ozone exposure 

and (b) plasma etching for 50 s followed by nickel deposition via e-beam 

evaporation. (c) gold is deposited on as-prepared substrate with sputtering and 

nanospheres removed by Scotch tape. (d) nickel mask removed in nitric acid 

solution. Scale bar is 500 nm  

3.4. Refractive Index Sensing 

One of the well-known sensing applications of metallic nanostructures is 

based on the detection of refractive index changes in their surrounding 

environment, which is evident through a shift in LSPR peak position.23, 134 While 

assessment of these systems is through bulk refractive index changes, metallic 
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nanostructures are also capable of selective molecular sensing by using surface 

functionalization. Because the optical detection range associated with metallic 

nanostructures is short (typically 10-20 nm), the refractive index sensing takes 

place in close vicinity of the nanostructures. This opens up the possibility of 

sensitive and selective systems for biological135, chemical and gas sensing 

applications.136 Nevertheless, all of the applications based on LSPR refractive index 

sensing demand high sensitivity and low limit of detection (LOD). This is feasible by 

designing the geometrical parameters of nanostructures to obtain best 

performance.137-140 The sensitivity of metallic nanostructures are typically reported 

as shift of peak wavelength per refractive index unit (nm/RIU) and calculated as: 

𝑆𝑛𝑚 =  
𝑑𝜆

𝑑𝑛
 

Equation 3-1. Sensitivity of refractive index with LSPR 

Where dλ is the LSPR peak shift (nm) upon refractive index change (dn) in 

surrounding of nanostructures. By analyzing the shift of LSPR energy, we are able to 

calculate the sensitivity in energy scale (eV/RIU). Since refractive index sensing is 

based on the shift in LSPR peak, not only sensitivity but also the peak line width 

plays an important role in performance of a sensor. Therefore, a figure of merit 

(FOM) is defined141 (Equation 3-2) and used beside sensitivity to demonstrate 

capability of the metallic nanostructure for LSPR sensing.   



 143 

𝐹𝑂𝑀 =  
𝑆𝑒𝑉

𝐹𝑊𝐻𝑀
 

Equation 3-2. FOM for LSPR refractive index sensing 

Where SeV is sensitivity (eV/RIU) and FWHM is the full width at half-

maximum value of LSPR peak (eV). Typically, the performance of metallic 

nanostructures is investigated by exposing metallic nanostructures to different bulk 

environment (such as air, water, and ethanol) and tracking the shift in LSPR peak.142  

We evaluated the performance of gold nanocrescent arrays and gold 

nanodisks fabricated with MMNL method for refractive index sensing. Gold 

nanocrescents with sharp tips are able to provide a significant optical field profile 

and elegantly sense changes in refractive index.143, 144 On the other hand, gold 

nanodisk optical properties can be tuned in visible and NIR range of light spectrum 

which, makes it great candidate for biosensing applications.135 Fabricated 

nanostructures on glass substrate were exposed to air, water, ethanol, and toluene 

and changes in the LSPR peak were studied. Figure 3-34 shows the LSPR spectra of 

gold nanocrescents in aforementioned environments. By using polarized light, we 

selectively excited c-polarized and u-polarized LSPR peak and studied their 

effectiveness for sensing separately. Figure 3-35 shows the LSPR spectra of gold 

nanodisks in different refractive index environments.  
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Figure 3-34. LSPR spectra of gold nanocrescents in different environments  

Absorbance spectra of Gold nanocrescent with diameter of 330 nm and width of 79 

nm fabricated on glass substrate with (a) c-polarized and (b) u-polarized ligth  
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Figure 3-35. LSPR spectra of gold nanodisks in different environments  

Absorbance spectra of Gold nanodisks with diameter of 330 nm fabricated on glass 

substrate 

Figure 3-36 illustrates the LSPR peak value in different refractive index 

environments for gold nanocrescents (c-polarized and u-polarized) and gold 

nanodisks. The slope of each plot represents the sensitivity of the sensor.  
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Figure 3-36. LSPR peak wavelength vs refractive index  

LSPR peak wavelenght as a function of refractive index for (a) gold nanocrescent 

excited with c-polarized ligth, (b) gold nanocrescent excited with u-polarized ligth, 

and (c) gold nanodisk 

The sensitivity and FOM of experimental results are summarized in Table 

3-2. The c-polarized LSPR peak of gold nanocrescent shows the highest sensitivity as 

well as FOM. It is worth mentioning that this outcome is about 50% higher than 

previously reported results for crescent nanostructures on the same range of LSPR 

wavelength.144 The LSPR peak of nanocrescents excited with u-polarized light shows 

lower sensitivity but still a high FOM. And, nanodisks performance stands after 

nanocrescents. This suggest that MMNL method provides well-defined and highly 



 147 

uniform nanocrescent arrays with ability to implant for highly sensitive applications 

based on refractive index sensing. 

     

 
Sensitivity 
(nm/RIU) 

Sensitivity 
(eV/RIU) 

FWHM (eV) FOM  

Nanocrescent  
(c-polarized) 

903 0.245 0.129 1.9 

Nanocrescent  
(u-polarized) 

473 0.332 0.179 1.8 

Nanodisk 419 0.374 0.317 1.2 

Table 3-2. Refractive index sensing parameters 

3.5. Conclusion 

In conclusion, we fabricated effectively and characterized highly ordered 

arrays of metallic nanostructures including gold nanocrescents, double crescents, 

nanorings, nanodisks and hexagonal nanodisks over large areas (1 cm2). MMNL 

fabrication technique uses a nickel film in combination with a plasma-treated PS 

nanosphere monolayer as fabrication mask; hence it offers a simple yet versatile 

route to engineer shape and size of nanostructures. The size of nanostructures was 

successfully tuned from 150 to 650 nm. We were able to precisely control the 

geometrical parameters of the nanostructures and accordingly, their optical 

properties were tailored in NIR. The fabricated nanostructures were evaluated for 
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refractive index sensing, which showed up to 900 nm/RIU sensitivity. This 

fabrication approach can open up the opportunities for potential applications such 

as chemical and biological sensing, metamaterials, and light harvesting devices.     
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Chapter 4 

Gold Nanocrescent Arrays (NCAs) as 

Highly Sensitive SEIRA Substrate 

We perform highly sensitive surface enhanced infrared absorption (SEIRA) 

analysis on gold nanocrescent arrays that were fabricated using a simple but novel 

nanolithography technique. This fabrication method allows precise control over the 

diameter, width, thickness, and periodicity of nanocrescents. These gold 

nanocrescent arrays exhibited a highly tunable plasmon resonance to cover desired 

molecular vibrational bands. We also conducted theoretical modeling to study the 

near-field and far-field optical properties of the arrays. These engineered 

nanostructures provide highly dense and strong hot-spots on the substrate used in 

surface enhanced spectroscopic studies. Experiments demonstrated that the 

substrates enhance the IR signal by three orders of magnitude over the beam area, 

and that they provide up to 105 IR enhancement factor normalized hot-spots area, 

which can pave the way for widespread applications of SEIRA substrates. Moreover, 
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we successfully reproduce the SEIRA signal measurement from substrate to 

substrate with less than 4% signal deviation.   

4.1. Introduction 

SEIRA has emerged as an ultra-sensitive analytical technique that uses 

plasmonic surface structure to increase an IR absorption signal by orders of 

magnitude.  This permits analysis of trace amounts of substances in gases or 

solutions.  SEIRA relies on the detection of infrared signals from molecules that 

come within angstroms of surface nanostructures, which concentrate and enhance 

the electromagnetic field.1 These areas are called “hot-spots,” and conventional 

approaches use roughened metal layers or inhomogeneous metallic islands as 

SEIRA substrates.54, 145  In order to design the appropriate overlap between 

plasmonic modes and the vibrational bands of interest, it is necessary to have 

control over the geometry, size, and composition of the nanostructures.  

EBL has been used to fabricate a wide variety of well-defined nanostructures, 

including rod-shaped66, split-ring resonator87, log-periodic trapezoidal74, 75, cross 

geometry88, and fan-shaped nanoantenna77. Nevertheless, EBL has some limitations. 

Although precise geometries can be produced by EBL, it is unable to fabricate large 

area substrates at low cost, which limits the use of SEIRA active substrates for 

widespread laboratory applications.  Additionally, the ability of nanostructures to 

enhance over square millimeters is limited because the hot spots occur at a very low 
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density. Our fabricated substrates possess much higher density and have strong hot-

spots due to unique geometry of crescent-shaped structures. 

Considerable effort has been devoted to finding inexpensive and high-

throughput fabrication methods for metallic nanostructures. For example, 

nanosphere template lithography (NTL)79, 91 and hole-mask colloidal lithography81, 

146 (HCL) have been introduced for the fabrication of SEIRA substrates. Although 

these methods are low-cost and scalable, they do not provide good control over the 

packing density and arraying of nanostructures. Recently, elliptical shaped nanodisk 

has been fabricated by laser interference lithography (LIL)84, and nanorods by 

nanostencil lithography (NSL).82, 83 Although these methods allow the fabrication of 

ordered patterns over a large area, because of geometrical limitations for the 

nanostructures, the electromagnetic field enhancement remains low in comparison 

to nanostructures designed by EBL. 

In the following section we demonstrate the capability of gold nanocrescent 

arrays (NCAs) fabricated with MMNL method for SEIRA measurements of molecular 

monolayer, which shows an IR enhancement of up to 5 orders of magnitudes in hot-

spot region. For entire beam area, IR enhancement is almost 3 orders of magnitudes. 

Two factors contribute to the very high enhancement factors of the substrates 

produced with this process.  First, the density of nanocrescents for these substrates 

is substantially higher than those produced via electron beam lithography (EBL).  

Therefore, the enhancement factors measured over practical infrared beam 

diameters, typically a few microns square, are very large.  Second, the crescent 
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shapes, and the close contact between the crescents, leads to strong near-field 

confinement, or hot-spots, at the crescent-tip ends.  

4.2. Experimental 

4.2.1. Fabrication Process 

Gold NCAs were fabricated on glass substrates (1cm×1cm) with MMNL 

method (Refer to chapter 3 for MMNL process details). The fabrication parameters 

were optimized to obtain gold nanocrescents with desired geometrical properties, 

as summarized in Table 4-1. 

      

Crescent 
diameter 

Crescen
t width 

nanosphere 
diameter 

Plasma etching 
time  

Nickel thickness 
/tilt angle 

Gold thickness 
/tilt angle  

353±10 
nm 

39±4  
nm 

400 nm 50 s 50 nm/0° 20 nm/20° 

556±13 
nm 

43±4 
nm 

590 nm 70 s 50 nm/0° 20 nm/20° 

657±14 
nm 

52±5 
nm 

700 nm 70 s 50 nm/0° 20 nm/20° 

Table 4-1. Gold nanocrescent for SEIRA applications fabrication parametrs 
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4.2.2. Octadecanethiol Monolayer Formation 

Fabricated substrates were cleaned in UV-ozone cleaner for 10 min, followed 

by rinsing with ethanol and drying with nitrogen. ODT was dissolved in ethanol to 

obtain a 1mM solution. Then, the substrates were immersed in a prepared ODT 

solution for 12 hours. After that, the substrates were rinsed thoroughly with ethanol 

to remove any physical adsorbed ODT molecule on the substrate, and then dried 

with nitrogen blowing.  

4.2.3. Optical Measurements 

FTIR measurements were carried out using a Nicolet Continuum FTIR 

microscope coupled to a Nicolet spectrometer equipped with a mercury cadmium 

telluride (MCT) detector on transmittance mode. FTIR spectra were measured on 

transmittance mode using a 15X objective lens with NA of 0.58, which provide a 

100×100 µm spot size on the substrate. Data were collected with 256 scans and 4 

cm-1 resolution. Transmittance measurements were referenced to a bare glass slide. 

IRRAS measurements were performed by analyzing an ODT monolayer on a flat-

gold substrate using smart SAGA accessory on Grazing angle (80 degrees incident) 

and p-polarized light. A cleaned flat-gold substrate was used to measure the 

background.  

4.2.4. Optical Simulations 

We performed numerical calculations based on finite-difference time-domain 

methods with the “Lumerical” software package (Version 8.9.163).  Because 
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nanocrescent structures have been fabricated on a large scale, periodic boundary 

conditions were used in the numerical calculations. Center to center distance of 

adjacent crescents are 400 nm, 590 nm and 700 nm, respectively. A minimum 

repeating unit has been built into the software, with periodic boundary conditions 

applied in the horizontal plane. At the same time, perfect matched layers (PML) 

were applied in vertical direction, in order to absorb all reflections near the 

boundary. For gold nanocrescent structures, the Johnson and Christy experimental 

data were used to model the gold dielectric function.102 Also, the effect of titanium 

adhesion layer has been considered in calculations. Plane wave source with normal 

incident angle shines on gold crescents. Furthermore, we considered two 

polarization configurations: “u-polarized” with the polarization angle at 0 degrees 

and “c-polarized” with the polarization angle at 90 degrees. A two-dimensional 

monitor was applied below the gold nanostructures to record the transmission 

spectra. In addition, electric field intensity (E2) was obtained at the plasmon 

resonance peak position to facilitate SEIRA measurement results. We calculated 

electric field enhancement using a 556 nm diameter crescent and a two-dimensional 

monitor 3 nm above the gold nanocrescents.  

4.3. Results and Discussion  

4.3.1. Fabrication of Gold NCAs 

In this study, gold NCAs are fabricated by MMNL method (refer to chapter 3 

for more detail). In this approach, we utilize a highly packed polystyrene (PS) 
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nanosphere monolayer as the primary template. Plasma treatment shrinks the size 

of the nanospheres, causing interparticle gaps formed between them. A thin layer of 

nickel is then vapor-deposited on the substrate. The combination of nanospheres 

and the nickel mask determine the pattern for fabrication of the NCAs. Gold is then 

deposited through tilted angle evaporation, which defines the crescent-shaped 

nanostructures directly on the substrate. Finally, we removed the nickel mask 

selectively with nitric acid.  

Figure 4-1a shows the gold NCAs fabricated on the glass substrate. 

Nanostructures are highly uniform on the entire centimeter scale substrate; the 

nanocrescents possess a high aspect ratio (diameter to width ratio), and more 

importantly they have sub-10 nm sharp tips (Figure 4-1b). Nearly all the 

nanospheres are produced nanocrescents after the fabrication process, and the 

nanocrescents retain the hexagonal orientation of the original nanospheres. The 

dimensions of the gold nanostructures are defined by diameter, width, and 

periodicity (center to center distance). Simply put, we can precisely tune 

nanocrescent dimensions for desired applications by changing the fabrication 

parameters.  
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Figure 4-1. SEM images of gold NCAs for SEIRA application  

a) Low magnification and b) high magnification SEM images of gold nanocrescents 

on glass substrate with diamter of ~550nm, width of ~40nm, and periodicity of 

590nm 

4.3.2. Characterization of Gold NCAs 

To investigate the effect of coupling between the plasmonic resonance and 

the vibrational modes of target molecules, we designed three sets of gold 

nanocrescent arrays on glass substrates. By changing the diameter of the 

nanocrescent, we can tailor the plasmonic frequency through the IR region. Figure 

4-2(a-c) shows the SEM images of the fabricated nanocrescent arrays with 

approximate diameters of 350 nm, 550 nm, and 650 nm ; these arrays were 

designed through the choice of the nanosphere diameter (400 nm, 590 nm, and 700 

nm, respectively). The nanocrescent widths (approximately 40 nm) are the same for 

all the arrays. To continue of this study, we describe gold nanocrescent arrays by 

their approximate diameter.  
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Figure 4-2. Size dependent optical properties of gold NCAs  

SEM images of gold nanocrescent arrays with approximate diameters of (a) 350 nm, 

(b) 550 nm, and (c) 650 nm. (d) Experimental and (e) FDTD simulation spectra of 

corresponding gold nanocrescent arrays; dashed curves and solid curves are 

attributed to u-polarized and c-polarized light, respectively  

The resonance frequency of the gold NCAs is shown at Figure 4-2d; the 

spectra are dependent on the light polarization as a result of the asymmetric shape 
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of the crescent.  When the electric field is parallel to the main crescent axis, it excites 

the plasmonic mode at higher frequency (u-polarization). Conversely, when it is 

perpendicular, it excites the plasmonic mode corresponding to resonance frequency 

at lower energy (c-polarization). These two plasmonic modes are attributable to the 

dipolar mode, which is highly dependent on the size of the structure.118, 122 As the 

crescent diameter increases, we observe an almost linear red-shift for both the c-

polarized and u-polarized resonance wavelength; this observation is in agreement 

with previous studies of nanocrescents.143, 144 This makes it feasible to predict 

plasmonic properties based on the dimension of a nanocrescent. We used finite 

domain time difference (FDTD) simulation methods to further analyze the far-field 

and near-field optical properties of the arrays. Figure 4-2e shows the simulated 

spectra corresponding to various nanocrescent diameters; there is good agreement 

between the simulation results and the experimental data.  

To further investigate the morphology of gold nanocrescents, we performed 

atomic force microscopy (AFM) analysis (Figure 4-3). The height of nanostructure 

was 20 nm in the middle of the crescent, while it decreased to 10 nm in the crescent-

tips. This may be a result of the unique evaporation mask used in the MMNL 

method. In the fabrication process, gold atoms reach to the substrate through the 

crescent-shaped aperture between the nickel mask and the nanospheres. This 

aperture becomes narrower toward the tips of the crescent. With the deposition of 

gold, the narrow tips of aperture become gradually blocked, as a consequence, the 

gold atoms cannot access the tips of the nanocrescent.  
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Figure 4-3. AFM image and line profile of gold NCAs on glass substrate 

We calculated the near-field distribution using FDTD simulation for both of c-

polarized light and u-polarized light, which is displayed in Figure 4-4. For both 

polarizations, the highest near-field enhancement is confined to the crescent-tip-

ends. The near-field is also more intense in the case of c-polarization, due to the 

formation of opposite charges on adjacent crescent tips. This leads to near-field 

enhancement extension in the interparticle gap. Height analysis with AFM revealed 

that the nanocrescent became thinner on the tip-ends. FDTD simulation confirms 

that near-field enhancement is about 50% stronger on thinner tip-ends (Figure 

4-4c,d). Because the SEIRA activity of the substrates relies on electromagnetic field 

enhancement, the results strongly suggest that the nanocrescent arrays can be an 

ideal fit for SEIRA applications. Near-field calculation also showed that gold 

nanocrescent arrays could provide strong hot-spots on two separate frequencies by 

changing the light polarization. This effect allows enhancing two fingerprint regions 
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simultaneously, which is especially interesting for dual spectral SEIRA for biological 

samples.88 

 

Figure 4-4. Near field distribution (E2) for gold NCAs  

Gold nanocrescent with diameter of 550 nm at corresponding resonance 

wavelength: (a) u-polarized and (b) c-polarized resonance of nanocrescent with 

constant height of 20 nm; (c) u-polarized and (d) c-polarized of gold nanocrescent 

with gradient height of 20 nm on middle to 10 nm toward crescent-tips  

4.3.3. Octadecanethiol as a SEIRA Probe 

We chose ODT, a thoroughly studied SEIRA probe, as a model system to 

evaluate these substrates as SEIRA platforms.  ODT forms a SAM on gold surface147, 

and it possesses infrared signatures of CH2 and CH3 vibrational modes. By using ODT 

as a standard test for SEIRA, investigators can quantitatively compare SEIRA signals 

on different substrates. Symmetric and asymmetric stretching modes of CH2 
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demonstrate in ~2850 and ~2920 cm-1, respectively.  In addition, symmetric and 

asymmetric stretching modes of terminal CH3 exhibit in ~2870 and ~2960 cm-1, 

respectively (Figure 4-5). To form a SAM of ODT on gold nanocrescent arrays, we 

immersed the substrates in 1mM solution of ODT for 24 hours. Finally, the 

substrates rinsed thoroughly with ethanol to remove any unbounded ODT from 

substrate.  

 

Figure 4-5. Transmittance spectra of ODT on CaF2 plate 

4.3.4. Control Measurements  

To set a control, we performed IRRAS on flat gold substrate modified with a 

SAM of ODT, as shown in Figure 4-6. IRRAS measurement revealed five distinct IR 

bands for the SAM of ODT. The IR signals, at 2877cm-1 and 2936 cm-1, were caused 

by symmetric stretching modes of the CH3 terminal group. The other IR signal at 

2965 cm-1 is attributable to asymmetric stretching of the CH3 terminal group. The 

two signals with higher intensity at 2850 cm-1 and 2918 cm-1 are referred to 
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symmetric and asymmetric stretching modes of CH2, respectively. ODT has one CH3 

terminal group and seventeen CH2 groups, therefore, the intensity of the IR bands 

corresponding to the CH2 group are more pronounced. 

 

Figure 4-6. IRRAS Spectra of a SAM of ODT on Flat Gold Substrate 

We conduct all the SEIRA measurements on transmittance mode.  For direct 

comparison between SERIA measurements and the control, we convert IRRAS 

spectra to transmittance data by using the following equation54: 

∆𝑇
𝑇0

⁄ ≈   

∆𝑅
𝑅0

⁄  cos 𝜗𝑅

2(𝑛𝑠 + 1) 𝑠𝑖𝑛2𝜗𝑅
 

Equation 4-1. Reflectance to Transmittance conversion 
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Where ns is refractive index of substrate, and ϑR is the angle of incidence in 

reflection measurement (grazing angle). Taking into account ns=1.52 for glass 

substrate and ϑR=80˚, the converted transmittance spectra is shown in Figure 4-7.   

 

Figure 4-7. Converted transmittance spectra of a SAM of ODT on flat gold  

4.3.5. SEIRA Measurements 

SEIRA measurements revealed strong coupling between ODT IR bands and 

nanocrescent LSPR resonances. We engineered the c-polarized resonance of the 

nanocrescent arrays to have an optimal overlap with ODT vibrational modes. 

Transmission spectra of the ODT-modified gold NCAs using a polarized IR beam are 

shown in Figure 4-8. In case of c-polarized excitation, the plasmonic resonance 

frequency has a strong match with the vibrational modes of ODT. This results in the 
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direct identification of the vibrational signatures of ODT monolayer that are visible 

even in the native transmission spectrum (Figure 4-8b red curve). Nevertheless, by 

rotating the light polarization to excite u-polarized resonance, the former plasmonic 

resonance peak is turned off, which makes the vibrational bands of ODT no longer 

noticeable (Figure 4-8b gray curve). This observation suggests that the IR enhanced 

signal of ODT is an outcome of plasmonic and vibrational coupling.   

 

Figure 4-8. SEIRA spectra of ODT monolayer on gold NCAs  

(a) Raw transmittance spectra and (b) zoom-in transmittance spectra of ODT-coated 

nanocrescent with diameter of 550 nm by tuning a polarized IR beam to excite c-

polarized resonance and u-polarized resonance 
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In order to observe the correlation between SEIRA and the plasmonic 

resonance position, the as-prepared gold NCAs with different dimensions were 

modified with ODT monolayers. Key characteristics of vibrational bands of ODT, in 

the range of 2850 cm-1 to 2960 cm-1, are evident from certain features embedded 

on plasmonic spectra (Figure 4-9).  

 

Figure 4-9. SEIRA spectroscopy of ODT on gold NCAs with different diameters 

Measured transmittance spectrum of nanocrescent arrays with diameter of 350 nm 

(blue curve), 550 nm ( red curve), and 650 nm (green curve) after ODT self-
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assembled monolayer formation on gold nanocrescents (dashed curve is baseline 

calculated via AsLSS) 

4.3.6. Asymmetric Least Square (AsLSS) for Baseline Correction 

To gain insight into vibrational bands of ODT monolayer, AsLSS baseline 

correction method was applied. AsLSS was introduced by Eilers148 and recently 

adopted for SEIRA baseline correction.70 This method retains all the peaks and 

features of the spectra. Moreover, we simply omit the data points of ODT vibrational 

features from the spectra; instead, the computational method calculates the missing 

points and interplots the curve respectively. The baseline curve, z, is created by 

minimizing the following equation: 

𝑆 =  ∑ 𝑤𝑖

𝑖

(𝑦𝑖 − 𝑧𝑖)
2  +  𝜆 ∑((𝑧𝑖 − 𝑧𝑖−1) − (𝑧𝑖−1 − 𝑧𝑖−2))2

𝑖

 

Equation 4-2. AsLSS basic equation 

Two terms in Equation 4-2 can balance the calculated baseline, and have the 

following properties. The first term dominates the resemblance of the baseline to 

the original curve.  The second term influences the smoothness of the calculated 

baseline, where λ is a number that can be chosen to adjust the effect of each term on 

calculated background. A larger λ can result in a smoother baseline curve, although 

the results will show more deviation from the original curve, due to the smaller 

effect of the first term on the baseline (z). Another parameter is the weights of data 

at each point (wi), which is determined by the asymmetry parameter (p). The user 
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can determine the value of p, where 0˂p ˂1. If yi˃zi, then wi=p, and if yi˂zi, then 

wi=1-p. As a result, the parameter p controls whether the weight of the baseline is 

positive or negative in respect to original data. For SEIRA applications, it is ideal to 

set the parameter wi equal to zero for the ODT vibrational band regions. Therefore, 

the original data set (y) doesn’t influence the baseline in this region. The effect of 

parameter λ on the calculated baseline is shown in Figure 4-10, while the other 

parameters are kept constant. The result shows that the baseline becomes smoother 

by increasing the parameter λ, although the deviation from the original curve 

becomes more pronounced. We found the best condition when λ=104 and p=0.2, and 

when we omit data points from 2820 cm-1 to 2970 cm-1. 

 

Figure 4-10. Creation of baseline based on AsLSS method  

Transmittance spectra of ODT-modified gold nanocrescent arrays and calculated 

baseline with AsLSS method: effect of parameter λ on the baseline 
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4.3.7. Analysis of SEIRA Signals 

Figure 4-11 shows the baseline resolved transmittance spectra of 

corresponding nanocrescents. Mindful of obtained baseline resolved spectra, we 

observed an apparent distortion in vibrational line shapes in comparison to usual 

ODT vibrational bands. This effect is Fano resonance arising from coupling between 

plasmonic mode (a continuum mode) and vibrational modes (discrete modes).65, 149 

Furthermore, the spectra in Figure 4-11 display variable level of signal intensity as a 

result of increasing nanocrescent diameter from 350 nm to 550 nm, and then to 650 

nm. By increasing the size of nanocrescents to 550 nm, the line shape of ODT IR 

bands alters from dips in usual transmittance spectrum to asymmetric peaks, along 

with the enhancement in the intensity of IR bands. On the other hand, a further 

increase in diameter to 650 nm causes the intensity of IR bands to decrease. These 

outcomes suggest coupling between plasmonic resonance modes and ODT 

vibrational modes. Stronger coupling, a prerequisite condition for higher IR band 

intensity, comes from a more efficient match between nanocrescent resonance 

mode and ODT vibration. It can be deduced that nanocrescent with a diameter of 

550 nm has the best plasmon resonance match with ODT vibrational bands among 

tested substrates, and thus the highest IR intensity was observed for nanocrescents 

of this particular size.  
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Figure 4-11. Extracted SEIRA signal of ODT from plasmonic spectra  

Baseline resolved vibrational signal of ODT (calculated via Tmeasur./Tbaseline) 

self-assembled on nanocrescent arrays with diameter of 350 nm (blue curve), 550 

nm ( red curve), and 650 nm (green curve). Dashed lines are atributted to the 

original vibrational bands of ODT. 
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4.3.8. Quantitative Assessment of SEIRA signals 

The enhancement factors (EFs) of these substrates are five orders of 

magnitude (94,000) when calculated by the hot spot area and three orders of 

magnitude (749) over the entire beam area.  Enhancement factor is the standard 

parameter used to measure the effectiveness of a SEIRA substrate.  Conventionally, 

this value is calculated as the transmission signal in SEIRA divided by the signal of a 

reference monolayer, weighted by an estimate of the hot-spot area.  We refer to this 

as the “hot-spot EF.” For these samples, the hot-spot EF it is 94,000, which is 

comparable to values reported for other metallic nanostructures.77, 84  In most of 

these other examples, however, the structures are not densely packed on the 

substrate, so the practical EF (which we define here as direct ratio of SEIRA signal to 

control signal) is far less and never reported.  For our samples this value is 749, 

which suggests that this easy to fabricate system could have applications as an IR 

enhancing substrate. .  

EF is calculated based on the intensity of the assymetric CH2 vibrational band 

at 2820 cm-1. For both SEIRA and the control signal, intensity is calculated as the 

difference between the maximum and minimum of the signal. To calculate EF on the 

entire beam area (practical EF), we simply divide the intensity of SEIRA signal by 

the control signal. Due to the enhanced electromagnetic field located on the sharp 

tips of the nanocrescents, we speculated that the majority of SEIRA signal occurs 

from the crescent tips. We estimate that most of the SEIRA signal is generated from 

the 3000 nm2 area of the tip-ends of each crescent, which corresponds to about 24 
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zeptomole of ODT. Figure 4-12 compares the practical EF of a SAM of ODT on gold 

nanocrescent with different diameters. For nanocrescent with a diameter of 350 nm, 

which offers the least overlap between plasmonic resonance and vibrational modes, 

we achieved practical EF of 256. Plasmonic resonance of nanocrescent with a 

diameter of 650 nm has a better overlap with ODT vibrational bands than 

nanocrescent with diameter of 350 nm, and as a result practical EF is increased to 

575. The best overlap is observed for nanocrescent with a diameter of 550 nm, 

which produces the maximum practical EF (749) observed for this size.   

 

Figure 4-12. Practical EF as a function of nanocrescent diamter 

4.3.9. Reproducibility of SEIRA Measurement 

Reproducibility is an essential factor for exploiting engineered nanoantenna 

in different applications. A practical substrate for plasmonic applications needs to 
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offer high reproducibility, as well as strong hot-spots with uniform distribution on 

the substrate. To verify reproducibility of the MMNL method, we repeated the 

fabrication process on two substrates with the exact same parameters. The 

plasmonic response of fabricated gold NCAs was measured by a FTIR microscope on 

five random spots on each substrate to investigate the uniformity of the substrate. 

Figure 4-13 compares the transmission spectra of the two substrates, as well as 

different spots on each substrate. The plasmonic resonance position shows less than 

a minor variation for measured spectra, which indicates that fabricated substrates 

with the MMNL method are highly homogenous and that the results are 

reproducible from substrate to substrate. 
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Figure 4-13. Reproducibility and homogeneity of fabricated substrates 

Transmittance spectra of gold nanocrescent array fabricated on two substrates with 

same conditions but separate processes. Corresponding tramsittance spectra of 

substrate 1 for (a) u-polarized resonance and (b) c-polarized resonance and 

substrate 2 for (c) u-polarized resonance and (d) c-polarized resonance. Curves with 

various colors show spectra of different spots on each substrate. (spectra were 

aquired from 5 spots on each substrates)  

SEIRA reproducibility is also an essential factor for evaluating the 

performance of a robust substrate.  To demonstrate the capability of our approach, 

four substrates with the same conditions were fabricated and modified with a SAM 

of ODT to test the reproducibility of the enhanced IR signal.  For each substrate, we 

selected a random spot, and transmission spectra were acquired under the same 
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conditions for each substrate. Measured transmission spectra are shown in Figure 

4-14a. The plasmonic response of gold nanocrescent arrays remains consistent, with 

small deviations from substrate to substrate.  

To further investigate SEIRA reproducibility, we utilized the AsLSS method to 

conduct baseline correction and extract the enhanced IR bands from the plasmonic 

resonance response (Figure 4-14b). The Fano-type asymmetric line-shape of the 

extracted SEIRA signal remains analogous from substrate to substrate. In addition, 

the vibrational bands corresponding to CH2 and CH3 are evident on all the 

substrates. To quantitatively assess the SEIRA signal from substrate to substrate, we 

calculated the practical EF, as shown in Figure 4-15.  The deviation of overall EF on 

the four fabricated substrates was measured at less than 4%.  The reproducibility of 

SEIRA measurements may be attributable to the high-packing density and 

uniformity of nanocrescents on the substrate, which is repeated from sample to 

sample.  In our fabrication method, we start with a closely packed array of 

nanospheres on the entire substrate. Therefore, we can ensure the uniformity and 

reproducibility of resultant nanostructures. In contrast, other fabrication methods 

have used randomly distributed nanospheres as a fabrication template. 

Consequently, they had limited control over the homogeneity and reproducibility of 

the SEIRA signal. Gold NCAs created by the MMNL method achieved not only intense 

IR signal enhancement, but also high reproducibility for the SEIRA signal, which is a 

requirement for many applications.  
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Figure 4-14. SEIRA reproducibility test on four gold NCAs substrates 

(a) Transmittance and (b) baseline-resolved transmittance spectra of the ODT 

modified gold nanocrescent arrays for reproducibility test. S1-S4: gold nanocrescent 

arrays substrates created under same fabrication parameters 
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Figure 4-15. Practical EF calculated for different substrates 

4.3.10. Conclusion 

In summary, we have demonstrated a versatile and low-cost method to 

produce gold NCAs with high uniformity and reproducibility for SEIRA 

spectroscopy. The ability to precisely design NCAs will allow fine-tuning of plasmon 

resonance in a desired range. Of particular note is our finding that the sharp tips of 

the nanocrescents provide strong electromagnetic field enhancement over the 

centimeter scale substrate. The NCAs covered with a SAM of ODT showed a highly 

enhanced IR signal, with at SEIRA enhancement of up to 105. We also showed the 

capability of this fabrication method to reproduce samples with analogous optical 

properties, which resulted in repeating the SEIRA signal intensity with less than 4% 

deviation. In conclusion, gold NCAs promise to be highly sensitive platforms for 

chemical and biological analysis.  
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Chapter 5 

Nanopatterned Substrates as 

Biocompatible Platform for Live Cell 

SEIRA analysis 

Herein, we report an unprecedented label-free cell analysis approach on 

SEIRA-active substrates. Due to importance of interaction between biological cells 

and metallic nanostructures, we first study the growth and adhesion of human 

dermal fibroblast cells on gold nanocrescent arrays and compare it with flat control 

substrates. The results show that the HDF cells remain healthy on gold 

nanostructures. By combining the biocompatibility of fabricated nanostructures 

with their ability to enhance the IR signal, gold nanocrescent arrays are exploited 

for in-situ spectroscopic analysis of living cells by probing the SEIRA response of 

lipid membrane at the cell-nanostructures interface.  
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5.1. Introduction 

New advances in nanotechnology pave the way for intriguing opportunities 

toward biological applications. This resulted in emerging new biological solutions 

based on novel physical and chemical properties of nanostructures.150 There is a 

growing research interest in studying the behavior of biological cells on 

nanopatterned interface.151-155 Recent evidence showed that the nanoscale surface 

topography can be designed to manipulate cell behavior to adjust different cell 

functions such as protein production, morphology, migration, and adhesion.156, 157 

These approaches have been exploited for wide variety of bioapplications such as 

cancer cell capture158, neurobiology for tissue engineering159, and stem cell 

differentiation.160, 161  

Moreover, nanopatterned substrates can be used as smart biosensing 

platforms. Specially, metallic nanostructures received great attention for biological 

applications due to their unique optical properties.162 Rationally designed 

nanostructures have been used for label-free cell analysis, which commonly 

performed through plasmon-enhanced fluorescence163, 164 and surface enhanced 

Raman scattering165, 166.  

In the first part of this chapter, we demonstrate the growth, adhesion, and 

proliferation of HDF cells on gold NCAs substrate. Next, we introduce a label-free 

and real-time live cell analysis system based on SEIRA-active substrates.  
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5.2. Experimental 

5.2.1. Fabrication of Gold Nanostructures 

Gold NCAs were fabricated on glass substrates (1cm×1cm) with MMNL 

method (Refer to chapter 3 for MMNL process details). The fabrication parameters 

were optimized to obtain gold nanocrescents with desired geometrical properties, 

as summarized in Table 5-1. 

      

Crescent 
diameter 

Crescent 
width 

nanosphere 
diameter 

Plasma etching 
time  

Nickel thickness 
/tilt angle 

Gold thickness 
/tilt angle  

615±21 
nm 

67±9  
nm 

700 nm 90 s 80 nm/10° 40 nm/20° 

629±18 
nm 

89±12 
nm 

700 nm 90 s 80 nm/20° 40 nm/20° 

542±23 
nm 

70±13 
nm 

700 nm 110 s 80 nm/10° 40 nm/20° 

557±15 
83±11 

nm 
700 nm 110 s 80 nm/20° 40 nm/20° 

   Table 5-1. Gold nanocrescent fabrication parametrs 

5.2.2. Cell Culture on Gold NCAs  

HDF cell line was obtained from ATCC. Cells were grown at 37˚ C in a 

humidified atmosphere of 5% CO2. Cells were cultured in cell culture media (DMEM 
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supplemented with 10% FBS and 1% penicillin-streptomycin). Fabricated 

substrates were cleaned in an acetone ultrasonic bath for 5 min, dried with nitrogen 

flow, and exposed to UV-ozone for 10 min. the substrates were then immersed in 

ethanol 70% for 24 h. A cloning cylinder (glass, 150 µl, Sigma Aldrich) was attached 

on top of the substrate. In fourth passage, cells were directly seeded on the 

substrate in to the cloning cylinder. The substrate was then placed in a 6 well-plate 

and transferred to incubator at 37˚ C and 5% CO2.  

5.2.3. Microscope Imaging of Cells 

Optical microscope images were acquired by using an EVOS transmittance 

microscope. The Fluorescence imaging was performed with an EVOS fluorescence 

microscope. Prior to fluorescence imaging, cells were treated with calcein-AM and 

ethidium homodimer-1 by using a live-dead assay kit (Invitrogen) and fluorescence 

images were quantified using imageJ (1.50b). For SEM imaging, cells were fixed with 

formalin 4% in PBS for 30 min at room temperature. The cells were then rinsed with 

water and dried in ambient atmospheric condition for 24 h. Finally, the substrates 

were coated with 15 nm thick gold with sputter deposition. The SEM imaging was 

carried out by using a FEI Quanta 400F field emission scope with either normal 

incident beam or 45˚ tilted beam.  

5.2.4. Spectroscopic Measurements 

FTIR spectroscopy was carried out with a Nicolet iS50 spectrometer 

equipped with a Nicolet Continuum microscope. The IR light was focused on sample 
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with a 15X condenser lens on a spot size with approximate size of 100µm×100µm. 

All the spectra were acquired with resolution of 8 cm-1 and 512 scans. The IR 

spectra in transmittance mode were normalized to a bare glass reference spectrum. 

In reflectance mode, all samples were run with a baseline correction scan on a flat 

gold substrate. The FTIR measurements on backside reflectance mode were carried 

out with same instrument configuration as reflectance mode. 

5.3. Interfacing Gold Nanocrescent Arrays with HDF Cells 

To investigate the cellular-substratum interaction, HDF cells were seeded 

and cultivated directly on gold NCA substrates. Parallel experiments were carried 

out on two control substrates to compare cell response on nanopatterned substrate 

in respect to them. HDF cells were cultured in exactly same condition on bare glass, 

and smooth flat gold substrates. The cell growth and adhesion on different 

substrates were studied with optical transmittance microscope. The microscope 

images in Figure 5-1 show the HDF cells on various substrates. The imaging was 

carried out at 6 h, 12 h, 24 h, and 48 h after seeding the cells and incubating them. 

HDF cells on gold NCAs illustrate comparable adhesion, growth, and proliferation in 

respect to cells on glass or flat gold substrates.  
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Figure 5-1. Transmitance microscope images of HDF cells 

Images on glass, flat gold, and NCAs substrates during different times after seeding 

This recommends that the gold possess biocompatibility to provide a proper 

interface for cultivating the cells. At the beginning of cell seeding on the substrate, 

the cells have a round shape, however the HDF cell tends to spread the cytoplasmic 

area on the surface. After 6 h of incubation, cells are increasingly elongated 
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compared to circular seeding cells. This suggests that the cells remain healthy on 

three substrates. By increasing the incubation times, the significant cell growth and 

proliferation is evident on gold NCAs and control substrates. The microscope image 

showed that the cells merge together and become confluent after 48 h of incubation. 

Moreover, by increasing the incubation time, the HDF cells change to spindle shape, 

which is an indication for fibroblast cell spreading. This shape conversion is a sign of 

cell migration to achieve maximum spreading and denotes the cell proliferation 

stage. On the other hand cells with expanded cytoplasm or very narrow cytoplasmic 

area imply stressed or senescent cells.167 Normal cells undergo finite numbers of 

doubling in culture before entering to a cellular senescence process in which 

proliferation is irreversibly arrested. Although aging is a reason leads to senescence 

cells, physical or chemical environment of the cells can trigger the senescence 

response which termed as stress-induced premature senescence (SIPS).168-170  

To qualitatively evaluate cell viability on various substrates, HDF cells were 

stained by using a commercial live/dead assay kit. This is a two colors fluorescence 

assay based on calcein acetoxymethyl ester (calcein-AM) (induces green-

fluorescence) and ethidium homodimer-1 (induces red-fluorescence). The calcein-

AM is a non-fluorescent derivate of fluorescein that can pass through membrane of 

viable cells and undergo hydrolysis due to presence of intracellular esterases. 

Consequently, calcein-AM converts to calcein which is a green fluorescence dye. On 

the other hand, ethidium homodimer-1 crosses the damaged cell membrane of non-

viable cells and bonds to the nucleic acids therefore dead cells fluoresce red.  
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Figure 5-2. Fluorescence misroscope images of HDF cells  

Images were accuired after 24 h and 48 h after seeding on glass, flat gold, and 

nanocrescent substrates 

HDF cells cultivated on gold NCAs and two control substrates were stained 

with live-dead assay after 24 h and 48 h of incubation times. As shown in Figure 5-2, 
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live-dead assay revealed that HDF cells remain viable after 24 h and 48 h of 

incubation on all tested substrates.  

To observe the interaction of HDF cells with gold NCAs in nanoscale level, 

fixed and dried cells were subjected to SEM analysis. As shown in Figure 5-3, the 

cells remained adherent to the nanopattern scaffold and anchored to the 

nanostructures.  
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Figure 5-3. SEM images of HDF cells on gold NCAs 

(a,b) Prependicular and (c-f) 45° tilted SEM images of HDF cell cultured on gold 

NCAs on glass substrate. nanocrescent with diameter of 557±15 nm, width of 83±11 

nm, and periodicity of 700 nm 
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The interaction between HDF cells and gold nanocrescents demands in 

details analysis to study cytoskeleton rearrangement induced by nanostructures. 

Therefore, quantitative image analysis was performed to compare cell count as well 

as cell area on different substrates. As shown in Figure 5-4, the statistical analysis of 

cell count revealed that the cell density on gold NCAs substrate is similar to flat 

control substrates (glass and gold). This can imply that the cells showed similar 

proliferation on gold nanocrescents in respect to flat substrates. Moreover, the cell 

density was doubled at 48 h in comparison with 24 h after the seeding for all three 

substrates.  

 

Figure 5-4. HDF Cell density on different substrates.  

After 24 h and 48 h of cell seeding on gold NCAs, glass, and flat gold substrates.  
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The cell area was calculated at least for 500 cells and used for statistical 

analysis. Figure 5-5 shows the box-whisker diagram of cell area after 24 h and 48 h 

of seeding on gold NCAs substrate and control substrates. The solid line and square 

in the box represent median and mean of the data set, respectively. The bottom line 

and top lines on the box indicate the first quartile (25th percentile) and third 

quartile (75th percentile) of the data set, respectively. Finally, whisker is 

representative of 5th to 95th percentile based on the data. 

 

Figure 5-5. HDF cell area on different substrates.  

Calculated cell area after 24 h and 48 h after cell seeding on gold NCAs, glass, and 

flat gold substrates.  

In general the measured cell area did not show prominent difference after 24 

h of seeding. However, after 48 h of seeding, the cells cultured on gold NCAs showed 
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slightly smaller cell area in comparison with cells on flat substrates. This 

observation is in agreement with previous reports for growth of fibroblast cells on 

nanopatterned substrates.151, 171 This outcome suggests that the biological cells can 

sense the nanoscale topography. Although this effect was not significant, it should 

be taking into account that the gold NCAs can offer surface selective passivation to 

stimulate interaction of biological cells with nanostructures more effectively.152 

5.4. In-situ SEIRA Analysis of Living Cells 

As shown in the last chapter, gold NCAs has remarkable capability to 

significantly enhanced vibrational signals. This was validated by measuring SEIRA 

signal arising from SAM of ODT on gold nanostructures, which gave rise to 5 orders 

of magnitude signal enhancement. However, there are still several obstacles to 

implement SEIRA-active substrates for biological oriented applications. Presence of 

water is inevitable for majority of biological applications. However, water is a well-

known interference for infrared measurements due to intense absorption in the IR 

range of light spectrum. ATR configuration is the traditional solution to address 

problems associated with interference of water, which is based on extracting 

vibrational signal from evanescent waves form the interface of ATR crystal with 

solution.172, 173 Although, ATR configuration enables the measurement in aqueous 

solution, the signal to noise ratio remain low due to intrinsic weakness of infrared 

cross-section. The later effect hampers the trace analysis based on infrared 

spectroscopy such as molecular monolayer studies. A practical solution to address 

all the aforementioned issues is using plasmonic nanoantenna at backside 
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reflectance mode configuration.100, 174 This is based on utilizing engineered 

nanostructures with high scattering cross-section, which fabricated on low-

refractive index substrates. FTIR reflectance measurement is performed from 

backside of the substrate. Gold NCAs can readily fulfill these conditions with 

powerful plasmonic signal in reflectance mode and robust hot-spots required for 

SEIRA. Since the enhanced electromagnetic field is highly localized in the close 

vicinity of the gold nanocrescent (spatial decay length is approximately 10 nm)118, 

the bulk water is not able to interfere in measured spectra. 

Gold NCAs were fabricated on glass substrate using MMNL method 

(explained in details in chapter 3). The major advantages of this fabrication 

technique are as follows: (1) this is a high-throughput and low cost fabrication 

method. (2) The fabricated substrates possess high density of gold nanocrescents 

with uniform distribution on centimeter scale surface. (3) Nanocrescents possess 

ultra-sharp tips, which is ideal for surface enhanced spectroscopy. (4) This is a 

highly reproducible fabrication method, which is essential for real-life applications. 

Figure 5-6 shows the SEM image of gold NCAs fabricated by MMNL method. 

The nanostructures retain the hexagonal arrangement of initial PS nanosphere 

monolayer and the packing density is estimated to be 2.35×108  cm-2 (starting with 

PS nanosphere diameter of 700 nm). The nanocrescents are well-defined and keep 

the sharp-tips essential for providing strong electromagnetic field. Crescent-shaped 

nanostructures are reported to have extraordinary extinction cross section 

efficiency in comparison with other geometries such as ring, disk, and shells.144 
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Since the backside reflectance measurements need nanoantenna with high 

scattering cross-section to effectively reflect infrared light, gold NCAs seems to be an 

ideal candidate for this configuration.  

 

Figure 5-6. SEM image of gold nanocrescent of glass substrate  

Gold nanocrescent with diameter of 557 nm, width of 83 nm, and periodicity of 700 

nm fabricated on glass substrate  

To characterize the gold NCAs, plasmonic properties were first explored with 

infrared microscopy on different measurement geometries. Figure 5-7 shows the 

plasmonic spectra of gold NCAs and corresponding instrumental configuration for 

each measurement. The plasmonic spectra acquired with both polarized and non-

polarized light. Illuminating gold nanocrescent with non-polarized light results in 

two discrete plasmonic peaks. This causes by asymmetric shape of crescent and two 
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peaks corresponding to excitation of plasmonic modes with electric field aligned 

parallel (higher frequency) or perpendicular (lower frequency) to the main axis of 

the crescent, which termed as u-polarized or c-polarized, respectively. Upon using 

polarized light, we are able to rationally excite selected plasmonic mode by tuning 

the orientation of polarizer in respect to nanocrescent.144 

 

Figure 5-7. Plasmonic spectra of gold NCAs at different instrument 

configurations  

Plasmonic spectra of nanocrescent with diameter of 542±23 nm and width of 70±13 

nm on glass substrate at  (a) transmitance (b) reflectance, and (C) backside 

reflectance mode 
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In transmittance mode, the intensity of plasmonic signal represents the 

extinction, which corresponds to scattering and absorption of light due to plasmonic 

excitation.175 However, scattered light from nanoantenna dominates the measured 

plasmonic signal at reflectance mode. As shown in Figure 5-7b, the gold 

nanocrescent arrays deliver up to 50% reflection of light at resonance frequency 

corresponds to c-polarized excitation. Plasmonic spectra at backside reflectance 

mode were measured by inverting the substrate upside down in which infrared light 

introduced to the backside of substrate to excite plasmonic mode. The backside 

reflectance spectra of gold NCAs excited with non-polarized light show two peaks in 

the same resonance frequency as observed in transmittance mode. However, the 

peak intensity at higher frequency is much weaker in backside reflectance in 

comparison with transmittance mode. This can be attributed to lower contribution 

of scattering in higher frequencies.1 The backside reflectance signal reaches up to 

50% reflection at resonance frequency when plasmonic mode is excited by c-

polarized light. Since applications based on backside scattered plasmonic demands 

intense reflection signals, this high value proves that gold NCAs are great candidates 

for these applications.  

 Backside reflectance measurement in aqueous environment is feasible by 

using a PDMS flow cell, as seen in Figure 5-8. The flow cell is attached on top of a 

microscope glass slide, which fits into the infrared microscope sampling stage. The 

flow cell is equipped with inlet and outlet tubing that helps to control the solution or 

introduce specific analytes in to the fluidic cell chamber. Finally, the gold NCAs 

substrate is placed upside down on top of the flow cell to seal the fluidic chamber. 
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The gold nanocrescents face inside the flow cell chamber and IR light can readily 

illuminate to the backside of the substrate in this fashion.  

 

Figure 5-8. PDMS Fluidic cell under infrared microsope 

 Figure 5-9 illustrates the FTIR spectra of gold NCAs substrates with various 

aspect ratios (diameter/width) at transmittance mode in dry condition or backside 

reflectance mode in presence of water. The plasmonic spectra in transmittance 

mode show a strong peak corresponding to c-polarized plasmonic mode and highly 

dependent to the aspect ratio of nanocrescent. By converting the configuration to 

backside reflectance mode and introducing the water environment, the plsamonic 

peak shifts to lower frequency due to higher refractive index of water (n=1.33) in 

comparison with air (n=1). Moreover, strong dip in the range of 3200 cm-1 to 
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3600cm-1 appears because of IR absorption of water. Although water absorption 

disturbs the plasmonic spectra, this is still negligible in comparison with FTIR 

measurements at transmittance mode that absorption of water is extremely intense 

and leads to saturation of absorption spectra.176 The lower contribution of water in 

backside reflectance mode can be explained by the fact that only small portion of 

water molecules, which are in close vicinity of nanostructures (hot-spots), 

contribute in infrared absorption.174 

 

Figure 5-9. Plasmonic spectra at transmitance and backside reflectance mode  

Gold nanocrescent with diferent diameters (D) and widths (W) fabricated on glass  

substrates at (a) Trnasmittance mode and ambient atmospheric condition and (b) 

Backside reflectance mode in prescence of water. IR ligth is c-polarized in this 

experiment. 
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To examine the capability of gold NCAs to enhance infrared signals on 

backside reflectance mode and aqueous environment, the nanostructures were 

modified with SAM of ODT. The nanocrescent with diameter of 615 nm and width of 

67 nm was chosen for this experiment since it showed the best plasmonic matching 

with vibrational bands of ODT. After modification of nanocrescents with ODT, the 

gold NCAs substrate was attached on top of the fluidic cell to perform SEIRA 

analysis in presence of water. Figure 5-10 shows the FTIR spectra of gold 

nanostructures modified with SAM of ODT. The vibrational features of ODT 

monolayer are appeared in the range on 2800cm-1to 3000cm-1.  

 

Figure 5-10. SEIRA spectra of ODT in prescence of water  

(a) Backside reflectance spectra of gold NCAs modified with a SAM of ODT. The pale 

blue area shows the vibrational bands corresponding to water and gray area 

includes the vibrational bands of ODT. (b) Zoom-in SEIRA spetra of ODT  

The zoom-in FTIR spectra of ODT-modified nanostructures was shown in 

Figure 5-10b. The strong vibrational bands at 2850 cm-1 and 2920 cm-1 correspond 
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to symmetric and asymmetric stretching modes of CH2 chain of ODT molecule. 

Backside reflection signal is generated by excitation of plasmonic mode only at 

resonance frequency. This means that nanoantenna can selectively turn on the 

signal in a small window of light spectrum corresponding to the plasmonic 

frequency and interference effect from the rest of light spectrum is omitted. This is a 

great tool for studying the specific functional groups of target biomolecules such as 

proteins or lipid membranes.  

As a proof of concept, we exploited SEIRA-active substrates for label-free 

living cell analysis on backside reflectance mode. HDF cells were directly seeded and 

cultured on gold NCAs substrates for 24 h prior to spectroscopic measurements. The 

substrate was then attached to the fluidic cell and chamber was filled with room 

temperature PBS. Since the cell membrane is in the direct contact with fabricated 

substrate, the optical properties of gold nanocrescents were engineered to cover the 

vibrational modes associated with hydrocarbon chains, which are abundant in lipid 

membrane (in the range of 2800 to 3000 cm-1). The SEIRA spectra of living cells are 

shown in Figure 5-11a. The IR features arising from lipid membrane embedded in 

plasmonic spectra are evident is the measured spectra. The plasmonic resonance is 

excited by c-polarized light which showed a proper matching with IR bands of cell 

membrane. To extract the SEIRA signal, AsLSS baseline correction was employed 

and absorbance spectra were measured in respect to measured baseline (Figure 

5-11b).  
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Figure 5-11. SEIRA spectra of HDF cells on gold NCAs  

(a) Backside reflectance spectra of HDF cells on gold NCAs and corresponding 

baseline calculated with AsLSS method. (b) Absorbance spectra of HDF cells 

calculated based on baseline and measured spectra.  

The IR spectral features corresponding to living cells showed more complex 

line shape in comparison with simple molecular monolayers such as ODT. This can 

be attributed to the fact that the cell membrane is made of different parts with 

different chemical composition such as lipid proteins and cholesterol.  
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Figure 5-12. In-situ SEIRA spectra of HDF cells on gold NCAs  

Backside reflectance spectra of HDF cells on gold NCAs measured every 15 min 

(intervals between spectra were added for clarity)  

Next, cell death process was investigated by in-situ SEIRA analysis of HDF 

cells cultured on gold NCAs. The SEIRA spectra acquired every 15 min after 

introducing the room temperature PBS to the cells. As shown in Figure 5-12, the 

SEIRA signal showed a general reduction by increasing the time. To quantitatively 

assess the SEIRA signal in different time frames, the area under the absorbance 

spectra was measured, as seen in Figure 5-13.  



 200 

 

Figure 5-13. SEIRA peak area of cells in respect to time  

The area under abrorbnace spectra of cells calculated from 2915 to 2940 cm-1 and 

ploted as a function of time 

This observation is in good agreement with geometrical and biological 

changes associated with cell death process.177 The live cells before experiments are 

spindle-shaped and well spread over the substrate while cells after the experiment 

become round with much smaller contact with the substrate (Figure 5-14). Since the 

living cells can provide higher surface area in contact with gold nanocrescents 

therefore the SEIRA signal is much stronger at the beginning of the measurements. 

By increasing the time, cell geometry is converted to the circular shape, which is 

reduced the contact with gold nanocrescents. 
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Figure 5-14. Optical microscope image of HDF cells   

(a) Before and (b) after SEIRA analysis 

5.5. Conclusion 

In summary, we showed that the gold nanocrescent arrays are completely 

biocompatible as a substrate for biological cell culture. Moreover, the growth, 

adhesion, and proliferation of cells on nanopatterend substrate were studied in 

comparison with flat substrates. By combining the biocompatibility of the gold NCAs 

and their capability to extremely enhance IR signal, a novel method for label free cell 

analysis was introduced. This approach offers real-time analysis of living cells in 

aqueous environment. Finally, the capability of this method was illustrated by 

analyzing the HDF cell death process by tracking the SEIRA signal arising from cells. 

Since this method does not need labels, it can be utilized for wide variety of 

applications.
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