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Plasmonics techniques, such as surface plasmon resonance (SPR) and surface-

enhanced Raman scattering (SERS), have been widely used for chemical and biochemical 

sensing applications. One approach to excite surface plasmons is through the coupling of 

light into metallic grating nanostructures. Those grating nanostructures can be fabricated 

using state-of-the-art nanofabrication methods. Laser interference lithography (LIL) is one 

of those methods that allow the rapid fabrication of nanostructures with a high-throughput. 

In this thesis, LIL was combined with other microfabrication techniques, such as 

photolithography and template stripping, to fabricate different types of plasmonic sensors. 

Firstly, template stripping was applied to transfer LIL-fabricated patterns of one-

dimensional nanogratings onto planar supports (e.g., glass slides and plane-cut optical fiber 

tips). A thin adhesive layer of epoxy resin was used to facilitate the transfer. The UV-Vis 

spectroscopic response of the nanogratings supported on glass slides demonstrated a strong 

dependency on the polarization of the incident light. The bulk refractive index sensitivities 

of the glass-supported nanogratings were dependent on the type of metal (Ag or Au) and 

the thickness of the metal film. The described methodology provided an efficient low-cost 

fabrication alternative to produce metallic nanostructures for plasmonic chemical sensing 

applications. Secondly, we demonstrated a versatile procedure (LIL either alone or 

combined with traditional laser photolithography) to prepare both large area (i.e. one inch2) 

and microarrays (μarrays) of metallic gratings structures capable of supporting SPR 

excitation (and SERS). The fabrication procedure was simple, high-throughput, and 

reproducible, with less than 5 % array-to-array variations in geometrical properties. The 

nanostructured gold μarrays were integrated on a chip for SERS detection of ppm-level of 
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8-quinolinol, an emerging water-borne pharmaceutical contaminant. Lastly, the LIL-

fabricated large area nanogratings have been applied for SERS detection of the mixtures 

of quinolone antibiotics, enrofloxacin, an approved veterinary antibiotic, and one of its 

active metabolite, ciprofloxacin. The quantification of these analytes (enrofloxacin and 

ciprofloxacin) in aqueous mixtures were achieved by employing chemometric analysis. 

The limit of quantification of the method described in this work is in the ppm-level, with 

<10 % SERS spatial variation. Isotope-edited internal calibration method was attempted to 

improve the accuracy and reproducibility of the SERS methodology.  
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Chapter 1 
 

                                                   Introduction 
 

1.1 Research motivation 

At the end of the 1950s, Dr. Richard Feynmann used the illustration ‘there’s plenty of room 

at the bottom’ to depict the potentials of ‘nanotechnology’ [1]. Since then, this innovative 

idea has been revolutionizing the natural sciences and engineering. The applications of 

nano-scaled materials have progressed and expanded into different areas of both 

fundamental and applied sciences. Nowadays, the power of nanotechnology is clearly 

displayed in the semiconductor industry (e.g., microelectronic manufacturing silicon 

(MEMS) technology). Nanoscale microprocessor elements have led the transformation of 

huge and bulky personal computers from the 1980s into the modern hand-held devices (e.g. 

smartphones, smart watches) of today [2]. 

 
Modern nanotechnology involves different types of materials, including carbon 

materials, semiconducting quantum dots, metallic nanostructures and others, with exciting 

new optical and electronic properties [3, 4]. Plasmonics is a branch of nanotechnology 

associated with optical field enhancements created when photons couple to free electrons in 

nanostructured metallic surfaces. The nanoscale elements at the metal interfaces break the 

surface symmetry of a smooth metal film, allowing photonic coupling events to take place 

[5, 6]. The advent of nanofabrication, as well as the development of new tools for 

nanostructure characterization, has then greatly benefited plasmonic research, both in terms 

of conceptual understandings of the phenomenon and by enabling plasmonic applications 

[7]. Figure 1.1 shows the evolution of scientific publications having ‘surface plasmon’ as a 

keyword obtained by the Web of Science® search engine in October 2016. An exponential 

increase of research activity initiated by the 1990s is evident in Figure 1.1. On par with the 

dramatic hike in the interest for plasmonic systems, the science research in the development 

of new nanofabrication methods, especially new approaches for metallic nanoparticle 

synthesis and the lithographic-based nanofabrication techniques [8], also demonstrates an 
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upward trend since the 1990s (information obtained by the Web of Science® search engine 

with ‘nanostructure fabrication’ keywords searched). 

 
Figure 1.1 Number of publications with the keyword ‘surface plasmon’ in the period 

between 1968 and 2015. Source: Web of Science® search engine. 

 
The type of plasmonic application that draws most attention from both academia and 

industries are related to surface plasmon-mediated chemical and biochemical sensing. These 

comprise both surface plasmon resonance (SPR) methods and a variety of plasmon-

enhanced spectroscopic techniques, including surface enhanced Raman scattering (SERS). 

Both SPR and SERS are surface sensitive [9-11]. SPR is very useful to detect real-time 

molecular binding events [9]; while SERS is capable of not only quantitatively determine 

concentrations of analytes, but also qualitatively identify the molecular characteristics of 

unknowns [12-16].  

 
As the world’s population continues to grow, different problems arise as 

consequences of increasing human activities. Health and environment are two of the most 

significant global problems that require ameliorative solutions, since they might directly 
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3 
impact the safety and well-being of all living creatures [16, 17]. Appropriate chemical 

sensors are needed to monitor the level of risk in these two areas. Therefore, the 

development of plasmonic chemical sensors capable of performing adequate detection (i.e. 

high sensitivity and accuracy) is an important research area. Moreover, other requirements, 

such as the possibility of mass production at low-cost, simplicity in operation, rapid 

detection, and high throughput, can all be achieved through plasmonic nanostructures. 

These highlight the potential of plasmonics to benefit the world population. Within this 

spirit, the ultimate goal of this work is to develop both function- and cost-effective 

plasmonic sensors, which will fulfill the basic figure-of-merits (will be discussed in section 

1.3.1) for biological and environmental detection. 

 

1.2 Thesis organization 

The thesis begins with a discussion of the fundamental aspects of SPR and SERS, including 

the coupling methods of electromagnetic field to the surface plasmon modes on the metal-

dielectric interface (Chapter 1). At the end of Chapter 1, a section on chemometrics 

applications in spectroscopic analysis is discussed, as it is employed in the data analysis of 

the spectra of multi-component mixtures in Chapter 5. 

 
After that, a literature review on the state-of-the-art of fabrication of plasmonic 

nanostructures will be presented in Chapter 2. The focus of the review will be set on solid-

supported plasmonic substrates; encompassing both lithographic and non-lithographic 

fabrication methods. This chapter will also include reviews on microarray fabrication and 

on the setups of optofluidic plasmonic platforms capable of performing on-chip detections 

or multiplexed-detections. One of the main aspects of the thesis is the introduction of 

fabrication methods for mass fabrication of large area plasmonic structures. Therefore, the 

review in Chapter 2 will provide information on the state-of-the-art and help place our work 

within the broad context of nanofabrication.  

 
Chapter 3 will be the first “results chapter” and it will focus on the fabrication of 

substrates by laser interference lithography (LIL). The fabrication of both large area and 

microarrays of nanogratings will be discussed in this chapter. Since the basic structure of 
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the substrates is an one-dimensional grating, the polarization anisotropy of the substrates 

will also be explored in Chapter 3. The chapter ends with a proof-of-concept on-chip 

environmental detection using the fabricated microarrays. 

 
In Chapter 4, a template-stripping procedure to transfer the LIL-pattern to other 

planar substrates (i.e. glass slides and optical fiber tips) will be discussed. This effort is a 

starting point towards the fabrication of SPR refractive index sensors that can potentially be 

integrated to detect protein binding events (e.g. antigen-antibody binding). 

 
In Chapter 5, a description of how the large area nanoplasmonic structure can be 

utilized to detect pharmaceutical contaminants (i.e. enrofloxacin and ciprofloxacin) in 

aqueous solutions using SERS will be presented. Chemometric data analysis have been 

employed to decouple the mixed vibrational spectra from the mixtures of the analytes. 

Isotopic internal calibration has also been attempted to improve the accuracy of the 

detection. 

 
The thesis will end with the conclusion chapter (Chapter 6), which will also carry 

some discussion about potential improvements and next steps to advance this research 

further. 

 

1.3 Background 

In the beginning of the 1960’s, R. Ritchie theoretically predicted the existence of surface 

plasmons in metals [18, 19]. This notable conjecture was then followed by two other 

independent groups of scientists (A. Otto, E. Kretschmann and his co-worker H. Raether), 

who successively demonstrated the attenuated total reflection (ATR)-prism coupling 

techniques to excite the surface plasmons (SPs) on metal-air interfaces [20, 21]. The SP 

excitation was found to be very sensitive to the changes in the dielectric properties 

(refractive index) of the air in contact to the metal surface.  

 
The excitation of SP waves on metal interfaces can also be achieved by optical 

coupling using a metallic diffraction grating. This phenomenon was actually firstly observed 

by R.M. Wood, who documented the observation of optical anomalies from metal 
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diffraction gratings as early as the 1900s [22].  Those anomalous diffractions were later 

reproduced by U. Fano, who interpreted the effect as resonant absorption in 1935 [23, 24], 

and then more comprehensively in 1961 [25]. All these influential discoveries are precursors 

for the field of SPR sensing as we recognize it today. 

  
 Surface enhanced Raman scattering (SERS) is also a SP-mediated effect. The first 

SERS response was discovered when intense Raman scattering was observed for pyridine 

molecules adsorbed on a roughened silver electrode by M. Fleischmann et al. in 1974 [26]. 

The surprising enhancement from this extraordinary scattering phenomenon was later 

clarified to hinge on two inter-related mechanisms: the electromagnetic (by Van Duyne et 

al. [27] and M. Moskovits [28]) and the chemical (charge transfer) mechanisms (by 

Creighton et al. [29]). 

 
The most classical substrates that support SERS are based on silver (Ag) and gold 

(Au) nanoparticles (NPs) colloids produced from the chemical reduction of aqueous metal 

salts [30, 31]. The sizes and geometries of the NPs are controlled during the reduction 

process [32-35]. Visually, the colloidal NPs of distinct sizes and shapes exhibit unique 

optical properties, including the formation of different stunning colors (e.g. Au NPs in 30-

nm sizes are wine-red in color, while those of 90-nm sizes appear purple; Ag spheres in 50-

nm diameter show greenish-grey, but Ag triangles in 50-nm edge length emerge blue). For 

instance, the SPR from these types of NPs had been utilized by artists as early as in 1400 

AD to color artifacts (such as the Lycurgus Cup). The science behind, nonetheless, was not 

explored until the 20th Century.  

 
Gold and silver are the most commonly exploited plasmonic metals, mainly because 

their surface plasmon resonance frequencies reside in the visible/near-infrared range             

(~400 – 1000 nm) with relatively low optical losses. Based on a Drude model [36] 

description, Ag is expected to yield better plasmonic enhancements (εreal < 0 ) in the visible, 

due to its lower (compared to Au) loss to the inter-band transitions (small εimaginary; with 

lower band-transition occurrences from d- to above Fermi level (i.e. s- or p-band)). Silver, 

however, has high tendency to be oxidized. As a result, Au is often the metal of choice in 

several types of applications. 
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The first demonstration of SPR sensing was presented by Liedberg et al. in 1983, 

where SPR was employed for gas detection. Some exploratory biosensing using an antigen-

antibody system in a binding experiment was also presented [37]. In 1990, the very first 

commercial SPR-based biosensor equipment (BIACORE) was commercialized [38]. 

Typically, the instrument is reported (www.biacore.com) to achieve detection limits below 

1 pg mm-2 and a resolution of ~ 10-7 refractive index units (RIU). On the other hand, SERS 

has been known for its single-molecule fingerprinting detection capabilities [39-41]. 

Commercial solid-supported SERS substrates (e.g. ‘SERStrate’ from www.SILMECO.com, 

‘RAM-SERS-AU/AG/SP’ from www.oceanoptics.com) have been marketed starting in the 

2000’s and portable SERS analyzers (e.g. ‘StellarCASE-RamanTM Applications from 

www.stellarnet.us, ‘PSA’ from Real Time Analyzer, Inc) have also been released in recent 

years for field detections.  

 
Apart from the commercial plasmonic sensors mentioned earlier, the development 

of new plasmonic sensors is still an actively evolving research area with various 

contributions reported every year [13, 42-82]. To assess the performance of the new sensors 

as compared to the state-of-the-art, validation step is required to verify the analytical 

performance of the sensors. This can be done though the assessment of figure-of-merits 

(FoMs) [83-86]. In the following section, some fundamental figure-of-merits that are 

commonly used to assess the performances of analytical sensors are discussed. 

 

1.3.1 Figure-of-merits (FoMs) of analytical sensors 

Typical FoMs used to validate the performance of analytical sensors include those related 

to the analytes’ responses to the sensors (e.g., sensitivity, selectivity, signal-to-noise ratio, 

limit of detection) [83-86]. Additionally, the stability of the sensing system (e.g. 

reproducibility, repeatability) is also important [83-85]. In the recent decade, portability (or 

the ease to be made portable) of the sensors has attracted more attention, as this feature 

allows on-site sampling and detection which is convenient for some applications (e.g. 

environmental detections) [46, 87-94]. In the following sections, some fundamental FoMs 

that are relevant to this work will be discussed. 

 

http://www.biacore.com/
http://www.silmeco.com/
http://www.stellarnet.us/
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1.3.1.1 Sensitivity  

In general, the sensitivity of the detection of the analytes is given by the slope of the 

analytical calibration curve (i.e. calibration sensitivity, as illustrated in Figure 1.2). 

Typically, the calibration curve is a plot of the transducer unit response to the concentration 

of the analyte. The sensitivity performance of the sensors increases with the steepness (i.e. 

larger value) of the slope of the calibration curve. In other word, this indicates that a small 

change in concentration of analyte causes a large change in the response of the transducer.  

 

 
Figure 1.2 A typical calibration curve generated from SPR measurements. The slope of 

the curve corresponds to the calibration sensitivity of the detection. 

 

For those SPR-based sensors, besides calibration sensitivity (also called bulk 

refractive index sensitivity (𝑆𝑆𝑏𝑏) where calibration is done based on solution’s refractive 

index, as seen in Figure 1.2), surface sensitivity (Ss) is also used to evaluate the sensors since 

most of the SPR sensors are employed in the detection of surface binding events (i.e. 

antigen-antibody binding) [86]. In Ss estimation, the effective refractive index (neff) on the 

metal-dielectric interface that takes into account the surface coverage, the adlayer (adsorbed 

layer) thickness and the extension of the SP-field from the surface, is employed in the 

calculations [86, 95].  
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1.3.1.2 Limit of detection (LOD) 

Limit of detection (LOD) is the concentration with respect to the smallest detectable signals 

within a determined degree of certainty (i.e. clear distinction between signal and noise). 

Commonly, LOD is assessed through n times (e.g., IUPAC recommendation is that n=3) of 

the standard deviation (s) of repetitive measurements of the blank, as seen in Equation 1.1 

[83]:  

𝑦𝑦𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑦𝑦𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 3𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏                     (1.1) 

 

where 𝑦𝑦𝐿𝐿𝐿𝐿𝐿𝐿 is the instrument reading at LOD, 𝑦𝑦𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the mean reading of replicate blank 

measurements, and 𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the respective standard deviation from the blank 

measurements. This parameter is important as it describes the capability of the sensor in 

discriminating the signal of the analyte from the noise or background of the analytical 

output. The LODs achieved by reported SERS-based sensors in environmental detections 

are presented in section 1.6.  

 

1.3.1.3 Reproducibility 

The reproducibility of the analytical measurements implies the closeness of the agreement 

between successive measurements in different conditions (e.g., time intervals, changes of 

apparatus, change of operators). In practical, the degree of reproducibility is commonly 

presented in % relative standard deviation (%RSD).  

 

1.3.1.4 Resolution 

Resolution is another aspect that is important to validate SPR-based sensors. It is basically 

the smallest detectable change in refractive index unit (RIU). Equation 1.2 [86] is practically 

used to calculate the resolution of a sensing system: 

 

     𝑅𝑅𝑅𝑅𝑠𝑠𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝑆𝑆𝑏𝑏

                          (1.2) 

 

where 𝜎𝜎𝑏𝑏𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is the standard deviation of repetitive measurements of the blank and  𝑆𝑆𝑏𝑏 is the 

bulk sensitivity. 
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1.4 Surface plasmon resonance (SPR) 

Technically, SP is the collective hybrid mode involving photons and the oscillation wave of 

the free electrons on the metallic interface. SPR leads to dramatic optical effects, such as 

extraordinarily large absorption or scattering responses, as the electromagnetic field of the 

light couples successfully to the oscillating electrons at the metallic interface [25, 96]. 

Specifically, there are two types of the SPs: (1) localized surface plasmon (LSP); and (2) 

propagating surface plasmon (PSP). Notably, both SP modes are surface-bound, but PSP 

has a longer decay length as compared to LSP [96]. 

 
Due to the mismatched momentum between the incident field and the free electron 

oscillation frequency in metals, direct coupling of light to the plasmon modes does not occur 

in normal conditions. This can be illustrated from the daily observation that these metals are 

genuinely good light reflectors (used as mirrors since the ancient times). The 

electromagnetic coupling conditions for SPR excitation will be discussed in the following 

sections. Another point to note is that the smooth metal films of Ag and Au, the two typical 

plasmonic metals (refer to Section 1.3), appear reflective in distinct colors. The explanation 

is related to the energy involved in their electrons’ inter-band absorption. Since Ag absorbs 

in the ultraviolet region, so it reflects all visible spectrum and appears bright silvery. On the 

contrary, a smooth Au film shines in yellow because Au metal absorbs strongly in blue-

green of the visible spectrum for the electronic transition from 3d band to the levels above 

Fermi level.   

 

1.4.1 Localized surface plasmon resonance (LSPR) 

The LSPR phenomenon can be illustrated using a tiny (nanometric) metallic sphere (e.g., 

NPs) [97]. Considering that the metallic NP has a relative small size compared to the visible 

wavelength (refer to Figure 1.3), the sphere experiences an uniform electric field. When a 

resonant electromagnetic field (i.e. matching to the oscillation frequency of the free 

electrons) illuminates the metallic sphere, the free electrons on the metal interface will be 

excited as if the external field is superimposed on the internal induced dipole of the metal 

sphere (charge oscillation of the electrons), as illustrated in Figure 1.3. Due to its small size, 
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in tenth of nanometers range, the intense charge confinement in the metal NP induces a 

highly localized field generated around the sphere.  

 
Figure 1.3 Schematic of the excitation of surface plasmon (SP) on metallic nanoparticles 

by free-space light (sphere diameter << light wavelength). 

  
 As discussed in section 1.3, the SPR phenomenon (more specifically LSPR) 

accounts for the assorted colors observed when metal nanoparticles exist in different sizes. 

The earliest analytical solution to explain the color extinction of gold nanoparticles (i.e. red 

color) was done by Gustav Mie in the early 1900s. In the Mie theory, the Maxwell’s 

equation is solved using the spherical model. For nanospheres much smaller than the 

wavelength of light (sphere diameter << light wavelength), the extinction cross-section, 

𝜎𝜎𝑛𝑛𝑒𝑒𝑒𝑒  can be expressed by the following equations:  

 
                       𝜎𝜎𝑛𝑛𝑒𝑒𝑒𝑒 (𝜔𝜔) = 9 𝜔𝜔

𝑐𝑐
𝜀𝜀𝑑𝑑
3/2𝑉𝑉 𝜀𝜀2(𝜔𝜔)

[𝜀𝜀1 (𝜔𝜔)+2𝜀𝜀𝑑𝑑]2+𝜀𝜀2(𝜔𝜔)2
         (1.3) 

 
                              𝜎𝜎𝑛𝑛𝑒𝑒𝑒𝑒 =  𝜎𝜎𝑛𝑛𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒𝑛𝑛𝑠𝑠 + 𝜎𝜎𝑏𝑏𝑏𝑏𝑛𝑛                                 (1.4) 

 
where 𝜔𝜔 is the angular frequency of the incidence, c is the speed of light, V is the volume 

of the particles, 𝜀𝜀d is the dielectric constant for the surrounding medium of the nanospheres, 

and lastly, 𝜀𝜀1 and 𝜀𝜀2 are the real and imaginary portions of the metal’s dielectric constant 

and 𝜀𝜀𝑚𝑚𝑛𝑛𝑒𝑒𝑏𝑏𝑏𝑏(𝜔𝜔) =  𝜀𝜀1(𝜔𝜔) + 𝑅𝑅𝜀𝜀2(𝜔𝜔). The notations, 𝜎𝜎𝑛𝑛𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒𝑛𝑛𝑠𝑠 and 𝜎𝜎𝑏𝑏𝑏𝑏𝑛𝑛 are the scattering and 

absorption cross-sections of the nanospheres. From the equation 1.3, we can see that the 

resonance condition (LSPR) for the metal nanoparticles (i.e. large 𝜎𝜎𝑛𝑛𝑒𝑒𝑒𝑒 ) is fulfilled when 
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𝜀𝜀1(𝜔𝜔) =  −2𝜀𝜀𝑑𝑑 and 𝜀𝜀2 is small (or weakly dependent on 𝜔𝜔).  

These conditions are attained for Au, Ag and Cu in the visible and near IR.  

 
In addition to that, the localized field will be even stronger when the metal 

nanosphere electromagnetically interacts with other nanospheres in its vicinity (nanometer 

range). Figure 1.4(a) shows an example of interaction when the inter-particles axis is parallel 

to the incidence polarization of the light field, allowing the coupling of the dipoles [98, 99]. 

The dipole coupling results in the generation of highly localized field inside the space 

between the particles (depicted by the highlighted red region in Figure 1.4(a)). These regions 

of highly localized electromagnetic fields are called ‘hot-spots’ [100, 101]. LSPR is thus a 

near-field effect that comes with very short decay length (10’s of nm, depending on the 

wavelength). Figure 1.4(b) shows a scheme for the case where the incident field polarization 

is perpendicular to the inter-particle axis. In that case, the dipole coupling is not favoured 

and hot spot is not generated in the gap between the particles. 

 
Figure 1.4 (a) The formation of hot spot in the cavity between two metal nanoparticles as 

the inter-particles’ axis is parallel to the incidence polarization. (b) The lack of field in the 

cavity as the incidence polarization is perpendicular to the inter-particles’ axis. 

 

The LSPR effect is utilized in a variety of applications, and it is the main 

contribution to the amplification of the Raman signal observed in SERS [100, 102, 103]. 

Since LSPR frequency is very sensitive to dielectric changes on the interface of the NPs, it 

is useful for refractive index sensing [97, 104]. In addition, it is easier to tune the wavelength 

of LSPR by modulating the geometry of the metal nanoparticles (size and shape) [105, 106].  
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1.4.2 Propagating surface plasmon resonance (PSPR) 

The typical PSP resonance is commonly known simply as ‘SPR’. This is a very popular 

technique used in biomedical research to study biomolecular interactions. Similar to LSPR, 

the resonance energy of the SP is also very sensitive to dielectric changes (i.e. refractive 

index changes) on the metal interface [9, 37, 107]. Unlike LSPs, PSPs are non-radiative, 

and the energy transferred propagates along the interfaces of the planar substrates, as 

represented in Figure 1.5 (x-direction). The energy dissipates during propagation through 

optical absorption of the metal and scattering by surface roughness [108]. The energy loss 

is also portrayed through the decreasing of the PSP waves’ amplitudes as the waves 

propagate along the metal interface in Figure 1.5.  

 
Figure 1.5 Schematic of a propagating surface plasmon (PSP) at the metal-dielectric 

interface. 

 
For PSP waves, the typical propagation length for silver and gold is in the range of 

~ 10 to 100 μm [109, 110]. Another SP related-length that is particularly important for SPR 

sensing, is the decay length of the PSP waves towards the dielectric materials (i.e. the 

penetration depth into the dielectric materials, along the z-direction in Figure 1.5). The 

decay lengths (penetration depths) into the dielectrics, 𝛿𝛿𝑑𝑑𝑛𝑛𝑛𝑛𝑏𝑏𝑛𝑛𝑐𝑐𝑒𝑒𝑠𝑠𝑛𝑛𝑐𝑐, can be computed through 

equation 1.5 [110, 111]: 

                                              𝛿𝛿𝑑𝑑𝑛𝑛𝑛𝑛𝑏𝑏𝑛𝑛𝑐𝑐𝑒𝑒𝑠𝑠𝑛𝑛𝑐𝑐 =  1
𝑏𝑏0
�𝜀𝜀1+ 𝜀𝜀𝑑𝑑

𝜀𝜀𝑑𝑑
2 �

1
2
                      (1.5) 
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where 𝑘𝑘0 is the free space wavevector, 𝜀𝜀1 is the real portion of the metal’s dielectric 

constant, and 𝜀𝜀𝑑𝑑 is the dielectric constant for dielectric materials. The 𝛿𝛿𝑑𝑑𝑛𝑛𝑛𝑛𝑏𝑏𝑛𝑛𝑐𝑐𝑒𝑒𝑠𝑠𝑛𝑛𝑐𝑐 at the 

visible/infrared region for Ag is depicted in Figure 1.6. In general, PSPR is sharper 

compared to the classical LSPR (i.e. supported by metallic NPs), since the broadening of 

the PSPR mode is mainly contributed by propagation losses (e.g., from the random surface 

roughness, as seen in the imaginary portion of  𝜀𝜀𝑚𝑚 , metal’s dielectric constant in equation 

1.6). 

𝑘𝑘𝑆𝑆𝑆𝑆 = �𝜔𝜔
𝑐𝑐
��

𝜀𝜀𝑑𝑑𝜀𝜀𝑚𝑚
𝜀𝜀𝑑𝑑+𝜀𝜀𝑚𝑚

= �𝜔𝜔
𝑐𝑐
��𝜀𝜀𝑝𝑝𝑠𝑠𝑛𝑛𝑛𝑛𝑚𝑚 sin𝜃𝜃       (1.6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Penetration depth of surface plasmon of Ag into the dielectric (i.e. air) as a 

function of wavelengths. The data were computed using the Drude approximation. 

Reproduced with permission from [110]. 

 

1.4.2.1 PSPR prism coupling 

There are two configurations to excite PSPR with prisms. These SPR excitation techniques 

are based on evanescent fields generated by the attenuated total internal reflection in prisms 

and they were developed by Otto [20]  and Kretschmann [21] in the late 1960s. The 
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schematic of the Kretschmann setup is presented in Figure 1.7. The main difference between 

the Otto and the Kretschmann configurations is the position of the metal film relative to the 

prism. Kretschmann’s directly coated the metal film on the prism, while Otto’s allowed a 

space between the prism and the metal film [20, 21]. The Kretschmann configuration is 

more straightforward and easier to implement, since it does not require control of the space 

between the prism and metal film. 

 
Figure 1.7 Kretschmann configuration is commonly used to couple the optical field to thin 

metal films in SPR biosensing experiments. Reproduced with permission from [90]. 

 
The SPR for both setups are detected in reflection mode (Figure 1.7), by measuring 

either a change of incidence angle or a change in the wavelength of the reflected light. The 

resonance conditions can be obtained by solving Maxwell equations [112, 113] and 

approximated as in equation 1.6 (also shown in Section 1.4.2): 

 

𝑘𝑘𝑆𝑆𝑆𝑆 = �𝜔𝜔
𝑐𝑐
��

𝜀𝜀𝑑𝑑𝜀𝜀𝑚𝑚
𝜀𝜀𝑑𝑑+𝜀𝜀𝑚𝑚

= �𝜔𝜔
𝑐𝑐
��𝜀𝜀𝑝𝑝𝑠𝑠𝑛𝑛𝑛𝑛𝑚𝑚 sin𝜃𝜃       (1.6) 

 
where ksp is the SP wavevector, ε is the dielectric constant (for the dielectric materials, d, 

and metal, m), ω is the frequency of incident light, c is the speed of light in vacuum, and θ 

is the incident angle indicated in Figure 1.7. From the equation 1.6, the prism is needed to 

increase the momentum of the photons (more specifically the transverse magnetic (TM) 

mode (p-polarization) of the electromagnetic field [108, 114]), so that they can couple with 

the SP on the metal interfaces.  
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In practical terms, the PSP-prism coupling involves more stringent optical 

conditions (i.e. angular or incident wavelength), in order to fulfill the frequency and 

momentum requirements for SP excitation, as compared to the alternative coupling methods 

(e.g. extraordinary optical transmission (EOT), will be discussed in Section 1.4.2.2).  

1.4.2.2 SPR grating coupling 

Another way to couple photons to surface plasmons is through the incorporation of 

(periodic) surface roughness or gratings on the metal interface to break the symmetry on the 

planar metal interface [19]. Special-fabricated periodic metallic surface gratings (e.g. 

nanoholes [115-118], nanorods [119], and nanoslits [120-122]) permit direct optical 

coupling on zero-angle incidence [96, 123]. A schematic of experimental geometries for 

SPR grating coupling experiments is shown in Figure 1.8. The resonance conditions are 

achieved through the approximation as follows: 

 

                           𝑘𝑘𝑆𝑆𝑆𝑆 = �𝜔𝜔
𝑐𝑐
��

𝜀𝜀𝑑𝑑𝜀𝜀𝑚𝑚
𝜀𝜀𝑑𝑑+𝜀𝜀𝑚𝑚

 = �𝜔𝜔
𝑐𝑐
� sin𝜃𝜃 ± 2𝜋𝜋

𝑝𝑝
 𝑚𝑚        (1.7) 

 
where ksp is the SP wavevector, 𝜔𝜔 is the frequency of incident light, c is speed of light in 

vacuum, ε is the dielectric constants (d for the dielectric materials, m for the metals), θ is 

the incident angle, p is the periodicity of nanostructures, and m is the mode defining the 

transmission order. 

 
Extraordinary optical transmission (EOT) was discovered by Ebbesen et al. in 1998 

[96]. In EOT, the grating coupling to produce PSPR occurs in transmission mode, rather 

than classical reflection (see Figure 1.7). The first observation related to EOT, as mentioned 

earlier in Section 1.3, was actually reported in the 1900s [22]. Even though the surface 

plasmon was already recognized in the 1960s, their relationship to EOT was not confirmed 

until Ebbesen et al. observed that the enhanced transmissions are actually affected by the 

periodicity of the gratings (nanohole arrays) on the metal interfaces [96, 109]. Since the 

EOT is normally generated by grating coupling at zero-angle incidence (θ = 0), Equation 

1.7 is simplified to: 
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�𝜔𝜔
𝑐𝑐
��

𝜀𝜀𝑑𝑑𝜀𝜀𝑚𝑚
𝜀𝜀𝑑𝑑+𝜀𝜀𝑚𝑚

 =  2𝜋𝜋
𝑝𝑝

 𝑚𝑚               (1.8) 

The free photon wave-vector that is responsible in achieving SPR in equation 1.8 

can then be substituted with angular frequency (𝜔𝜔 =  2𝜋𝜋𝜋𝜋  ; f is the ordinary frequency) and 

light equation ( 𝑐𝑐 = 𝜋𝜋𝑓𝑓 ) giving the Equation 1.9 and 1.10. 

 

� 2𝜋𝜋
𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆

��
𝜀𝜀𝑑𝑑𝜀𝜀𝑚𝑚
𝜀𝜀𝑑𝑑+𝜀𝜀𝑚𝑚

 =  2𝜋𝜋
𝑝𝑝

 𝑚𝑚                (1.9) 

 

  𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑝𝑝
𝑚𝑚�

𝜀𝜀𝑑𝑑𝜀𝜀𝑚𝑚
𝜀𝜀𝑑𝑑+𝜀𝜀𝑚𝑚

                                (1.10) 

 
where 𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆 is the SPR wavelength. The rest of the notations are the same as equation 1.7. 

          
Figure 1.8 Schematic of grating coupling methods used to excite propagating surface 

plasmon on metal surfaces patterned with periodic nanostructures. Two experimental 

geometries are indicated: reflection and transmission. The transmission geometry is used in 

extraordinary optical transmission (EOT) measurements. Reproduced with permission from 

[86]. 

 
In optical physics, the incident light polarization can be decomposed in two 

components in the incident plan called transverse magnetic (TM) and transverse electric 

(TE) (also known as p-polarization and s-polarization, respectively). These two components 

are represented on a periodic slit structure shown in Figure 1.9. PSPR is only excited by the 

TM-mode of the incident field in one-dimensional or unsymmetrical metallic nanostructures 
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[124-126], as shown in Figure 1.9. This means that these kinds of nanostructures preserve 

polarization anisotropy. In contrast, when the polarization mode of the incidence is parallel 

to the long axis of the gratings (i.e. the structures are longer than the wavelengths in that 

direction), as illustrated in TE polarization in Figure 1.9, the SP excitation is less probable. 

This is because under this circumstance, the nanostructures are seen as a smooth metal film 

by the incident field, which reflects the incident light rather than absorb (transmit) it. 

 

 
Figure 1.9 TM and TE-polarization directions with respect to the structure of an one-

dimensional metallic nanogratings substrate. 

 

1.5 Raman scattering 

The phenomena of Raman scattering was discovered with very minimal optical setup (i.e. 

sunlight as excitation source and human eyes as detector) by an Indian scientist called 

Chandrasekhara Venkata Raman in 1921 [127]. The effect is observed when incident 

photons are inelastically scattered from molecules. Molecular vibrational energy is 

exchanged during the photon–molecule interaction. The resulted frequency shift of the 

scattered photon (relative to the incident light) is specific for different molecules, producing 

the characteristic molecular vibrational spectra. In addition to that, there are two types of 

Raman scattering, as shown in Figure 1.10: (a) Stokes scattering, where the energy of 

scattered photon is lower than the incoming photon; (b) anti-Stokes scattering, where the 

up-conversion of energy is observed from the scattered photons as a result of the interaction 

with an already excited vibrational state. 
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Figure 1.10 Jablonski diagram representing Rayleigh (green down-arrow), Raman Stokes 

(red down-arrow) and anti-Stokes scatterings (blue down-arrow). The vibrational states in 

different energy levels are shown by solid black lines with labels ν0 - ν3. The dotted black 

lines are the virtual excited states of scattering processes with transient life-time.  

 

Even though the Raman effect led to the physics Nobel Prize in 1930 [128], the 

discovery did not progress into mainstream applications due to the weak nature of the effect. 

In fact, the Raman phenomenon has a very scarce occurrence, where only approximately 

one in 10 million molecules experiences Raman scattering when they interact with light. 

Moreover, the probability of occurrence of anti-Stokes scattering is even lower, because 

most molecules are at the ground vibrational state at standard conditions (298 K). The 

development of this vibrational spectroscopic technique accelerated significantly after the 

invention of the laser in the 1960s [129]. Since then, other innovations, such as notch filters, 

holographic gratings, high throughput spectrographs, microscope integration, multi-channel 

charge-coupled (CCD) detectors, have gradually led to the advent of the sophisticated 

Raman instrument of today [130].  

 
In order to produce the Raman effect, the interaction with light must induce a change 

in molecular polarizability (which is associated with the induced dipole exhibited by the 

molecule when interacting with light) with respect to a vibrational coordinate. The 

magnitude of the induced dipole (i.e. changes of the charge distribution in the molecules) 
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generated as the electric field polarizes the molecules, can be obtained through Equation 

1.11:  

                                                    P = αE                   (1.11) 

 
where P is the induced dipole of the molecules under the applied electric field, E. α 

corresponds to the polarizability tensor of the molecules. The relationship between the 

magnitude of the associated Raman intensities, IR, and the respective molecular induced 

dipole moment, P, is given by: 

 
                         𝐼𝐼𝑆𝑆 = 16𝜋𝜋4 𝑓𝑓4

3𝑐𝑐3
𝑁𝑁 𝑆𝑆2  = 16𝜋𝜋4 𝑓𝑓4

3𝑐𝑐3
 𝑁𝑁 𝐸𝐸2 |𝛼𝛼|2       (1.12) 

 
                  𝐼𝐼𝑆𝑆  ∝ |𝛼𝛼|2                            (1.13) 

 
Where f is the scattered frequency (s-1), c is the speed of light (ms-1) and N is the number 

density of the scattering molecules (number of the molecules in unit volume). The rest of 

the notations are the same as Equation 1.11.  

 
One typical way to increase the efficiency of normal (spontaneous or non-resonant) 

Raman process is by careful selection of the excitation frequency to match with one of the 

electronic transitions (i.e. increase the contribution of the molecular Raman polarizability 

tensor). The relationship of the direct square-proportion of the Raman intensity, IR and the 

polarizability tensor, α, is given in Equation 1.13.  This technique is known as resonance 

Raman spectroscopy (RRS) [131, 132]. By doing this, the Raman scattering cross-section 

can be improved up to 106 compared to the non-resonant conditions [133].  

 

1.5.1 Surface enhanced Raman scattering (SERS) 

Another breakthrough in Raman spectroscopy was the discovery of SERS in the early 1970s 

[26]. The first ever SERS effect was observed for pyridine absorbed on electrochemically 

roughened silver electrodes. The phenomenon was initially explained as a ‘surface area 

effect’, related to the number of fractals on the interface [26]. After more careful 

experiments and demonstrations, it was concluded that the magnitude of the enhancement 

could not be explained by considering only the surface area. Two principal theories were 
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suggested to account for the SERS phenomena: (1) the electromagnetic (EM) [27, 28]; and 

(2) the charge transfer (CT) or chemical [29] mechanisms.  

 
Figure 1.11 Schematic of a SERS substrate (supported gold NPs (yellow spheres) 

immobilized on glass). The blue particles depict the molecules of interest. 

 

Figure 1.11 illustrates a typical SERS substrate. Surface enhanced Raman scattering 

is a Raman process that happens for molecules adsorbed on nanostructured metallic 

interfaces. The SERS effect amplifies Raman signals of the adsorbed molecules by a few 

orders of magnitude.  It is reported that SERS allows up to 1011 enhancement factor 

(calculated as the magnitude of the SERS signal increment with respect to the normal 

Raman) for Rhodamine 6G [39] adsorbed on silver nanoparticle colloids. Since SERS is a 

surface-based process, the typical enhancements are accessible by the molecules located 

within 10 nm from the metal nanostructures (details of the mechanisms will be discussed in 

section 1.5.1.1 and 1.5.1.2). The greatly improved Raman cross-section observed in SERS 

(i.e. SERS cross-section of ~ 10-16 cm2 for Rhodamine 6G versus the normal Raman cross-

section of ~10-27 cm2) [39, 40], is comparable to the fluorescence technique, with the 

additional benefit that SERS provides molecular fingerprinting vibrational spectra.  

 
Research activity in the SERS field was vigorous at the first decade since its 

discovery, then it gradually plateaued until the first report of single-molecule detection 

using SERS by Kneipp et al. and Nie et al. [39, 41]. The SERS-based single molecule (SM) 

detection offer information-rich fingerprinting vibrational spectrum and present advantages 

over SM-detection by fluorescence [134, 135]. The single molecule capabilities of SERS 

have renewed the interest in the effect and led to accelerated developments in the SERS 

field.  
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1.5.1.1 The electromagnetic (EM) mechanism  

The SERS EM theory is closely associated with LSPR. In a simplified version, the EM 

mechanism can be illustrated as the generation of a dipole field around metal nanoparticles 

(i.e. SERS substrate) when the excitation laser (𝜔𝜔0) is in resonance with the metal free 

electrons oscillation (as discussed in Section 1.4.1). The molecules at the vicinity (within a 

few nanometers range) of the NPs experience a strong localized field confined at the metal-

dielectric interface. The field is particular strong at the hot spot region formed in the gap 

between two nanoparticles, as presented in Figure 1.4.  The electromagnetic energy may be 

lost (𝜔𝜔0 - 𝜔𝜔vib) or gained (𝜔𝜔0 + 𝜔𝜔vib) as the molecules vibrate, similar to a normal Raman 

scattering (refer to section 1.5). The emission field from the molecular vibrations then re-

excites the surface plasmon on the metal nanoparticles, as the energy shift from the 

molecular vibration (compared to the incident field) is generally small relative to the broad 

surface plasmon absorption envelop. 

 
The SERS phenomenon can then be thought as the combined contributions of two 

kinds of scatterings that take place simultaneously - inelastic scattering from the adsorbed 

molecules and an elastic scattering from the metal nanostructures. The electromagnetic 

enhancement factor (EF) can; therefore, be approximated using the following expressions: 

 
𝐸𝐸𝐸𝐸 ∝  �𝐸𝐸(𝜔𝜔0)�

2 �𝐸𝐸(𝜔𝜔0−𝜔𝜔𝑣𝑣𝑛𝑛𝑏𝑏)�
2
    (1.14) 

 

 𝜔𝜔0 − 𝜔𝜔𝑣𝑣𝑛𝑛𝑏𝑏 ≈  𝜔𝜔0                     (1.15) 

 
𝐸𝐸𝐸𝐸 ∝  �𝐸𝐸(𝜔𝜔0)�

4
                         (1.16) 

 
where E(𝜔𝜔0)  corresponds to the local field associated with the incident laser and E(𝜔𝜔0 - 𝜔𝜔vib) 

is the local field at the scattered field modified by the molecular vibrations. 
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1.5.1.2 The charge transfer (CT) mechanism  

The relationship demonstrated in Equation 1.12 shows that the efficiency of the normal 

Raman scattering is proportional to the light intensity (E2 in Equation 1.12). This means that 

more scattering is obtained when the power of the excitation laser increases (keeping in 

mind that material decomposition sets the upper limit for the laser power). The EM 

enhancement mechanism, (discussed in Section 1.5.1.1, increases the local field by 𝐸𝐸(𝜔𝜔)
4 , 

which can be thought as a power density increase in Equation 1.12. However, Equation 1.12 

also emphasizes the dependence of the Raman intensity in the polarizability of the molecules 

(α). In other words, the efficiency of the Raman scattering is enhanced when the molecular 

polarizability is promoted. This concept was introduced in our discussion of the RRS in 

Section 1.5. 

 
In the CT mechanism, the enhancement is believed to arise from new electronic 

transitions that arises from the interaction between the metal and the molecular orbitals, 

forming a charge transfer metal–molecule complex. This in turn modifies the molecular 

polarizability (refer to section 1.5) of the absorbate. When the charge transfer band is 

resonant to either the incident or the scattered field, the CT enhancement factor contributes 

to the order of ~10 – 103 to the overall SERS intensity [136]. 

 
Another point worth mentioning here is that the ability of the molecules to form the 

CT-complex with the metal(s) actually determines the extent or contribution of CT 

mechanism in SERS. The classical proof of the contribution of the CT effect arises from a 

comparison between the SERS intensities of CO and N2 adsorbed on Ag under the same 

experimental conditions. The SERS signal of CO was observed to be 200 times higher than 

that from N2 [137]. Since both molecules have similar polarizability, the larger SERS 

intensity from CO was proposed as a clear evident of the contribution from the CT 

mechanism in SERS. 
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1.5.2 SERS applications in analytical chemistry 

The uncovering of the SM detection capability of SERS in the 1990s [39, 41, 138] (also 

discussed in section 1.5.1) provided an alternative for analytical chemists to perform 

measurements at ultra-low concentrations of analytes. In recent decades, there were various 

reports proposing real-world applications of SERS, particularly in the sensing of a variety 

of chemical species, ranging from environmental contaminants detection [43, 51, 78, 82, 

139-144], security monitoring (e.g. food contaminants [145-149], chemical warfare agents 

[150-152]), forensic detections [153], to medical diagnostics [15, 73, 80, 154-164], and 

many others. It is known that all the polarizable molecules (i.e. the electron clouds of the 

species are easily distorted by the electric field) experiences Raman scattering (refer to 

section 1.5), and; therefore, can be detected by SERS. In the following section, some 

examples of SERS applications in analytical chemistry are discussed. The focus is on 

environmental-related applications, as those are closest to the interest of this work. Some 

examples of food contaminant detection using SERS are also reviewed, as most foodborne 

contaminants are introduced to the food source through either environmental pollution [53, 

146, 149, 165-177] or as the food additives (mostly prohibited) during food processing [82, 

148, 178-188].  

 

1.5.2.1 Pesticides 

The contamination of food source and environment by pesticides has been a longstanding 

global issue. Under the class of pesticides, there are herbicides, fungicides, insecticide etc. 

All these ‘-cide’ suffix-containing substances are designed to kill the entities as in their 

names. However, besides the initial purpose of killing ‘pests’, the wide applications of 

pesticides have caused the accumulation of the residues in food products [149, 172, 176] 

and in the ecosystem [189, 190]. These pesticide residues can be extremely toxic to humans 

and other living organisms [191].  

 
There have been plenty of reports on the SERS detections of different types of 

pesticides residues in some real matrices (e.g. fruits and vegetable [149, 172, 174, 176]). A 

summary of those applications are provided in Table 1.1). As shown in Table 1.1, randomly 

distributed nanoparticles were the most commonly used SERS substrates for pesticides 
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detections [53, 146, 149, 165-173, 175-177]. These systems provide impressive LODs (i.e. 

parts per billion (ppb)-level and below). Some contributions had also reported the on-chip 

optofluidic detection of pesticides [166, 175]. One of the most interesting optofluidic setups 

was proposed by Yazdi and White. Their device was a pump-free microsystem with optical 

fiber cables integrated for sample excitation and signal collections. The optical fiber 

integrated design was reported to allow automation in sample alignment, as compared to the 

traditional Raman microscope measurements [175].  

 
Table 1.1 Examples of SERS applications in pesticides detection 

Pesticides 
 

SERS substrate Sample matrix LOD  

methylparathion 
thiram 
chlorpyrifos 

Au NPs decorated tape 
 
 

vegetable and 
fruit 

0.24-3.51 ng/cm2 
 

[146] 
 

carbaryl 
phosmet 
methyl azinphos 
 
carbaryl 
phosmet 
methyl azinphos 

Q-SERS™ G1 
 

spiked apples 
skins 
 
 
spikes tomatoes 
skins 
 

4.51 μg/mL 
5.35 μg/mL 
6.51 μg/mL 

 
2.91 μg/mL 
6.66 μg/mL 
2.94 μg/mL 

 

[174] 

thiabendazole 
 

Ag NPs  
(portable Raman device) 
 

citrus fruits and 
bananas 
 

 [176] 

thiram 
ferbam 
ziram 

Au nanorods  
 
 
 

8.278 ng/mL 
10.67 ng/mL 
3.957 ng/mL 

[171] 

Thiram dogbone shaped Au NPs  2.84 ng/mL [170] 

methamidophos 
 

Ag NPs vegetables 0.01 μg/mL [172] 

thiram 
 
 

cube-like Fe3O4@SiO2@Ag 
nanocomposites 

  0.24 μg/mL [177] 

thiram 
 

clusters of Ag NPs  0.024 μg/mL [53] 

thiram 
 

Au/Ag coreshell bypiramidal 
particles 

 2.0 ng/mL 
 

[173] 

methylparathion 
 
 

mono-6-thio-β-cyclodextrin-
decorated one-dimensional Au 
NPs 

 0.3 pg/mL [168] 

methyl parathion optofluidic system with PDMS 
microfluidic channel (Ag NPs) 

 0.1 μg/mL [165] 

paraquat 
 
 

optofluidic oil-phase 
microdroplet sensor (Ag NPs) 

 0.5 ng/mL [192] 
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methyl parathion 
malachite green 
thiram 

optofluidic pump-less 
microsystem (Ag NPs 
immobilized 
silica microspheres) 

 5 μg/mL 
0.1 ng/mL 
5 ng/mL 

[175] 

malathion Ag NPs-immobilized filter 
membrane 

 61.5 ng/mL [183] 

 

1.5.2.2 Pharmaceuticals 

The emergence of pharmaceuticals and personal care products (PCPPs) in the environment 

has become a worldwide issue. Despite of the unclear science (to-date) with respect to the 

risks of exposure, the monitoring of the identities of PCPPs and their quantities in the 

environment is still required for the societal well-beings [193].  

 
SERS has been widely used for the detection of pharmaceuticals (or their 

metabolites or analogues) [14, 62, 74, 194-203]. Some illicit drugs (e.g. amphetamine, 

mephedrone) were reportedly detected by SERS [204-206]. A summary of examples of 

SERS applications in pharmaceutical detection is presented in Table 1.2. There were also 

reports of SERS measurements of pharmaceuticals using portable spectrometer [62, 194], 

which can be useful for on-site sampling and detection. The reported LODs achieved in 

SERS pharmaceutical detections were mostly in ppb or sub-ppm levels, presented in Table 

1.2.   

 
Table 1.2 Examples of SERS applications in pharmaceutical detection 

Pharmaceuticals 
 

 SERS 
substrate 

Sample 
matrix 

LOD  

Antibiotics 
 

enrofloxacin 
furazolidone  

Klarites, Q-
SERS 

fish  
800 ng/mL 

[195] 
 

 enrofloxacin Ag NPs 
immobilized 
porous 
materials 

chicken 
muscles 

0.01 mg/kg [199] 

 enrofloxacin 
ciprofloxacin 
chloramphenic 

dendritic Ag 
nanosubstrates 

 20 ng/mL 
20 ng/mL 
20 ng/mL 

 
[194] 

 moxifloxacin  Au NPs artificial 
urine 

0.085 μg/mL 
 

[196] 

 levofloxacin 
 

droplet based 
microfluidic 
chip  
(Ag NPs)  
 

human 
urine 

25.3 μg/mL  
[14] 

http://www.chemspider.com/Chemical-Structure.10820.html
http://www.chemspider.com/Chemical-Structure.22683.html
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Stimulants 
 

nicotine 
cotinine 
anabasine 

Au NPs tertiary 
mixture 
 

0.10 μg/mL 
0.20 μg/mL 
0.30 μg/mL 

[197] 

 nicotine  
cotinine  
trans-30-hydroxycotinine 
 

Ag NPs tertiary 
mixtures 

2 ng/mL 
 

[198] 

anorexic drugs 
 

sibutramine  
mono-
desmethylsibutramine 
di-desmethylsibutramine 

Ag NPs tertiary 
mixtures 

1.4 ng/mL  
0.13 μg/mL 

 
0.251 μg/mL 

[202] 

Illicit drugs   
 

amphetamine 
methamphetamine 

roughened Ag 
foil 

  [204] 

 amphetamine  
methamphetamine 
3,4-methylenedioxy-
methamphetamine 
3,4-methylenedioxyeth-
amphetamine 

matrix-
stabilized Ag 
halide  

  [205]  

 amphetamines sulfate Ag NPs and 
Au NPs 

 3.7 μg/mL [206] 

 mephedrone 
 

Au NPs  
(portable 
Raman device) 

  [62] 

 
 

1.5.2.3 Polychlorinated biphenyls (PCBs)  

Polychlorinated biphenyls (PCBs) is a group of synthetic organic molecules with 1 to 10 

chlorine atoms detained to biphenyl rings. This group of chemicals were heavily used in the 

past (i.e. in the 1930s to 1970s), mainly for electrical transformers [207, 208]. It was later 

realized its toxicity and persistency in the ecosystem, where the compounds tend to bio-

accumulate in fatty tissues of organisms [191, 209, 210]. Due to their resistance to 

environmental degradation, these compounds are classified as one of the persistent organic 

pollutants [211].  

 
As mentioned in section 1.5.1.1, SERS detections rely largely on the close proximity 

distance between the molecules of interest and the plasmonic metal nanostructures. 

Approaches to adsorb PCBs molecules to SERS substrates were reported in previous studies 

[44, 57, 59, 69, 71, 212-217]. To make PCBs anchored to the SERS substrates, many of the 

reports presented ‘functionalized’ SERS substrates to ‘capture’ the PCBs molecules [44, 57, 

59, 69, 71, 214-217], as seen in Table 1.3. These substrates were surface modified with 

‘bridging’ molecules (e.g. cyclodextrin [57, 59, 69, 215, 216] and decanethiol [44, 214]).  
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As shown in Table 1.3, the LODs presented in the examples of SERS-based PCBs detections 

were varied with the systems. Yang et al. proposed a SERS platform consisting of spin-

coated lubricated liquid (i.e. perfluorinated fluids) on porous support (silanized concave 

glass bowl). The analytes-containing liquid and Au colloid were then introduced to the 

system and dried. The SERS detections performed on the aggregates were reported to detect 

up to ~ 75 fM on the spiked soil samples [217]. 

 
Table 1.3 Examples of SERS applications in PCBs detection 

Polychlorinated 
biphenyls (PCBs) 
 

SERS substrate Sample matrix LOD  

PCB-77 
PCB-101 
PCB-29 

AAO template-assisted Ag 
nanorod array  
(functionalized with HS-β-
cyclodextrin) 
 

 5.8 μg/mL [215] 
 
 
 

PCB-47  
PCB-77  
 

decanethiol-modified 
AgFON substrates  
 

Secondary 
mixture 

0.015 ng/mL  [44] 

PCB-77 
 

decanethiol-modified 
vertically aligned 
Ag nanoplates 
 

 0.3 μg/mL [214] 

PCB-1  
PCB-77  

Ag nanosheet-assembled 
micro-hemispheres (functionalized 
with HS-β-cyclodextrin) 

Secondary 
mixture 

0.06 μg/mL [59] 

PCB-15 galvanic reaction prepared-Ag film  
(functionalized with β- 
cyclodextrin) 

  [57] 

PCB-77 Ag NPs-decorated cone-shaped 
ZnO nanorods arrays  
 

 2.9 pg/mL [213] 

mixtures of PCBs Ag nanorods  PCBs 
contaminated dry 
soil samples 
 
 

5 μg/g 
 
 

[212]  

mixtures of PCBs Au NPs 
(functionalized with β- 
cyclodextrin) 

PCB 
contaminated 
soil 
 

 [69]  

PCB-77 Microfluidic sensor with AAO 
templated PDMS (functionalized 
with HS-PCB-77 aptamer) 

 2.9 ng/mL [71] 

PCB-7 
PCB-77 
PCB-209 

slippery liquid-infused porous 
substrate 
(a film of lubricating fluid locked 
in place by a micro/nanoporous 
substrate) 

Spiked soil 
samples 

0.016 pg/mL [217] 
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1.5.2.4 Polyaromatic Hydrocarbons (PAHs) 

Polyaromatic hydrocarbons (PAHs) are mainly generated during incomplete combustion 

[218]. As PCBs, PAHs also belongs to the class of persistent organic pollutants [211]. 

Among the hundreds types of PAHs, the Environmental Protection Agency (EPA) has 

included sixteen of them in a priority pollutant list, due to their carcinogenic nature towards 

living organisms [219]. PAHs molecules are highly lipophilic and surface functionalization 

of the substrates is crucial to detect PAHs successfully using SERS [45, 52, 60, 77, 220-

227].  

 
 As seen in Table 1.4, these substrates were mostly surface-modified with long alkyl 

chain [45, 60, 77, 228] or some macromolecules [52, 220-225, 227].  The performance of 

the SERS-based PAHs detections proposed can be found in Table 1.4, where the reported 

LODs in assessing real world [226] or mimic-real world [229] matrices were in ppm or sub-

ppm levels [226, 229].  

 
Table 1.4 Examples of SERS applications in PAHs detection 

Polyaromatic 
hydrocarbons (PAHs) 
 

SERS substrate Sample 
matrix 

LOD  

benzo[b]fluoranthene 
fluoranthene 
benzo[a]anthracene   
pyrene 

Alkyl chain-functionalized 
smooth gold film (Au NPs 
are added upon sample 
introduction) 
 

 3.0 ng/mL 
4.0 ng/mL 
13 ng/mL 
13 ng/mL 

[77]  

anthracene 
pyrene 

1,10-decanedithiol 
functionalized 
bowl-shaped Ag cavity 
 

 1.4 ng/mL 
8.1 ng/mL  

[60] 

naphthalene 
anthracene 
pyrene 
benzo[a]pyrene 
benzo[g,h,i]perylene 
indeno[1,2,3-cd]pyrene 

Au coffee ring on 
hydrophobic support 
 

river water 0.6 μg/mL 
0.2 μg/mL 
0.1 μg/mL 
0.1 μg/mL 

0.07 μg/mL 
0.07 μg/mL 

[226]  

naphthalene 
pyrene 

Au NPs immobilized quartz 
substrates 

artificial 
seawater 
 

10 ng/mL 
10 ng/mL 

 

[229]  

pyrene 
perylene 

hexadecyl trimethyl 
ammonium bromide (CTAB) 
micelle-assisted reduced 
graphene oxide– Ag NPs 

 0.2 μg/mL 
0.03 μg/mL 

 

[72] 
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perylene Ag@SiO2 NPs 

(functionalized with β- 
cyclodextrin dimer) 

 2.5 ng/mL [227]  

 

anthracene 
pyrene 
triphenylene 
benzo[c]phenanthrene 
chrysene 
coronene 
 

Ag NPs 
(functionalized with bis-
acridinium dication 
lucigenin) 

multi-
component 
mixture 

200 ng/mL 
20 ng/mL 
20 ng/mL 
20 ng/mL 
20 ng/mL 
2 ng/mL 

[224] 
 

pyrene 
benzo[a]pyrene 
 

Ag NPs (functionalized with 
calix[4]arene) 

 - [220] 

pyrene 
naphthalene   
phenanthrene 

Ag NPs immobilized 
substrate (functionalized by 
C-18) 

 1 ng/mL 
5 ng/mL 

[228] 

anthracene 
pyrene 

Ag film-deposited 
nanospheres substrate 
(functionalized by 1-
decanethiol) 

 0.05 ng/mL 
0.1 ng/mL 

 [45] 
 

fluoranthene 
fluorene 
acenaphthene  
naphthalene 

Ag NPs immobilized copper 
foil 
(portable Raman 
spectrometer) 

 5 μg/mL 
10 μg/mL 

500 μg/mL 
500 μg/mL 

       [225] 

pyrene Ag NPs (functionalized with 
dithiocarbamate 
calix[4]arene) 

 - [221]                    

pyrene 
benzo[c]phenanthrene 

Ag NPs (functionalized with 
viologen) 
 

 2 ng/mL 
2 ng/mL 

[222] 

anthracene 
pyrene 

Ag NPs (functionalized with 
per-6-deoxy-(6-thio)-β-
cyclodextrin) 

 2 ng/mL 
1.5 ng/mL 

[223] 

anthracene 
pyrene 
chrysene 
triphenylene 
coronene 
 

Au NPs (functionalized with 
per-6-deoxy-(6-thio)-β-
cyclodextrin) 

 20 ng/mL 
2 ng/mL 

20 ng/mL 
200 ng/mL 

- 

[52] 
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1.5.2.5 Food additives 

Food and drinks safety is one of the utmost global concerns as unsafe food (including drinks) 

poses health risks to consumers that might cause illness or even deaths [230, 231]. In the 

recent decades, there have been multiple outbreaks of foodborne diseases worldwide [232-

237]. One well-known example is the Chinese milk scandal in which melamine was found 

in various dairy products including infant formula [238]. In food industry, melamine is the 

adulterant added to milk and dairy products to increase the nitrogen content (a measure of 

protein content) [238]. The over-dosage of melamine in food products, nonetheless, can 

cause kidney damage [239-241]. It was reported that the contaminated dairy products have 

caused deaths of thousands babies and pets [238-241]. Another worldwide food safety 

concern is the presence of prohibited food colorants in some of the processed food. Food 

colorants are commonly added to food and drinks during the food processing to improve the 

visual aesthetic to the consumers [242]. Some of these colorants are reported to be 

carcinogenic to humans, especially in large consumption [243, 244]. These food additives 

are either prohibited in many countries, or the quantities added are restricted [242].  

 
As an extremely sensitive technique, SERS has been reported to be employed in 

many of the food contaminants analysis, for instances, the prohibited food additives [82, 

148, 178-188], as shown in Table 1.5. Based on Table 1.5,  there have been a variety of 

SERS substrates employed in the applications, including colloidal metal nanoparticles 

[179], tailored-made nanoparticles [148, 180-182, 185, 188], solid supported metal 

nanoparticles [82, 183, 187], uniform SERS substrates [186] and so on. Some detections 

were attempted on real food [179] or drinks [148, 184, 186, 187] matrices, as seen in Table 

1.5. The LODs reported were in the range of sub-ppm levels [148, 179, 186, 187].  
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Table 1.5 Examples of SERS applications in food colorants and melamine detection 

Food additives  SERS substrate Sample 
matrix 

LOD  

Food colorants 
 

Sudan I  
 

Au NPs 
(portable Raman 
spectrometer) 

spiked chilli 
powder 

48 ng/g [179] 

 Sudan I  
 

Au NPs-decorated 
Ag(Cl,Br) micro-
necklaces 

 0.02 ng/mL [82] 

 Lemon Yellow  
Sunset Yellow 
Orange II  
chrysoidin 
 
Lemon Yellow  
Sunset Yellow 
Orange II  
chrysoidin 
 

Au nanodumbells  
(portable Raman 
device) 

spiked orange 
juice  
 
 
 
spiked coke 

50 μg/mL 
50 μg/mL 
10 μg/mL 
10 μg/mL 

 
100 μg/mL 
100 μg/mL 
10 μg/mL 
10 μg/mL 

[148] 

 Lemon Yellow  
Sunset Yellow 
 

Ag NPs-decorated 
filter paper 

spiked juices 5 μg/mL 
5 μg/mL 

[187] 

 Sunset Yellow  
chrysoidine 
 

SiO2@Au nanoshells secondary 
mixture 

1 μg/mL 
0.5 μg/mL 

[185] 

 amaranth 
erythrosine 
lemon yellow 
sunset yellow 

graphene-Ag 
nanocomposite 

quaternary 
mixture 

6 μg/mL 
0.9 μg/mL 
5 μg/mL 
5 μg/mL 

[182] 

 Azorubine (E122) Au film over 
nanosphere arrays  

sweet drinks 0.1 μg/mL [186] 

 Brilliant Green 
(E142) 
carmoisine (E-
122) 
amaranth (E-123) 
Patent Blue V (E-
131) 

Ag film over 
nanospheres in 
microwell plates 

 500 pg per 
well 

- 

[178] 

 Sunset Yellow 
malachite Green 

Fe3O4@SiO2−Au tertiary 
mixture 

0.05 μg/mL 
0.4 μg/mL 

 

[188] 

Food adulterant melamine 4-mercaptopyridine-
modified Au NPs 

spiked milk 
powder 

0.1 ng/mL [181] 

 melamine 
 
 
 

Ag NPs-immobilized 
filter membrane 

 6.3 ng/mL 
 

[183] 

 melamine Ag NPs-coated 
poly(styrene-co-
acrylic acid) 
nanospheres 

 0.01 μg/mL 
 

[180] 

 melamine 
 

vertically aligned Au 
nanorods 

spiked orange 
juices 

0.1 fg/mL 
 
 

[184] 
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1.5.3 Problems of real applications of SERS 

It is well known that a major advantage of SERS-based sensing is that it offers not only the 

required detection sensitivity (i.e. down to single molecule level [39, 41]), but also the 

benefit of vibrational spectroscopy. Like in normal Raman spectroscopy, SERS spectrum 

entails the fingerprinting qualitative information about the analytes. Nonetheless, despite of 

its ultimate potentials, SERS quantitation is still deemed too complicated for real 

applications. This is principally due to the technique’s reproducibility issues in: (1) 

substrates fabrications and (2) spectral reproducibility during measurements [245-247].  

 
Undeniably, the fabrication of SERS substrates has advanced a lot due to the 

introduction of new nanofabrication and synthetic tools [118, 119, 248-251]. The substrate 

fabrication has diversified from the classical metal nanoparticles colloids synthesized by 

wet chemistry [252, 253]  to well defined uniform nanostructures [118, 119, 248-251]. The 

substrates produced using nanofabrication methods (e.g., focused ion beam (FIB) milling 

[119, 248, 251], electron beam lithography (EBL) [120, 249], laser interference lithography 

(LIL) [118], etc.) provide much better control over the geometry of the SERS hot spots; and, 

thus, improves the plasmonic enhancement reproducibility. It is, however, sometimes a 

trade-off between the reproducibility and the detection sensitivity (enhancement factors), 

since the nanoscale randomness on the substrate does support LSPR, which play a 

significant role in the enhancement mechanism. In addition to that, the low-throughput of 

the modern nanofabrication methods also complicates the possibility of real-life SERS 

applications.  

 
The SERS spectral irreproducibility manifests itself particularly at trace level 

concentrations (e.g., the levels reported in single-molecule SERS observations [245, 246]). 

Since the SERS effect is highly location-sensitive (hot spots), the technique allows the SM 

detection out from the massive and complex environment. It is, however, very challenging 

to fabricate a homogeneous SERS substrate for the reliable quantification of the analytes. 

The extent of the enhancement is influenced by many factors, including the geometry of the 

nanostructures, the amount of aggregates/fractals, the locations where the adsorbed 

molecules are relative to the hot-spots, the surface coverage (surface concentration) and 

others [254]. In analytical chemistry, a reliable quantification should be designed in such a 
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way that the signal increment is only associated with the surface concentration. In that sense 

uniform SERS substrate, with more controlled enhancements, is the best option to help in 

achieving the ultimate goal of SERS-based quantifications. In the next chapter (Chapter 2), 

the classical and state-of-the-art fabrications of plasmonic substrates for SERS or other 

plasmonic applications, are reviewed. The top-down lithographic nanofabrications, which 

are commonly used in uniform substrate preparations, are the main focus of the review. 

 
On the other hand, another means to improve SERS quantifications is through the 

utilization of more systematic and representative data analysis, e.g. chemometrics. In the 

following section, an introduction on chemometric applications in spectroscopic 

quantification is discussed in the following section. 

 

1.6 Chemometrics applications in spectroscopic analysis 

Chemometrics generally implies the use of mathematical and statistical methods to improve 

the understanding of chemical information [255, 256] . In analytical chemistry, it is 

commonly applied to correlate the quantities of chemicals or other quantity-related physical 

properties to analytical instrument data [256]. In most of the spectroscopic analysis 

(including SERS), chemometrics is useful in helping with multivariate data analysis, where 

simultaneous processing of multiple variables (e.g. hundreds of wavelengths in each full 

spectrum) in a number of large datasets is necessary. In other words, with the aid of 

chemometrics tools, the data analysis is no longer limited to univariate (e.g. select one 

wavelength and monitor the absorbance change over time), but the entire spectra can be 

employed [255].  

 
In general, principal component regression (PCR) and partial least square (PLS) are 

two common chemometrics tools exploited in spectroscopic quantitative analysis [14, 195, 

198]. PCR is a regression analysis that utilizes principle component analysis (PCA) in 

estimating the regression coefficients between spectral responses and concentrations of 

analytes. In brief, PCA decomposes the spectral sets into principle components (PCs) and 

scores through an orthogonal transformation. The number of principle components is 

normally less or equal to the number of original variables, with the ‘meaningfulness’ of each 
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PC (i.e. amount of the total variance) is given by the scores (scaled factors). Only those 

important PCs are retained for the further analysis and thus the dimensions of the datasets 

are reduced. As in the PCR, the factors/scores are regressed against the known 

concentrations of the components [255, 256]. On the other hand, PLS is an extension of the 

PCR where it finds a linear regression model by predicting variables with the prior 

information (i.e. dependent variable) from the datasets. The quality of the regression 

(calibration) is determined by calculating the errors (i.e. root mean square error in 

calibration) [255, 256]. 

 
To sum up, the advancement in chemometrics tools has greatly facilitated the high-

quality data processing from different aspects of spectroscopy. In the context of 

spectroscopic analysis, the applications of chemometrics allow greater precision in data 

manipulation (particularly those multivariate datasets), or in resolving those complex data 

that are difficult to extract useful information manually. The choice of chemometrics 

techniques to be implemented is greatly associated to the types of samples or datasets (e.g., 

sample matrices involved, the complexity of the sample systems), the practicality (e.g., the 

user-friendliness of the methodology, the required operation time), and the most important 

aspects are the accuracy and precision yielded from the data analysis, which can be assessed 

through the validation step of any chemometrics methodology. 

 

1.6.1 Multivariate curve resolution (MCR) 

In recent years, multivariate curve resolution (MCR) has attracted attention in aiding 

spectral analysis. The technique utilizes bilinear additive model, which represents in the 

equation 1.17 [257-259]: 

                   𝑋𝑋 =  𝐶𝐶𝑆𝑆𝑇𝑇 + 𝐸𝐸                     (1.17) 

 
where X (i, j) is the data matrix from the spectra, C matrix consists of concentration profiles 

of all the components in the mixture, ST is the pure spectra of the components and E 

corresponds to the errors or un-modelled variances from the datasets, as shown in Figure 

1.11. With this modelling assumption, MCR is capable to calculate the pure spectra and 

determine the proportions of each component in the mixture. This is particularly beneficial 



 

 

35 
in situations where the pure spectra are impossible to obtain (complex matrices like 

environmental samples), since the prior information about the nature and composition of 

these mixtures is not required [257-259]. 

 

 
Figure 1.12 Flow chart illustrates the typical process in MCR execution. Reproduced with 

permission from [256]. 

 
In practice, MCR is mostly assisted by PCA at the early stage (refer to Figure 1.12), 

where PCA analysis provides information about the number of the chemical components 

contained in the samples (unknown mixtures) [256]. There are various MCR methods. 

Among them, MCR supported by the alternating least square (ALS) algorithm has been 

reported to be effective in resolving spectra in different complex matrices (e.g. 
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pharmaceuticals in environmental [260] and biological matrices [196]). This algorithm was 

reported to be able to improve the initial estimations of either spectral or concentration 

profiles of the chemical components under analysis. It is worth mentioning that the ALS 

algorithm is always optimized with some constraints applied (e.g. non negativity, 

unimodality, normalization etc.) to prevent uncertainties from different sources [256]. Non-

negativity constraint is useful in spectroscopic quantifications, since both concentration and 

spectral profiles are always positive or zero [256].  

 
The model eventually calculates the concentrations of the samples and the 

calibration curve (regression set) can then be constructed by plotting the calculated 

concentration (defined as scores in chapter 5) against the known concentration of the 

samples [256]. 
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Chapter 2 
 

State-of-the-Art on the Fabrication of Plasmonic Nanostructures 
 

As discussed in Chapter 1 (Section 1.7), uniform plasmonic substrates are required to realize 

reliable SERS or other surface plasmon resonance-based detection schemes (and 

quantification methods). In this chapter, the state-of-the-art fabrication of plasmonic 

nanostructures are reviewed. These encompass classical wet chemistry preparation, modern 

nanofabrication methods, as well as the hybrid strategies for mass fabrication. The goal is 

to provide the reader with an overview of the nanofabrication as a context for our own work 

that will be presented in Chapters 3 to 5. 

 

2.1 Classical nanofabrication  

2.1.1 Solution-based synthesis  

Solution-based (wet chemistry) synthesis has been the most widely used approach to prepare 

metal nanostructures that support plasmonic interactions.  The colloidal-based syntheses 

can be tuned to tailor-make different nanoparticles geometries, ranging from the common 

nanospheres [1] to nano-dendritric  [2, 3], nanorods [4-7], hollow nanostructures [8-10], 

nanowires [11], nanorices [12], nanoplates [13] and others. The different types of plasmonic 

nanoparticles generated by wet chemistry are depicted in Figure 2.1. 
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Figure 2.1 Summary of plasmonic nanoparticles fabricated by wet chemistry. Reproduced 

with permission from [14]. 

 

2.1.1.1 Nanospheres  

The most common geometry for the metal nanoparticles is nanospheres (refer to Figure 2.1 

under the ‘spherical’ category). The earliest colloidal synthesis of metal nanospheres starts 

with a soluble metal salt (e.g. silver nitrate and gold chloride) and reducing agents. Their 

mixture leads to the production of metal nanoparticles [15, 16]. 

 
As in Section 1.4.1, the localized field in the nanometer-sized gaps between the 

nanoparticles in the aggregates (oligomers can be thought as ‘controlled’ aggregates) is 

enhanced, as compared to those single nanoparticles [17, 18]. The localized field 

enhancement between a dimer of gold nanospheres is well-illustrated in the simulation 

reported by Talley et al., as presented in Figure 2.2. There are many reports on the 

preparation of oligomers metal nanoparticles (e.g. dimers [19, 20], trimers [20], other 

chained structures [21, 22]) as potential SERS substrates. These oligomers are made through 

surface chemistry modifications (e.g. DNA linkage [19]), and laser welding [23] to nano-

join the nanoparticles.  
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Figure 2.2 The simulated near-field enhancement at an excitation laser of 633 nm for (a) an 

isolated Au nanosphere, (b) an isolated Au nanoshell. The field localization for a dimer of 

Au nanospheres in shown in (c), and for Au nanoshells in (d) The inter-particles axis was 

parallel to the incident polarization. The color scale represents the electric field 

enhancement , |𝐸𝐸| (dimensionless, normalized to the amplitude of the incident field). 

Reproduced with permission from [18]. 

 

2.1.1.2 Tipped nanoparticles 

In the case of tipped structures, classified in Figure 2.1 as 2D polygonal, 3D polyhedral and 

branched, such as, nanotriangles [24-26], nanocubes [27-29], nanotriisohedral [24, 29], and 

nanostars [29], the syntheses are radically different in terms of reaction times, and the 

choices of reducing and protecting agents to control the nucleation and growing rate of the 

nanoparticles [4, 30-32]. One popular methodology is polymer-mediated polyol process, in 

which Ag nanostructures in well-defined shapes were successfully synthesized. Briefly, the 

process employed different ratios of poly(vinylpyrrolidone) (PVP) (as reducing and capping 

agents) and AgNO3 to modify the level of surface coverage of PVP on Ag seeds. This in 

turn led to the directional growth of the seeds into nanostructures in specific shapes (e.g. 

nanocubes, nanotriangles) [32]. The sharp edges are particularly good for field localization, 

since they behave as nanoscale antennas [29]. 
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2.1.1.3 Alloys 

Beyond the nanoparticles that consist of a single metallic element, both nano-alloys (e.g. 

Ag-Au [33-36], Au-Cu [35], Cu-Ag [35]) and core-shell structures (e.g. silica core with Au 

or Ag shells [37-41]) have also been reported. These clusters are useful to improve the 

surface plasmon (LSPR more specifically) tunability through the variation of optical 

properties from different metallic components (by either varying the types of metals or their 

compositions) [42-49]. Since these ‘nanometric-mixures of metals’ demonstrate hybrid 

optical properties, the LSPR band of nano-alloys (e.g., Ag-Au alloys) is broader as 

compared to pure metals. This can be useful for many plasmonic applications, for instances, 

better coupling of surface plasmon and laser excitation line in SERS optimization [42] or  

promoting light absorption in plasmonic-enhanced solar cells [43].  

 

2.1.1.4 Two-dimensional planar substrates from nanoparticles 

In addition, three-dimensional metal nanoparticles assemblies can also be immobilized onto 

solid supports (e.g. glass slides [50-53], rubber membrane [54, 55], optical fiber tips [56], 

plastic strip [57], PDMS [58], cured epoxy [59]), using different surface chemistry 

modification (e.g. sol-gel self-assembly). This eventually leads to planar plasmonic 

substrates that are more stable and convenient to certain applications.  There are also reports 

on metallic nanoparticle assemblies supported by electrostatic interactions on other organic 

or inorganic frameworks (e.g. ZnO [60, 61], MoS2 [62], graphite [63]), as plasmonic 

substrates. Our group has reported a number of methodologies in fabrication of solid-

supported SERS substrates [51-53, 56]. Figure 2.3 demonstrated one of the methodologies 

based on surface chemistry modifications [52]. Firstly, a piranha acid-cleaned Au slide was 

surface modified with monolayer of linker molecules, 1,3-propanedithiol (PDT) (step 1 in 

Figure 2.3). Since PDT consists of two thiol groups, ideally, one thiol group is bound to 

gold slide and the other is free for subsequent step (i.e. linking with Au NPs). As many Au 

NPs attracted to the free thiol groups on the Au slide, as seen in step 2 of Figure 2.3, they 

eventually formed a film containing nanometric roughness (i.e. hot-spots). The process was 

repeated (step 3 in Figure 2.3) to increase the roughness (aggregation) as to optimize the 

SERS responses [52]. 
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Figure 2.3 Schematic of the sol-gel immobilization of Au nanoparticles on the solid support. 

Reproduced with permission from [52]. 

 

2.1.2 Anisotopic chemical etching 

Etching, which is a normal intermediate step in nanofabrication, is useful to remove surplus 

materials. There are two types of etching: dry etching (using plasma or reactive ions) and 

wet etching (using etchant solutions that are capable of dissolving the materials). Both types 

of etching are isotropic (i.e. the degree of etching is equal on the entire substrate interface). 

Conversely, the etching process can be tuned to be directional and anisotropic. One way to 

do this is to employ highly crystalline materials (e.g. Si). In the case of Si, the existence of 

different bond density in each of the crystal packings (111), (110), (100)) affects the etching 

rate of the interface contacting the etchant solution (e.g. KOH solution, HF solution). Since 

the crystal-packing in (111) plane presents the greatest bond density, its etching rate is 

considerably slower, when compared to the other packing structures. This provides the 

selective anisotropy during the etching that subsequently contributes to the formation of 

patterned nanostructures (e.g. nanowires) [64]. 
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Lo et al. fabricated silicon tips (i.e. silicon nanowires) from single-crystalline silicon 

wafers using plasma etching [i.e. electron cyclotron resonance microwave plasma enhanced 

chemical vapor deposition (ECR-MWPECVD)]. The Au film deposited on these Si nanotips 

was then surface-modified in order to immobilize single strand DNAs. Subsequent AgNPs 

were added to the system to improve the SERS measurement sensitivity of DNAs [65]. The 

SEM images of the gold nanotips fabricated through the chemical etching of Si can be seen 

in Figure 2.4. 

 

 
Figure 2.4 (a) The SERS detection scheme of DNA using Au nanotips fabricated through 

etching process. The SEM images of the fabricated Au nanotips, (b) before and (c) after the 

immobilization of Ag NPs. Reproduced with permission from [65]. 

 

2.1.3 Electrochemical roughening 

The approach used in the SERS discovery in the 1970s [66], electrochemical roughening 

(or texturing), is still one of the most widely used technique to perform SERS 

measurements. There are reported studies showing the optimization of the SERS responses 

by modifying the roughening morphology of the electrodes. The degree of roughening on 

the electrodes can be controlled through the alteration of electrochemical pre-treatment 

conditions [67-69], including the concentration of the electrolyte solutions [69]. Figure 2.5 

shows the SEM images of the electrochemical roughened Ag substrates reported by Yang 

et al. [69]. 
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Figure 2.5 SEM images shows the highly roughened Ag substrate in different 

magnifications. The H3BO3 in the electrolyte played a role in controlling the level of 

electrochemical roughening. Reproduced with permission from [69]. 

 
Additionally, there are reports demonstrating the in-situ production of 

nanostructures with specific geometries (e.g. nanospheres, nanostars) by electrochemistry. 

These nanostructures were reported as effective SERS platforms [70-72]. Park et al. 

reported a galvanic replacement-based fabrication of the gold hollow nanostructures (named 

as three-dimensional nanoporous gold), as depicted in Figure 2.6. The substrates fabricated 

were reported to effectively detect the SERS from Rhodamine 6G at the concentration as 

low as 10-8 M. 

 
Figure 2.6 (a) Schematic illustrating the galvanic replacement-based fabrication of the 

three-dimensional gold nanoporous structures. SEM images of (b) three-dimensional Ag 

nanoislands fabricated through the electrochemical replacement reaction and (c) the hollow 

gold nanoporous structures after selective etching of Ag. Reproduced with permission from 

[71] (copyright information: Creative Common Attribution 4.0 International). 
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2.2 Nanolithography 

2.2.1 Focused ion beam (FIB) 

Focused ion beam (FIB) milling is a top-down fabrication technique that involves 

bombarding a smooth surface with gallium (Ga) ion. The controlled impacts of the Ga ions 

mill away the top surface atoms, allowing nanostructures of desired geometries (e.g. 

nanoholes [73-76], nanopillars [77-79], nano-gratings [80, 81], nanostars [82], nano-

bowties [83, 84], double-hole with concentric rings [85]) to be fabricated. The resolution of 

FIB fabrication depends on the probe size of the Ga ion, but it routinely achieves levels 

below 10 nm [86].  

 

 
Figure 2.7 (a-c) SEM images of FIB-fabricated nanorod arrays on Au/Ag hybrid film. (d) 

Backscattering electron image of the respective samples with Au/Ag multilayered nanorods. 

Reproduced with permission from [79]. 

 

Generally, FIB-milling of plasmonic nanostructures are carried out on smooth 

metallic films (e.g. gold [78, 87, 88], copper [73], silver [82], hybrid metallic layers with 

alternating Ag and Au film, as seen in Figure 2.7 [79]) supported on planar solid substrates. 

The milled substrates consist mostly of periodic arrays of metal nanostructures supported 

on glass. There are also reports of FIB milling on the facets of optical fiber tips for SERS 

remote sensing [89, 90]. The nanostructures demonstrated in Figure 2.7 with the embedded 

Ag (or Au) layers in the structures was developed by Sivashanmugan et al. The authors 

correlated the improved SERS enhancements from the hybrid Ag/Au nanorod substrates to 

the induced LSPR resonance by the thin sandwiched Ag or Au film within each nanorod 

array. FIB-fabricated nanoholes arrays combined with materials of unique optical properties 

(e.g. quantum dots [91], liquid crystals [87]) have been reported. A typical FIB-milled 

nanoholes array can be viewed in Figure 2.8(a). As in Equation 1.9 (refer to Chapter 1, 
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Section 1.4.2.2), the position of the SPR band is closely related to the periodicity of the 

nanogratings. This explains Figure 2.8(b) where EOT spectra were red-shifted as the 

periodicity of nanoholes increased. 

 
Various plasmonic sensing applications have been reported, including the use of 

hybrid Ag-Au nanogaps arrays (refer to Figure 2.7) in SERS influenza virus detection [79], 

on-chip SPR sensing of cancer biomarkers using Au nanoholes arrays [92], and others. 

There have also been studies on SPR detection optimization using different microfluidic 

flow modes (e.g. flow-through [93, 94] and flow-over [94] modes). 

 

 
Figure 2.8 (a) A typical FIB-milled nanoholes arrays. (b) EOT spectra show wavelength 

shifts as the periodicity of the nanoholes varies. The transmission minimum marked with 

asterisks corresponds to the Wood’s diffraction anomaly. Reproduced with permission from 

[74]. 

 

FIB has been a versatile fabrication technique to produce metallic nanostructures 

that are useful in supporting both SERS and SPR. Nonetheless, the main hindrances behind 

the mass production of substrates using this technique are related to high fabrication cost 

and long fabrication time. Moreover, FIB fabrication restricts the pattern area to the micron-
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scale. For those reasons, FIB is more suitable for proof-of-concept studies and for structures 

that require high precision in the fabrication parameters.  

 

2.2.2 Electron beam lithography (EBL) 

EBL is another state-of-the-art nanofabrication tool available to precisely fabricate 

nanostructures. This technique utilizes the interaction between the electron beam and an 

“electron beam resist” polymer for nanostructuring patterning. Electron beam resists can be 

categorized into positive resists (i.e. electron-exposed area of the resist is removed after the 

development step) and negative resists (i.e. electron-exposed area of the resist stays after 

the development step). Figure 2.9 shows a vast variety of different plasmonic nanostructures 

designs that have been fabricated through EBL, including three-dimensional metallic 

structures (e.g. gold cubical nano-posts and pits [95, 96],), nano-vortex lens (spiral 

structures) with sharp tip apex [97], nanogaps with less than 10 nm [98], nano-rhombic 

arrays [99], and nano-rings/split rings [100].  

 

 
Figure 2.9 SEM images for the nanostructures fabricated through EBL using the PMMA-

based dry lift-off, (a - c) gold nanodisks with different periodicities, (d) gold nanorods, (e) 

gold nanosquares and (f) nanotriangles. All the scale bars show 200 nm. Reproduced with 

permission from [101]. 

 
Gopalakrishnan et al. developed few-molecules sensitive SERS substrates 

(enhancement factor of 1010 for Rhodamine and adenine molecules) using EBL technique. 

The authors fabricated arrays containing bimetallic nanostar dimer in ring cavities [102], as 



 

 

63 
presented in Figure 2.10. The three-dimensional SERS substrates were reported to be 

recyclable, up to five cycles, without degrading the SERS performance.  

 

 
 

Figure 2.10 (a) Schematic and (b-d) SEM images for Ag-Au bimetallic three-dimensional 

nanostar dimers fabricated through EBL. (e) Schemes illustrates the steps during the 

fabrication. Reproduced with permission from [102]. 

 

As in FIB milling, EBL-fabricated nanostructures are frequently employed in proof 

of concept plasmonic evaluations. The technique faces similar throughput limitations as the 

FIB method. To deal with those constraints, a lot of research has then been geared towards 

indirect fabrication strategies, for instance, using EBL to produce reusable nanostructured-

templates (e.g. stencil-mask [103, 104]) and molds [105-109]). These strategies, including 

template-stripping and nanoimprinting, transfer the nanostructure patterns from the EBL 

templates to the target substrates [106-110]. The transferred nanostructures are normally a 

plasmonic metal feature. 

 
EBL has gained popularity as a nanofabrication tool. EBL can be combined to other 

microfabrication techniques, like reactive-ion etching and lift-off, to produce variety of 

nanostructures that are required as platforms for plasmon-enhanced chemical sensing.  
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2.3 Large area lithography 

2.3.1 Laser interference lithography (LIL) 

Laser interference lithography (LIL) technique is a rapid, large-area and maskless 

fabrication method. It utilizes the constructive optical interference between two coherent 

laser beams to produce a periodic nanostructured pattern in a photoresist [111, 112]. Since 

this technique relies on the interaction between the photons and the photoresist, the 

wavelength of the operating laser must be within the optimum absorption region of the 

photoresist polymer [112]. LIL also has high geometry manipulation capabilities and allow 

the fabrication of different nanostructures (e.g. nanogratings [113-115], nanopillars [116-

118] and nano-rhombus/diamonds [119]).  

 
One of the instrumentations employed in LIL is the Lloyd’s mirror interferometer 

[(refer to Figure 2.11(a)] [116, 120]. Figure 2.11(a) depicts a LIL instrumentation based on 

a single laser beam setup (diverging beam from pinhole of spatial filter). From Figure 

2.11(a), we can see that the substrate (photoresist substrate) is exposed to two part of the 

laser beam (from the same coherent source), with one of the parts reaches directly from laser 

source. As the interferometer has a mirror integrated perpendicular (i.e. 90o) to the substrate, 

the second part of the beam is from the mirror’s reflection, and is constructively interfered 

with the first part of the beam. This results in the formation of periodic fringes on the 

substrate, and the periodicity of the structures, p can be estimated from equation 2.1 [116, 

120] :  

 

                 𝑝𝑝 =  𝜆𝜆
2  sin𝜃𝜃

                          (2.1) 

 
where 𝑓𝑓 is the wavelength of laser and refer Figure 2.11 (a) for 𝜃𝜃 (both 𝜃𝜃’s are the same), 

as indicated in Figure 2.11(a). Figure 2.11(b, c) shows a typical LIL-fabricated photoresist 

substrates consisting of nanopillars structure. In that case, the substrate was exposed twice 

to the laser under Lloyd’s interferometers, with the second exposure at a position 90o away 

from the first one [116]. 
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Figure 2.11 (a) Schematic of LIL using Lloyd’s mirror interferometer setup. (b, c) The 

photoresist nanopillars template fabricated through LIL. Reproduced with permission from 

[116]. 

 
 Menezes et al. reported the SPR application of LIL generated substrates (gold 

nanopillars (refer Figure 2.11 (b, c)) and nanoholes arrays) to detect biotin-streptavidin 

binding in a microfluidic platform [116]. The sensitivity of the bio-sensing using the gold 

nanoholes arrays was then improved by manipulating the optical collimation [121]. 

Menezes et al. also compared the optical sensing resolutions of FIB and LIL-fabricated 

nanoholes arrays of similar dimensions. The LIL- substrates demonstrated a better optical 

resolution in a large area compared to the FIB [117]. 
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 Yang et al. mounted optical fiber tips (OPTs) on ceramic ferrules to allow the direct 

LIL-patterning of the tips, as shown in Figure 2.12. The gold nanopillars patterned OPTs 

were used for  SERS measurements of pyridine-containing molecules [118]. 

 

 
Figure 2.12 (a) Schematic and (b-d) photographs show the setup used in direct LIL on 

optical fiber tips. (e) SEM images of the nanopillars on the optical fiber tip. Reproduced 

with permission from [118]. 

 
Siegfried et al. prepared reusable gold nanoslits substrates using an LIL setup 

equipped with deep-UV laser. The substrates were applied for the SERS detections of thiol-

containing chained molecules. After the experiments, the SERS substrates were cleaned 

with UV-ozone  and reused [115]. Mandal et al. compared the SERS responses of rhodamine 

6G dye under different geometries of nanostructures fabricated by LIL (e.g., square, 

hexagonal and rectangular). Among the examined shapes, the nano-hexagonal arrays 

demonstrated superior Raman enhancement [122]. Ahn et al. optimized LIL-fabricated Au 

nano-diamonds for SERS detections by immobilizing Au NPs onto the substrates. The 

optimized geometry demonstrated a SERS enhancement factor of ~ 109 [119].  
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2.3.2 Nanosphere lithography (NSL) 

Nanosphere lithography is a large area fabrication technique, which relies on mono-disperse 

(homogeneous size distribution) spherical particles in colloidal suspensions (i.e. polystyrene 

[123-148], silica beads [149], latex [150]) to self-organize into periodic structures. A typical 

approach for NSL fabrication is through solvent evaporation that directs the self-assembly 

of the nanospheres onto a solid support [151]. Metal films can be directly deposited on top 

of the self-assembled nanospheres (used as templates) to generate plasmonic substrates. 

Alternatively, the organized assembly of spheres can be further treated to produce 

nanostructures in other geometries. For instance, a plasma etching process reduces the 

nanospheres to tune the periodicity of the resulting nanostructures [144, 147, 149, 150]. On 

the other hand, etching with reactive ion sources may be used to develop different 

nanostructures or to remove the colloidal beads [131, 137]. The self-assembled nanospheres 

can also be microwave-heated to partially melt and form nano-hexagonal layers [123]. NSL 

has been reported to be the precursor to fabricate a variety of nanostructures geometries, for 

instances nanocavities [125, 136], nanoposts [144], nanorings [127, 131], nanocrescents 

[131], nanocoreshells/semi-shells [137], nanocups [149], nanowaves [132] or honeycomb 

nanostructures [141].  

 
For instance, Zhu et al. fabricated localized SPR based nanosensors using a thin film 

(i.e. 30 nm) of Ag deposited on self-assembled PS beads on glass [124]. Figure 2.13 shows 

another interesting example by Liu et al, who prepared nano-metallic petri dishes using the 

nanosphere template procedure. Polymer-dispersed silica nanospheres were spin-coated 

onto silicon wafer. After the polymer was partially etched away, a chromium layer was 

deposited, following the removal of the silica beads. A second plasma etching produced a 

chromium capped-polymer nano-posts structures. After Au/Ti deposition and a third round 

of plasma etching, the nano-sized gold petri dishes were fabricated, and used in SERS 

detection of thiolated molecules [149]. 
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Figure 2.13 (a) Schematic of PS beads-templated fabrication of Au nanocups. (b) SEM 

cross-section of Au nanocups. Reproduced with permission from [149]. 

 

Live et al. successfully employed continuous Au films, consisting of triangles 

microholes arrays fabricated through latex nanosphere lithography, for SPR detection of 

IgG antibodies [150]. Lewika et al. reported a tape-enhanced selective etching of gold-

coated semi-shells of nanospheres (from previous etching) arrays to prepare nanorings and 

nanocrescents structures [131]. Liu et al. applied a similar procedure to fabricate gold core-

shells and semi-shells using NSL, without the final step of selective etching [137], as 

demonstrated in Figure 2.14.  

 
Figure 2.14 (a) Schematic of Au cones and semicones preparation. (b-d) SEM images of 

the fabricated substrates. The scale bars in (c, d) show 0.5 μm. Reproduced with permission 

from [137]. 
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Ngo et al. performed SERS detection of DNA and sentinel molecules using ordered 

nanodome (nanowave) chips produced from NSL-based technology. The nanodome 

structures were prepared by direct-deposition of metal films on the nanospheres arrays [132, 

138, 139]. On the other hand, Zhao et al. designed an SPR-based cell detector using self-

organized PS spheres mounted on a triple-layer film (Au/SiO2/Au). The nanospheres acted 

as protectors during reactive ion etching of the gold interface, producing Au nanodisks for 

SPR cell-trapping experiments [144], as seen in Figure 2.15. 

 

 
Figure 2.15 Schematic shows the fabrication procedure of the three-layered (Au/SiO2/Au) 

nanodisks. Reproduced with permission from [144]. 

 

 

2.3.3 Template-assisted lithography 
Template-assisted nanofabrication encompasses all the procedures that incorporate transfer 

of nanostructured patterns using a pre-fabricated template (master). These also include those 

procedures involving relocation of the nanostructured pattern from a primary template (or 

mold when shaping is performed on the molten liquids in the pre-manufactured template) 

to a target substrate, for instances, nanoimprinting, template-stripping, micro-contact and 

others. A few examples of the template-assisted nanofabrication are selected to be discussed 

below. 
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2.3.3.1 Anodized aluminum oxide (AAO) template 

Highly ordered AAO templates have been widely utilized for the fabrication of plasmonic 

substrates. An example of the fabrication procedure is shown in Figure 2.16. A variety of 

nanostructured shapes have been prepared using this technique, including nanomeshes [152, 

153], nanobowls [154], nanodots [152, 155, 156], nanocaps [157], microflowers [158], 

nanotubes/canals [159], nanowires [160-162] and nanorods [163-165]. Generally, there are 

two ways to prepare the AAO film: the first one involves a long period of anodization, while 

the second one is a two-step process, which is more time-efficient. In the two-step process, 

a concave template is initially formed after the first anodization, followed by a subsequent 

etching procedure. The previously etched template is then submitted to a second anodization 

step. Both anodization methods (single step and two-steps) eventually lead to the formation 

of AAO structures consisting of highly ordered hexagonal arrays, as shown in Figure 

2.16(b).  The self-organized hexagonal geometry is believed to result from the close packing 

orientation of the aluminium oxide [166].  

 
One of the earlier reports on the utilization of AAO for SERS applications was 

related to their use as templates for the fabrication of high aspect ratios silver nanowires 

(nanorods) arrays [163]. Yao et al. concluded that SERS enhancements were influenced by 

the length of the nanorods [163]. Schierhorn et al. fabricated ordered 2D metal nanoparticles 

arrays of hybrid structures consisting of silver nanoparticles (i.e. ~ 35 nm) and silica rods 

using pored-enlarged AAO templates, as seen in Figure 2.16. The silver nanoparticles were 

electrochemically deposited and the silica rods were then grown in the AAO pores template 

through sol-gel chemistry. The best SERS performance obtained was up to sub-attomolar 

detection limits [167].  
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Figure 2.16 (a) Schematics and (b, c) SEM images of Ag NPs encapsulated silica rods 

fabricated through the AAO template. Reproduced with permission from [167]. 

 
Lombardi et al. demonstrated the use of thin (i.e. 300-nm thickness) AAO membrane 

as a template to form Ag NPs arrays (i.e. nanodisks) on a silicon wafer [168].  A few 

research groups (i.e. Ko and Tsukruk [159], Lu et al. [169] and Ji et al. [170]) fabricated 

three-dimensional SERS substrates using AAO templates, where the AAO nanotubes were 

decorated with either gold [159] or silver nanoparticles [169, 170]. An example of this 

approach is shown in Figure 2.17. Ko and Tsukruk also utilized the AuNPs-decorated AAO 

nanotubes for SERS detections of explosive molecules (i.e. DNT) [159] (Figure 2.17). 
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Figure 2.17 (a) Explosive chemical, DNT. (b) Schematic shows the AAO template with the 

back removed forming nanotubes, which were then decorated with Au NPs, indicated by 

the bright dots in case 2 – 4. The black dots represent the DNT molecules (as seen in case 

1, 3 and 4). The SERS measurements in (c) were performed in: case 1, DNT molecules in 

nanotubes under parallel excitation incidence; case 2, Au NPs in nanotubes under parallel 

excitation; case 3, DNT molecules in Au NPs deposited nanotubes under parallel excitation, 

and case 4, DNT molecules in Au NPs deposited nanotubes under perpendicular excitation. 

Reproduced with permission from [159]. 

 

Zakaria et al. deposited thin hybrid layers of Au and Ag on an AAO template. This 

was followed by Cu tape stripping to transfer the pattern from the template. This resulted in 

the formation of long-range organized Au/Ag microflowers, which has potential to be a 

cheap, and easy alternative to fabricate large area plasmonic substrates [158]. Jang et al. 

prepared multistacks of Au/Ag nanomesh arrays (supported on silicon wafer) through the 

AAO-templated pattern transfer procedure, as seen in Figure 2.18. The SERS 

electromagnetic enhancements was controlled through the number of the nanomesh layers 

and the choice of metal (or hybrid of different metals in the layers) used in the fabrication 

[153]. 
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Figure 2.18 (a) Schematic of the fabrication process for multilayer Au/Ag nanomesh 

structures. (b) SEM image of the 4-layer of Au nanomesh structures. Reproduced with 

permission from [153]. 

 
A versatile nanofabrication based on AAO templates is demonstrated by Al-Haddad 

et al. The authors used AAO membranes to prepare (1) Au nanodots arrays (direct Au 

evaporation on porous AAO membrane supported on Si wafer), (2) Au nanocages arrays 

(imprinting procedure of the Au film on the edges of porous AAO membrane onto another 

target), and (3) Si nanowires arrays (HF-etching of the Au nanocages arrays) [152]. 

 

2.3.3.2 LIL-template  

Instead of direct patterning using LIL, there are reports using LIL-fabricated substrates as 

the templates for pattern transfer. Du et al. utilized LIL templates to transfer patterned 

metallic nanostructures to a target substrate (e.g. PDMS). This large-area (i.e. wafer scale) 

fabrication process was reported to be cost-effective, simple and non-destructive [171]. 

Figure 2.19 depicts the approach of Pang et al. who demonstrated the use of LIL-fabricated 

grating structures as the mold to pattern colloidal gold nanoparticles into highly ordered 

arrays. The resulting structure (Figure 2.19) has the properties of a metallic photonic crystal 

(nanogratings)  [172]. 
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Figure 2.19 (a-c) Illustration of LIL template-assisted fabrication of the ordered grating 

arrays from the non-ordered gold nanoparticles. (d) SEM image of the fabricated structures. 

Reproduced with permission from [172].  

 

2.3.3.3 NSL-template 

NSL template can also be used for pattern transfer. An intermediate sacrificial template was 

used in the pattern transfer process. In Figure 2.20, Wang et al. used a pattern transfer 

procedure from gold-coated nanosphere arrays (prepared through the NSL) with the aid of 

polylactic acid (PLA) polymer as sacrificial template. The proposed peel-assembly-transfer 

procedure (Figure 2.20) successfully fabricated Au triangle arrays and Ag nanohole arrays 

supported on an adhesive polymer layer. The presence of the polymer layer underneath the 

metal nanostructures is reported to be an alternative to improve the mechanical stability of 

the nanostructures  [146].  
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Figure 2.20 Pattern transfer of gold nanostructures made from NSL template to the target 

substrate. A sacrificial template (i.e. PLA) is employed at the intermediate steps. The inset 

shows the typical fabricated metal nanostructures. Reproduced with permission from [146]. 

 

Eriksen et al. demonstrated a template stripping procedure (aided by an epoxy layer) 

to transfer gold nanostructures based on self-organized PS nanospheres to a glass substrate, 

similar to Figure 2.20. The final substrates consisted of Au nanocavities supported on glass 

[125]. Ye et al. prepared PDMS-based gold semi-shells arrays. Self-organized nanospheres 

supported on a Ti-coated glass were first coated with Au and Cu films. A peeling procedure 

involving PDMS was implemented to detach the metal-coated nanospheres from the glass. 

This resulted in the formation of gold nanoring structures on the PDMS substrate [127], as 

seen in Figure 2.21(d). 

 

 
Figure 2.21 Schematics of the procedure fabricating the metallic semishells supported on 

PDMS. The primary template is formed through NSL procedure. Reproduced with 

permission from [127]. 
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Hall et al. prepared wafer-scale silicon-based reusable templates by NSL-reactive 

ion etching process. The templates can be used in the large-area nanofabrication of 

nanowells and nanopillars combined to the template-stripping procedure enabled by an 

epoxy adhesive [130]. The final large area substrates fabricated are shown in Figure 2.22. 

 

 
Figure 2.22 (a) The wafer-scale PS substrate fabricated through the process. (b, c) SEM 

images of the nanopillars and nanoholes arrays. Reproduced with permission from [130]. 

 

2.3.3.4 EBL-template  

Figure 2.23 shows an integrated strategy (i.e. template stripping) developed by 

Cherukulappurath et al. to fabricate large-area pyramidal pits for tip-enhanced Raman 

spectroscopy. A Si template consisting of pyramidal pit arrays was generated by combining 

EBL and chemical etching (both reactive ion etching and KOH-based wet etching) of an 

oxide-coated Si wafer (Fig. 2.23(a)). The area exposed to the chemical etching was 

previously defined by EBL. The formation of pits was a consequence of the anisotropic 

etching of Si in KOH (discussed in Section 2.1.2). Another key step to maintain the 

sharpness of the pyramidal tips was to utilize an angled metal deposition (Fig. 2.23(b)), 

which resulted in an asymmetric thickness of metal on the Si mold. The metallic 

nanostructures were then stripped from the Si mold using UV-cured epoxy adhesive, as seen 

in Figure 2.23 (c and d). The final nanostructures are shown in Fig. 2.23 (e and f) [109].  
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Figure 2.23 (a-d) Schematic illustration for the fabrication of sharp pyramidal tips. (e) The 

wafer-size tipped arrays fabricated through the combined EBL and chemical etching. (f) 

SEM image of the tipped arrays. Reproduced with permission from [109]. 

 

2.3.3.5 Molecular micro-stamp 

Figure 2.24(a) shows the steps developed by Xi et al. to fabricate SERS micro-arrays. A 

micro-contact based electrochemical procedure was implemented in Fig. 2.24(a). The Au 

film was first patterned with an alkane-thiol monolayer via microstamping on a smooth Au 

film. The presence of the organic arrays on the Au surface provided the area-selectivity for 

the following electrochemical steps (Cu electrodeposition and Ag displacement) [173]. The 

resulting Ag microarrays are shown in Figure 2.24 (b and c). 
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Figure 2.24 (a) Schematic shows the micro-contact electrochemical procedure to prepare 

SERS arrays. (b, c) The SEM images of the arrays fabricated. Reproduced with permission 

from [173]. 

 

2.3.4 Inkjet printing 

Inkjet printing SERS metal nanoparticle arrays was first attempted by Yu and White using 

a mixture of concentrated citrate-based silver nanoparticles colloidal suspension in glycerol 

as ‘ink’ in the cartridge of a commercial inkjet printer [174]. The main purpose of the 

glycerol was to thicken the mixture, so that it would only wet the desired areas determined 

by the computer [174]. The printing-based fabrication was initially done on cellulose papers 

but the outcome suffered from the ‘coffee ring effect’, as most of the metal nanoparticles 

were accumulated at the edges of the spots. Yang et al. and Meier et al. demonstrated 

improved printing quality by using different supporting materials (i.e. ITO strips [175] and 

alkane-silane modified silicon wafer [176]) to modify the hydrophobicity of the surface in 

order to avoid the formation of coffee rings. The SEM images of the inkjet-printed Au 

nanoparticles arrays are shown in Figure 2.25.  
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Figure 2.25 (a, b) SEM images of the SERS active Au nanoparticles spots produced by 

inkjet printing on the hydrophobic surface. Reproduced with permission from [176]. 

 

2.4 Nanostructures patterning into plasmonic microarrays  

Nanostructure patterning has been attractive for many plasmonic applications. The most 

apparent benefit from microarrays patterning is that it greatly improves the throughput of 

the fabrication. In the ideal scenario, multiple microarrays, produced through large area 

substrate patterning, would contain identical nanostructures. This should enable each of the 

arrays to operate as an individual chemical sensing unit.  

 
In analytical chemistry, microarray patterning has great potential to improve the 

statistics of the quantification, since the presence of many sensing elements allows a more 

systematic analysis of the outcome (e.g. by taking the averages from a few arrays). 

Moreover, nanostructured-microarrays supported on planar substrate are also ready to be 

integrated with microfluidic system for on-chip sensing applications, as well as multiplexing 

detections when necessary.  

 
Most of the nanofabrication methods (e.g. FIB and EBL, discussed in Section 2.2.1 

and 2.2.2) can be used for the production of microarrays through the programming of the 

desired design. This approach, nonetheless, is high-cost and time-consuming. Many 

researchers have then reported the preparation of microarrays through the combination of 

nanofabrication with other complementary processes, for instance, photolithography [116, 

177, 178]. Other template-assisted procedures, including nano-imprint [107, 179-185] and 

template stripping [109, 130] (refer to Section 2.3.3), are also useful to reduce the 

fabrication costs.   
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2.4.1 Photolithography for microarrays fabrication 

The photolithography (i.e. UV lithography) integrated with photoresist-based LIL has been 

used for the fabrication of microarrays. In addition, photolithography has been applied to 

prepare microscale patches within a larger area substrate (e.g. ~ an inch2 to wafer size) as a 

preliminary step for subsequent nanostructure fabrication steps (e.g. etching process). The 

photolithography step defines the specific areas for the growth or integration of the 

nanostructures.  

 
2.4.1.1 Combination of LIL and photolithography 

Menezes et al. reported the combination of LIL and photolithography for microarray 

fabrication, as depicted in Figure 2.26. The microarrays consisted of 200 μm diameter 

circles and were utilized in a microfluidic biosensing experiment [116].  

 

 
Figure 2.26 Schematic presents the fabrication of microarrays circles through the 

combination of IL and photolithography. Reproduced with permission from [116]. 

 
2.4.1.2 Combination of chemical etching and photolithography  

Yi et al. used a combination of photolithography and wet etching to selectively grow Ag 

NPs decorated-silicon nanowires arrays (refer to Figure 2.27(a)). The etchant used was a 

mixture of HF, H2O2, and AgNO3. The simultaneous Ag NPs deposition during the wet 

etching facilitated the galvanic displacement of Si by the HF/AgNO3 solution. The resulting 

platform, as seen in Figure 2.27(b), was then utilized for label-free SERS detection of DNA 

[186]. 
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Figure 2.27 (a) Schematic illustration of silicon nanowire arrays with combined strategy of 

UV lithography and chemical etching. (b) Top and cross-sectional view of the silicon 

nanowires. The scale bars show 50 μm in (b)(i), 1 μm in the inset of (b)(i), and 10 μm in 

(b)(ii). Reproduced with permission from [186]. 

 

Wang et al. developed a wafer scale nanowire structure with sub-10nm gaps, using 

a combined strategy consisting of UV-lithography and chemical etching. The 

photolithography (with positive photoresist) defined the microscale regions in Si wafer and 

it was followed by a chemical etching step. The etching process provided the pit-shaped 

structure. The subsequent metal deposition partially closed the gaps between the nanowires 

into less than 10-nm spacing. The microarrays substrates, as shown in Figure 2.28, were 

then used for on-chip SERS-based DNA detections [178]. 

(i) 

(ii) 
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Figure 2.28 (a) The picture of 6 inch2 chemical-etched silicon nanowire microarrays. (b, c) 

The cross-sectional view of the metal deposited nanowires. Reproduced with permission 

from [178]. 

 

2.4.1.3 Combination of NSL and photolithography  

Figure 2.29 illustrates the work of Tabatabaei et al. who reported combining NSL and 

photolithography to produce single pockets to immobilize cells for SERS measurements. 

The finished platform (Figure 2.29) was modified with 4-mercaptophenylboronic acid (a 

Raman reporter) before the cells attachment. The SERS detection using this platform 

successfully distinct glycan expressions from cells closely associated with cancer [145].  
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Figure 2.29 Schematic illustration of combined NSL – photolithography fabrication. 

Reproduced with permission from [145] (copyright information: Creative Commons 

Attribution 3.0 Unported Licence). 

 

2.5 Optofluidic platforms for plasmonic microarrays 

In the past decade, there has been growing interest in applying optofluidic platforms in 

different applications. In most prospective, optofluidic platforms are defined as the 

convergence of the optical detections (photonic-based measurements) to the microfluidic 

systems, which can potentially be advantageous as compared to those classical static 

detection systems.  

 
Similarly, in the context of plasmonic sensing, the conjunction of the active fluidic 

system to the plasmonic microsystem (i.e. microarrays of metallic nanostructures) leads to 

several improvements. For instance, it allows more flexibility in sample manipulation; it 

also increase the number of the analyte molecules that reach the sensing surface by 

continuous flow; and, if necessary, it can enable on-chip pre-concentration or separation 
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steps. All these translate into an all-around improved sensing platform. In addition, the 

presence of the continuous flow helps to prevent local heating at the detection region, which 

might be important, especially when the sample is probed by laser illumination.  

 
A few of the recent developments in optofluidic platforms used for plasmonic 

sensing will be discussed in the following sections (Section 2.5.1-2.5.4). 

 

2.5.1 Optofluidic setup based on direct laser writing on glass micro-channels 

Figure 2.30 shows that on-chip simultaneous patterning and metal nanoparticles deposition 

can be achieved with the help of a femtosecond laser at NIR wavelength (i.e. ~800 nm) 

[187, 188]. A mixture containing the metal salt solution, a reducing agent and a stabilizing 

agent are the precursor of the fabrication. The mixture can be either dry (i.e. spin-coated on 

solid support) or in solution form. The Ag (i.e. Ag+) precursor has a maximum absorption 

at ~ 300 nm, it is photo-reduced to Ag (in the form of silver nanoparticles) through a two-

photon absorption [187, 188]. Xu et al. employed a motorized stage to control the position 

of the substrate (i.e. the glass micro-channels) so that the photon-reduction can be 

manipulated on specific locations to form arrays of silver nanoparticles. The process is 

similar to the direct write of silver nanoparticles using a laser [188], as illustrated in Figure 

2.30(a). The optofluidic integration to the platform was straightforward with aid of poly-

dimethylsiloxane (PDMS), since those plasmonic active arrays were already drawn on the 

channelled microsystem.    
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Figure 2.30 (a) Schematic illustrates the laser writing process to fabricate the Ag 

nanoparticles arrays. (b) The SEM image of the arrays fabricated. Reproduced with 

permission from [189]. 

 

2.5.2 Optofluidic setup based on Ag nanostructured-PDMS micro-channels 

Oh and Jeong developed a convenient optofluidic SERS chips based on PDMS micro-

channels. The active plasmonic elements were the random nanotips and nanodots formed 

on the PDMS channels through the plasma etching of the previously evaporated Ag on the 

PDMS, as shown in Figure 2.31. The system was sealed through the irreversible bonding (-

Si-O-Si-) between the PDMS and glass. The proposed setup was employed in benzenethiol 

SERS detection and was reported to be highly selective and cost effective [190]. 

 

 
Figure 2.31 Schematic illustrates the optofluidic SERS chip with plasma-induced Ag 

nanostructures along PDMS microfluidic channels. The inset is the SEM image of the 

nanotips and nanodots induced by the oxygen plasma treatment. Reproduced with 

permission from [190]. 
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2.5.3 Optofluidic setup using perforated adhesive 

Deng et al. proposed a three-layer optofluidic setup, as seen in Figure 2.32, for online SERS 

detection of rhodamine 6G and malathion. The plasmonic nanostructures were the EBL-

lithographed uniform gold nanopillars and nanodots supported on micro-channelled PDMS. 

Instead of sealing the system through irreversible bonding between PDMS and glass as the 

example in Section 2.5.2, the authors recruited the precisely laser-cut perforated adhesive 

to conjoin the system with the cover glass, as illustrated in Figure 2.32(a) [191].   

 
Figure 2.32 (a, b) The three-layer SERS optofluidic chip, with the centre layer made up of 

perforated adhesive and SERS substrate, the quasi three-dimensional (Q3D) arrays located 

underneath. Reproduced with permission from [191]. 

 

2.6 Implications from the nanofabrication advances   

From this review, we can see that amazing progress has been taken place in the last decade 

for both bottom-up and top-down nanofabrication. All the techniques have their own 

unprecedented benefits and have demonstrated their competences in fabricating excellent 

nanostructures in a variety of geometries and shapes (refer to Section 2.1 to 2.5). The 

advances in lithographic-based nanofabrication has greatly favored the use of uniform 

substrates to support plasmonic applications (e.g. SERS and SPR-sensing). In the following 

chapters (chapter 3-5), proof-of-concept SERS and SPR-based sensing with uniform 

substrates generated by LIL will be presented. 
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Chapter 3 
 

Polarization-dependent SERS from Microarrays 

(This chapter is based on the manuscript submitted to Analytica Chimica Acta.) 

 

3.1 Introduction 

Surface-enhanced Raman scattering (SERS), a technique that allows a large increase in the 

Raman scattering efficiency from molecules adsorbed on certain metallic nanostructures, 

has been attractive for a variety of real-life applications in analytical chemistry, including 

environmental sensing [1-3]; medical diagnosis and prognosis [4-6]; security detection [7-

9]; and many others. The popularity of SERS is mainly attributed to two major advantages 

offered by the technique: (1) molecular-specific vibrational information; and (2) 

extraordinary detection sensitivity down to the single molecule level [10-12].  

 
SERS substrates, consisting of the metallic nanostructures, and the molecule(s) of 

interest are required for SERS measurement(s). The most classical SERS substrate is 

generated from the aggregation of metal nanoparticles from a colloidal suspension [13, 14]. 

In this case, batch-to-batch variations in both spectral features and SERS intensities are 

among the major challenges for their application in analytical chemistry. Supported SERS 

substrates have been developed through different approaches, including immobilization of 

metal nanoparticles on solid surfaces (such as glass) via surface chemistry modification [15-

18]; fabrication of organized nanostructures through lithographic techniques [19-21]; and 

other sophisticated nanofabrication methods [22, 23]. Top-down lithography techniques, 

such as  electron-beam lithography [20, 21, 24], laser interference lithography [25, 26], 

focused ion beam milling [27-29] and others have been used to fabricate nanostructures with 

well-controlled dimensions. The immobilization of the nanostructures in a solid platform 

improves the reproducibility and the integrity of the SERS measurements [30].  Another 

advantage of a solid SERS platform is that it is relatively simple and straightforward to 

pattern them in a series of regular patches of organized nanostructures, generating 

microarrays (μarrays). SERS μarrays can be useful in analytical chemistry to achieve 

multiplexing (i.e. simultaneous sensing from different patches). SERS μarrays can be 



 

 

101 
integrated in microfluidics architectures. They can even provide an approach to tackle the 

inhomogeneity issues that have plagued the SERS field, since the results from several 

μarrays can be averaged in an attempt to control and quantify the SERS variabilities. 

 
In this work, large area (~1 inch2)   SERS μarrays were fabricated through a 

combination of laser interference lithography (LIL) and laser photolithography (LPL). The 

basic structural design of the nanostructure is a one-dimensional periodic grid, with clear 

ridges and troughs (nanogratings). The optical characteristic of this type of structure is 

naturally polarization-dependent. Previous studies have demonstrated the potential of 

polarization-dependent substrates to eliminate intrinsic interferences arising from solvent 

[31], temperature [32], and other polarization-independent variables. This ability to self-

reference using the proper choice of light polarization could prevent systematic errors. 

Proof-of-concept demonstration of on-chip SERS detection capability of our μarrays was 

achieved using an epoxy-perforated membrane [33] that isolated the nanostructures patches 

into multiple detection channels. There are several previous reports of SERS optofluidic 

lab-on-chip devices, where the fluidic systems were handled through PDMS micro-channels 

[34-36], etched-glass microchannels [37], laser-cut channels on different materials, like 

double-sided tapes [38], and others. The epoxy membrane prepared through deep UV-

lithography used in this work offers simplicity and reasonable precision to ensure the proper 

alignment between the channels and the μarrays. A quinolone derivative antibiotics, 8-

quinolinol, which is considered an emergent organic contaminant found in fresh waters, was 

chosen as analyte for the proof of concept measurements. 
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3.2 Experimental section 

3.2.1 Chemicals and materials 
Microposit SC 1827 positive photoresist, Microposit thinner type P, Microposit 351 

developer, deionized water (produced through Barnstead Millipore system with resistivity 

of 18.2 MΩcm), epoxy resin adhesive (NOA 73 from Norland Products Inc.), acetone (ACS 

reagent grade, supplied by VWR), anhydrous ethanol (ACS reagent grade, supplied by 

VWR), methanol (ACS reagent grade, supplied by VWR), 4-mercaptopyridine solid (95 % 

assay, supplied by Sigma-Aldrich) and 8-quinolinol solid (analytical grade, supplied by 

Sigma-Aldrich), microscope slides. 

 

 3.2.2 Substrate fabrication 

The 1 inch2 microscope glass slides (cut from 3 inch x 1 inch slides) were first cleaned by 

sonication in copious amount of acetone, methanol, ethanol and isopropanol, sequentially, 

to remove any contaminants on the glass. After oven-dried to remove all the solvents and 

cooled to room temperature, the glass slides were spin-coated with diluted Microposit SC 

1827 positive photoresist (in 1:1 ratio with Microposit thinner type P) at 2000 rpm for 30 

seconds. The coated glass slides were pre-baked at temperature of 120 oC for 10 minutes to 

remove the solvent from the photoresist layer. The photoresist-coated glass was next 

mounted on the interference lithography setup (refer to Section 2.3.1) and exposed to a 

Coherent Ar+ laser line (λ = 458 nm) at 100 mJ cm-2 for 45 seconds. The overall fabrication 

procedure is illustrated in Figure 3.1. The fabrication of a large area periodic pattern (i.e. 

nanostructures on the entire 1 inch2 substrate) was completed after the IL-treated photoresist 

substrates were developed in diluted Microposit 351 developer (in 1:3 ratio with deionized 

water), as shown in step 1(b) and (c) in the scheme of Figure 3.1. The solvent development 

lasted 45 seconds under gentle motion parallel to the main grating axis. 

 
As for the μarrays (i.e. multiple ~900 μm2 patches of nanostructures on the 1 inch2 

substrate), a second laser exposure of 1.5 minutes was proceeded through a Mylar based 

photomask which defined the μarrays dimension as illustrated in steps 1(d) and (e). The 

photoresist substrates were then developed the same way as the large area substrates to ravel 

the patches of nanostructured μarrays. To add on, the photomask design was prepared using 
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Adobe Photoshop (Adobe Creative Suite 5.5), addressing two main concerns: (1) the 

convenience to integrate the μarrays for on-chip measurements later (i.e. sufficient spaces 

for membrane sealing, refer to Section 3.2.3), and (2) the efficiency to develop the structures 

under ambient conditions and in a non-clean room setting (i.e. a photomask with sufficiently 

‘large’ dimensions of μarrays was employed as we observed plenty defects, particularly 

around the edges of μarrays, when μarrays were smaller in sizes e.g. 50 nm x 50 nm).   

 
Lastly, the substrates were coated using electron beam evaporator with either a 80 

nm thickness gold film for transmission measurements or a 200 nm thick of gold or silver 

film for SERS mappings. 

 

 
 

Figure 3.1 Schematic demonstration for SERS substrates fabrication: (a) Spin-coating: 

alcohol-washed glass slide is spin-coated with positive photoresist. (b) Laser interference 

lithography (LIL): the photoresist substrate is exposed to the laser through the interference 

lithography setup. (c) Large area substrate development: the substrate is developed in 

alkaline developer. (d and e) Laser photolithography (LPL): the substrate is direct-exposed 

to the laser through photomask. (f) μarrays development: the μarrays substrate is developed 

as in (c). 
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3.2.3 Substrate characterizations 

The surface morphology of the substrates was characterized using SEM and AFM. Zero-

order white light transmission spectra through the large area substrate (coated with 80 nm 

thickness of gold) were taken using a miniatured spectrometer (model: USB 2000, Ocean 

Optics, Inc). The polarization states of the incident beam were manipulated using linear 

polarizer films (i.e. perpendicular and parallel polarization to the main axis of the 

nanogratings).  

 
The zero-order transmission characterization of μarrays were done using an in-house 

optical setup where a 1 mW laser beam (635 nm, model: LPS-635-FC from Thorlabs) first 

passed through a collimator, then a glass polarizer and a half-wave plate, as illustrated in 

Figure 3.2. The beam was then expanded by entering a duo-lens system (focal lengths of 

the lenses : f2 / f1 = 500 mm / 16.5 mm) to ensure that the entire gold μarrays substrate was 

illuminated. The beam transmitted through the substrate was de-magnified and focused by 

another duo-lens system (focal lengths of the lenses : f4 / f3 = 50 mm / 150 mm) before 

detecting by a CCD camera (model: DCC 1545 M from Thorlabs).     

 
Polarized SERS measurements (i.e. large area substrate coated with 200 nm 

thickness of silver) of 4-mercaptopyridine (10 µM in 1 % aqueous ethanol) was obtained 

with a Raman microscope (model: In via Renishaw, 632.8 nm excitation). The polarization 

state of the excitation laser was rotated by placing a half-wave plate in the incoming path of 

the laser. 

 
Figure 3.2 Schematic transmission measurement setup for μarrays substrate. (L = lens; f = 

focal length; HWP = half-wave plate; P = glass polarizer; and C = collimator) 



 

 

105 

 

Figure 3.3 Perforated epoxy membrane fabrication scheme using deep-UV lithography. 

 

3.2.4 On-chip SERS μarrays setup  

Epoxy membranes with perforated channels were prepared, according to previous reported 

procedure by Zheng et al.[33] with some minor modifications. The membrane fabrication 

scheme can be found in Figure 3.3. Briefly, a small piece (~3 inch x 3 inch) of transparency 

polyethylene terephtalate (PET) plastic was adhered to a PDMS-coated glass slide. Another 

two 0.5 inch x 1 inch cut glass slides were arranged above the PET plastic, acting as a spacer 

and defining the thickness of the final membrane (see Figure 3.3). The epoxy was then drop-

coated between the two spacers and another piece of PET plastic was gently laid on top of 

the epoxy, followed then by the Mylar-based photomask. The entire system was exposed to 

UV light (350 watts) for 50 seconds. The system was then disassembled and the membrane 

was developed using acetone, leading to microchannels. The membrane with perforated 

micro-channels was then aligned with the μarrays and sealed with glass cover slip, aided by 

a thin layer of grease to seal the whole device. Extreme caution was required to prevent 

contamination of the SERS substrate by the grease.  

 

3.2.5 On-chip SERS measurements using μarrays 

A series of 8-quinolinol aqueous solution (in <1 % methanol to improve solubility of the 

solids) in different concentrations, ranging from 0 to 60.0 ppm were introduced to the 

channels. SERS mapping of 20 x 20 µm2 was then carried out on three arrays in each 

channel, using 785 nm laser (10 % power density, 0.5 s exposure time, 50x ultra long 
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objective lens). The area under the SERS band at 723 cm-1 was then normalized and plotted 

in calibration curve with increasing concentrations of 8-quinolinol. 

 
3.3 Results and discussion 

3.3.1 Fabrication and characterization of SERS substrates 

Large area (overall substrate size of 1 inch2) and μarrays (~ organized 900 μm2 patches on 

1 inch2 substrate) nanogratings were fabricated by LIL. The surface morphological features 

of the nanograting structures on both large area and μarrays substrates were characterized 

using SEM and AFM. Figure 3.4(a) indicates that the resulting nanogratings were 

reasonably homogeneous and the periodicity of the structures (~ 450 nm) were uniform 

within the area of 1 inch2. The μarray-to-μarray periodicity variation was examined through 

AFM and was found to be less than 5 %. The μarrays were arranged in six column containing 

either nine or fifteen nanogratings each (depending on the Mylar photomask design). Each 

of the μarray was an individual SERS sensing area. The white light diffraction picture of a 

gold-coated μarrays can be seen in Figure 3.4(b) and the inset shows the SEM image of the 

nanograting structures in one of the μarrays. Figure 3.4(c) presents a typical AFM image 

from the nanogratings. 
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Figure 3.4 (a) SEM image of the large area nanograting substrate. (b) White light diffraction 

picture of the gold-coated μarrays. The inset is the SEM image of one of the μarrays. The 

blue scale bars are 1 µm. (c) An AFM image of a large area nanograting substrate. 
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3.3.2 Polarization-dependent optical transmission  

Zero-order white light transmission through the large area metal-coated nanogratings 

substrates were measured. The plane-polarization direction (relative to the nanograting 

features) of the incident white light was manipulated using polarizer films to demonstrate 

the polarization dependency of the transmitted light. Typical white light transmission data 

for a gold nanograting (80 nm Au thickness) is shown in Figure 3.5(a). The TM-polarized  

(plane polarization perpendicular to the grating features) transmission spectrum 

demonstrates clear peaks and dips, which have been assigned to different scattering orders, 

including contribution from distinct  interfaces (metal – glass and metal – air interfaces) 

[39]. The incidence of TM (or perpendicular-polarized light) on an one-dimensional gold 

nanogratings allows the excitation of surface plasmon (SP) resonance on the metal 

interfaces. This enables an increase in the transmitted field, a phenomenon related to the  

extraordinary optical transmission (EOT) [40]. The light transmission through noble metals 

(i.e. Au, Ag and Cu) nanostructures can then be tuned through their periodicity to allow 

maximum transmission within visible wavelength(s) [40]. In our case, the transmission 

maxima through Au nanogratings occur at 491 nm and 617 nm, respectivelly, as seen in 

Figure 3.5(a). The minimum observed in the TM-transmission spectrum (i.e. 528 nm), is the 

Wood’s diffraction anomaly that happens when the diffracted waves from the nanogratings 

emerges tangentially to the main axis of the gratings’ interface [41]. Ideally, the TE-

polarized transmission spectrum from a plasmonic nanogratings should provide minimum 

response, as an smooth gold film which is not SP-active. Nonetheless, Figure 3.5(b) shows  

a fairly broad transmission band, also peaked at 535 nm, for the measurement taken using 

TE-polarization. Previously, the existence of similar broad transmission band from gold 

films has been assigned to bulk plasmon [42, 43] and interband electron transitions [43]. 

This type of transmission band was reported to become less significant for smoother Au 

films [42]. The observed transmission band in Figure 3.5(b) might then carry additional 

contributions from the presence of random roughness on the gold interface, which promotes 

optical transmission through the film.  

 
In order to demonstrate the transmission characteristics of the gold μarrays and their 

potential to perform imaging-based biosensing, a laser diode with excitation wavelength at 
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635 nm (near to the SP resonance of the nanograting structure (see Figure 5(a)) was used to 

illuminate all elements simultaneously (experimental setup described in Figure 3.2). Since 

the excitation source delivered a single-wavelength, the amplitude variations of the 

transmission through the entire substrate were imaged at the CCD camera, as seen in Figure 

3.5(b). The half-wave plate (HWP) in the setup (Figure 3.2) allowed us to rotate the 

polarization state of the laser to image the polarization dependency of the μarrays. Figure 

3.5(b)(i) exhibits the transmission image of the nanograting μarrays at TM-polarization. The 

occurrence of enhanced transmission phenomenon on each of the μarrays can be viewed 

from the patches of bright spots in Figure 3.5(b)(i). When the polarization of the incident 

laser was the TE-mode, minimal amount of light passed through the arrays (see Figure 

3.5(b)(ii)).  

 
Figure 3.5 (a) The white light transmission spectra of the large area nanograting substrate 

evaporated with 80 nm of gold at (red) TM/perpendicular polarization and (blue) TE/parallel 

polarization. (b) The transmission image of gold μarrays at (i) TM-polarization and, (ii) TE- 

polarization, using 635 nm incident laser. The blue scale bars are 1 mm.  

 

3.3.3 Polarization-dependent SERS  

SERS measurements were first realized using 4-mercaptopyridine (4MPy) as probe 

molecules. Figure 3.6 shows an example of the results obtained for 4MPy adsorbed on a 

200 nm silver-evaporated substrate. The SERS response was obtained under two different 
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laser incidence polarizations directions (perpendicular and parallel to the grating structure, 

as discussed above). A HWP was introduced into the incoming laser path of the Raman 

microscope to rotate the state of the incident laser polarization and ensure that the same area 

was probed throughout the experiment. Prior to the measurements, the nanogratings were 

incubated into 10.0 µM 4MPy solution for 20 minutes, and subsequently washed with 

copious amount of deionized water to remove any residual (non-adsorbed) molecules and 

dried under nitrogen. SERS measurements were taken using 633 nm laser line, 100x 

objective (NA = 0.90). The surface of the substrate was probed by SERS-mapping. The 

mapping area was 26 x 26 pixels (step size: 1 μm) and mappings were obtained for both 

perpendicular (Figure 3.6(a)) and parallel polarizations (Figure 3.6(b)) of the incident laser 

relative to the main axis of the grating structures. Figure 3.6(c) shows a typical average 

SERS spectrum from the mapped area (average over 675 spectra), with the two major SERS 

bands at 990 and 1080 cm-1 assigned to ring breathing and C-S bond vibration [44] of 4Mpy 

molecules. It is worth noting that the 2D-colormap images in Figure 3.6(a) and (b) were 

simulated using SERS intensity at 1080 cm-1 from each pixel in the mapped area on the 

substrate.  

 
As observed in Figure 3.6(c), the average SERS spectrum of 4MPy obtained using 

TM- polarization was roughly five times stronger than the one obtained with TE 

polarization. This indicates that the nanogratings substrate presented a reasonable 

polarization anisotropy. SERS, as one of the plasmon-assisted spectroscopy, relies strongly 

on field enhancements at the interface of metal nanostructures. When the SP frequency of 

the metal nanostructures is in resonance with the incident laser, the SP excitation enables 

localized field at special regions on the metal surface, known as the SERS hot spots. 

Molecules at the hot spot region (i.e. adsorbates) experiences then enhanced excitation (and 

scattering) through this mechanism. For anisotropic structures, such as the metal-evaporated 

nanogratings studied here, SPs are only excited (generating “hot-spots”) when the incident 

laser is TM or perpendicular-polarized against the long axis of the grating, since the external 

electric field will interact with nano-confined free electrons on those conditions. This 

phenomenon is perfectly observed in Figure 3.6 (red).  Some residual SERS intensity was 

observed (refer to Figure 3.6 (blue)) for TE-polarization. In fact, this observation is in 
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consonant with our earlier finding where a broad band spectrum was found in TE-mode 

transmission of gold nanogratings (see Figure 3.5(a)).  The random roughness and 

fabrication defects on the silver nanogratings, lead to local field excitations (SERS ‘hot-

spots’) that are not polarization dependent. Therefore, molecules adsorbed on random 

roughness and defects contributed to the SERS activity at TE-polarization. 

 

 
Figure 3.6 SERS mappings of 4MPy at (a) TM-polarization, and (b) TE-polarization. (c) 

The average SERS spectra of 4MPy (adsorbed from 10.0 μM solution) (red) 

TM/perpendicular polarization and (blue) TE/parallel polarization against the nanogratings 

main. Polarization directions are illustrated in the figure. Excitation: 633 nm. All the spectra 

generated from the mapping measurements were subject to baseline-correction before 

colormap simulation in (a) and (b), and spectra averaging in (c). 
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3.3.3 On-chip detection - SERS nanogratings μarrays 

The μarrays of metallic nanogratings were utilized for SERS quantification of an 

environmental pollutant. Microfluidic channels were fabricated in an epoxy-based 

membrane to deliver different samples to the sensing surface of the μarrays (nanogratings). 

A sample of the perforated epoxy membrane containing micro-channels is shown in Figure 

3.7(a,b). The design of the channels solely depended on the Mylar photomask used during 

the deep-UV lithography. The membrane consisting of microchannels aligned to the SERS 

active μarrays (see Figure 3.7(b)) isolated the substrate into a few isolated systems. This is 

useful to improve the detection throughput, especially when integrated with microfluidic 

facility, since a single SERS substrate is now able to handle a few samples (i.e. multiplexing 

applications). Additionally, instead of using the continuous nanostructure arrays, in this 

work we patterned the substrates into multiple μarrays (i.e. micro-patches) containing 

nanogratings for SERS environmental quantifications. We believed that the nanostructures 

patterning is helpful to improve the analytical perspective of the detections (i.e. the signals 

from a few μarrays can be averaged to improve the precision of the quantifications). 

 
Different concentrations of aqueous 8-quinolinol solutions (varying from 0 – 60.0 

ppm) were introduced into the microchannels. SERS mapping measurements were then 

carried out on an area of ~ 11 x 11 pixels (step size: 2 μm) in at least three µarrays in each 

column. The average spectra were then baseline corrected and the area under the Raman 

band at 723 cm-1, which is one of the signature out-of-plane vibration modes [45] of 8-

quinolinol, was used for the calibration plot shown in Figure 3.7(a). The experiments were 

realized using an ultra-long working distance 50 x lens (NA=0.55), to focus the laser (and 

collect scattered light) in each array through an optical window. This lens has a deeper focal 

volume and probed into the photoresist underneath the gold film, generating a spectral 

background in the region ~ 1100 – 1400 cm-1. This background was absent in experiments 

that used objective lens with higher NA. Since the background was well-separated from the 

723 cm-1 band, we were able to use it (~1100 cm-1 background band) as a constant intensity 

reference in the calibration plot, improving quantification. On the other hand, the lowest 

concentration attempted in this work was 1.18 ppm (i.e. limit of detection for the present 

methodology) and we can reliably detect the SERS signal of 8-quinolinol out from spectral 
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noise. The states-of-the-art for quinolones antibiotics (fluoroquinolones) detections in the 

aqueous samples is mostly associated with chromatographic techniques in tandem with 

mass spectrometry (MS).  The limit of detections achieved were reported as low as sub-ppb 

(ug/L). However, these methods were subject to extensive sample pre-concentration (~ 100 

– 1000 times) to improve the detections. It is worth mentioning that the present SERS 

detection of quinolones has not been subject to any pre-concentration and we believe that 

the LOD of the proposed detection can be brought lower with the pre-concentration step, as 

well as, the further optimization of SERS substrates.  

 
Lastly, to demonstrate the potential application of polarization-dependent SERS 

substrates, polarization subtraction technique has been attempted to correct the background 

from the SERS substrate. In this case, SERS measurements of 8-quinolinol were recorded 

at the same spot under TM- and TE-polarized incident laser. As shown in Figure 3.8, the 

SERS response at TM-polarization (S┴) contains both contributions from analytes (i.e. 8-

quinolinol) and the photoresist background; while under TE-polarization (Sll) that was 

previously corrected its artificial polarization effects from HWP [31], shows smaller 

contribution from the analyte (i.e. 8-quinolinol) signal due to the reduced SP excitation 

(refer to Section 1.4.2.2).  To be specific, the observed signal at TE-polarization, 

𝑆𝑆𝐼𝐼𝐼𝐼,𝑛𝑛𝑏𝑏𝑛𝑛𝑛𝑛𝑠𝑠𝑣𝑣𝑛𝑛𝑑𝑑, was compensated for the HWP’s artificial polarization effects, 𝜎𝜎, using 

Equation 3.1 [31]: 

       𝜎𝜎 = 𝐼𝐼┴′

𝐼𝐼𝐼𝐼𝐼𝐼
′                                   (3.1) 

where 𝐼𝐼┴′  is the Raman intensity of silicon measured without HWP and 𝐼𝐼𝐼𝐼𝐼𝐼′  is the intensity at 

the 45o rotation with respect to the axis of HWP. In this case, a smooth silicon wafer (non-

SP supported), was used to obtain the true artificial polarization effects from HWP. This 

resulted in the following expression for Sll: 

 
                                                    𝑆𝑆𝐼𝐼𝐼𝐼 = 𝜎𝜎 𝑆𝑆𝐼𝐼𝐼𝐼,𝑛𝑛𝑏𝑏𝑛𝑛𝑛𝑛𝑠𝑠𝑣𝑣𝑛𝑛𝑑𝑑                  (3.2) 

 
The subtraction of Sll from S┴ then yielded Sanalytical (find Equation 3.3), which is the 8-

quinolinol (i.e. the analyte) signal eliminated from those non-polarization dependent 

background, as seen in Figure 3.8.  
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                                                 𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑒𝑒𝑛𝑛𝑐𝑐𝑏𝑏𝑏𝑏 = 𝑆𝑆┴ − 𝑆𝑆𝐼𝐼𝐼𝐼                (3.3) 

 
It is worth mentioning that prior to the background correction, all the spectra were baseline-

corrected (Savitsky Golay filter at window size of 3 % of the total data points within the 

spectral region, Matlab 7.12.0) and smoothed (Savitsky Golay at 20 points window, 

OriginPro 8.5). In addition to that, from Figure 3.8, the spectral contributions of the 

background band at ~1100 cm-1 are seen to be relatively consistent in both TM- and TE-

incidence polarization. This might indicate that the background could be attributed to  the 

photoresist polymer, which was polarization-insensitive.  
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Figure 3.7 (a, b) Deep-UV lithography prepared epoxy membrane and the on-chip setup 

assembled to the SERS μarrays substrate. The blue scale bars are 2 mm. (c) Calibration 

curve plotted with average SERS intensity of normalized SERS band at 753 cm 1 as a 

function of increasing concentration of 8-quinolinol. (d) 8-quinolinol SERS spectra at 

different concentrations: (i) 0 ppm, (ii) 23.2 ppm, (iii) 35.4 ppm and (iv) 59.0 ppm.  

 
(iv) 

 
 

(iii) 
 

(ii) 
 

(i) 
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Figure 3.8 Sanalytical (S┴ - Sll) of 8-quinolinol is shown in red, obtained by eliminating Sll 

(blue) from S┴ (black). The spectra have been baseline-corrected and smoothed. 

 

3.4 Conclusions 

In conclusion, we have developed polarization-dependent large area and μarray 

nanogratings (array-to-array periodicity variation of <5 %) for SERS detection based on 

laser interference lithography (LIL). The proof-of-concept SERS simultaneous detection 

has been demonstrated through an integrated microfluidic system consisting of fabricated 

SERS μarrays. Deep-UV lithographic was used to prepare micro-perforated epoxy 

membranes to define the microchannels to isolate the metallic nano-patches into a few 

segregated fluidic systems.  A widely applied antimicrobial in agricultural industry, 8-

quinolinol, was chosen as the species of interest in this work. As a member of quinolone-

based antibiotics, 8-quinolinol has emerged as one of the pharmaceutical contaminants in 

environment due to its persistent environmental fate. The successful detection of this 

molecule in different concentrations at ppm level using the SERS μarrays fluidic system 

illustrates the potential to develop the LIL substrate into an integrated lab-on-chip-based 

microfluidic environmental sensing system. The significant incidence-polarization 

dependency of the substrates might also be advantageous. Particularly, the polarization 
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dependence can be used as self-reference during real-time detection to tackle those non-

polarization-sensitive spectral interferences.  

  

 Lastly, the proposed fabrication methodology using LIL, as compared to the state-

of-the-art nanofabrication techniques (i.e. EBL and FIB) with greatest precision, stands out 

as a high-throughput fabrication technique with reasonable fabrication resolution (mainly 

relies on the wavelength of the laser incidence employed). The patterned area of the 

fabrication is scalable and a large-area fabrication can be achieved quickly, since the 

fabrication mechanism is primarily composed of the optical light interference (between the 

laser incidence and Lloyd’s mirror’s reflection) and the photon-absorption process (leading 

to either molecular decomposition, or complexation, depends on the types of photoresist 

used). Additionally, when compared to the other large area-based nanofabrications (e.g. 

NSL, AAO-template assisted lithography), LIL fabrication is distinctive in its long-range 

uniformity in the nanostructures patterning. This is important in analytical quantifications, 

since the degree of nanostructures’ uniformity would directly impact to the SERS 

enhancement homogeneity of the substrates. The LIL fabrication process is also much less 

hazardous as there is no need to utilize those corrosive solvents (e.g. hydrofluoric acid or 

other strong etching solution) to develop the nanostructures. On the other hand, LIL process 

is readily coalesced with other optical-based lithographic techniques, for instance, UV-

lithography, as demonstrated in the μarrays fabrication of this work. This is a great 

precedence of LIL process as it provides flexibility in nanofabrication to prepare a variety 

of nanostructures depending on the needs of the applications. The limitations of LIL process 

with respect to this work, however, lie mostly on the nature of this lithography process, 

where a photoresist is needed during the optical patterning. Generally, the existence of 

photoresists on the SERS substrates increases the background of the SERS signals, since 

most of the components in the photoresists are fluorescence-active or even SERS-active. 

This is particularly pronounced when a high focal volume objective lens is needed in the 

SERS acquisitions, as happened in this work (Section 3.3.3). Moreover, the employment of 

LIL process on those curvy- (e.g., flexible or soft support) or shiny (e.g., silicone wafer) is 

tricky as these structures might complicate the optical interference process that is required 

in LIL. In the following chapter (Chapter 4), the combination of template-stripping and LIL 
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demonstrates an alternative to improve the flexibility of LIL in patterning different surfaces 

of solid supports (i.e. optical fiber tips and glass slides).  
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Chapter 4 
 

Template Stripping Fabricated Plasmonic Nanogratings 

for Chemical Sensing 

(This chapter is based on the paper recently accepted in Plasmonics.) 
 

4.1 Introduction 

The fabrication of nanostructures has been a vibrant research area in the last few years. A 

main drive for the wide interest in the field is the potential for applications of nanostructures 

in chemical sensing and detection [1-3]. In the specific case of metallic nanostructures, the 

chemical sensing mechanism is based on the excitation of surface plasmon (SP) modes at 

the interface between the metal and the medium containing the analyte of interest. Several 

types of metallic nanostructures, such as nanoparticles [4, 5], nanoholes [6, 7] , nanoslits 

[8], and nanogratings [9], are able to support SP-modes when the resonance conditions are 

satisfied. The developments of these “plasmonic” sensors have been centered in the desire 

of generating structures that optimize analytical figure-of-merits, such as sensitivity, 

resolution and limit-of-detection (LOD). Nonetheless, the possible commercial translation 

of those types of nanosensors also depends on the complexity of the fabrication process. In 

this regard, processing time, cost and ease for mass-production also become important 

evaluation parameters.  

 
Plasmonic nanosensors have been fabricated by different techniques, ranging from 

chemical synthesis to nanolithography [10]. A variety of nanofabrication methods have been 

explored in recent decades, mainly due to the emergence of advanced lithography facilities 

in various research centers around the world.  Among them, electron beam lithography 

(EBL) and focused-ion beam (FIB) milling are the two techniques that allow maximum 

control over the fabrication precision and resolution. Therefore, these techniques have been 

widely used to fabricate different types of nanostructures for prototypes and proof-of-

concept experiments [11]. The limitations of these techniques; however, are related to their 

low throughput and their inability to quickly pattern larger areas. Interference lithography 

(IL) offers an alternative that provides large area patterning of periodic nanostructures  with 

easy manipulation of the nanostructure geometric parameters, which is useful for sensor 
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optimization [12]. This maskless lithography technique normally utilizes the optical 

interference between two laser beams to produce a uniform periodic pattern that impress a 

photoresist [13]. The technology is relative time and cost-efficient and compatible with the 

common fabrication approaches currently used in microfabrication [14].  

 
In this work, the IL technique was used to fabricate nanograting templates that were 

transferred to different glass surfaces. The template-stripping procedure has been reported 

[15] to yield metallic nanostructures capable of plasmonic-based chemical sensing. This 

strategy has not only leveraged the available nanofabrication methods, but it has greatly 

improved the fabrication throughput. Here we demonstrated the implementation of IL 

template-stripping procedure to transfer the nanogratings pattern to glass slides (1 inch2) 

and optical fiber tips (OFTs) with small contact surface (~50 microns of core size). 

Plasmonic nanogratings structures (made of either Au or Ag) have been explored for 

chemical sensing [8, 16]. Typically, the transmission of white light through those one-

dimensional nanostructures (with grooves and ridges) presents clear dips and peaks in the 

visible-NIR range. Another aspect of the one-dimensional nanostructures presented here is 

their dependence on the incident light polarization. This property has been explored to 

eliminate non-polarization dependent background interferences [17].  

 
4.2 Experimental section 

4.2.1 Chemicals and materials 

Microposit SC 1827 positive photoresist, Microposit thinner type P, Microposit 351 

developer, deionized water (produced through Barnstead Millipore system with resistivity 

of 18.2 MΩcm, 99.5% D-(+)-glucose (supplied by Sigma), epoxy resin adhesive (NOA 84 

from Norland Products Inc.), Sylgard® 184 Silicone elastomer kit (elastomer and curing 

agent, supplied by Dow Corning Corporation), standard microscope slides (supplied from 

PEARL), optical fiber (AFS from Thorlabs with core and cladding size of 50 and125 

microns)  
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4.2.2 Template preparation via IL 

Microscope glass slides (1 in2) and optical fiber tips (OFT – 50 µm core diameter) were used 

as support for the plasmonic structures. The glass slides were first sonicated in a water bath 

and then cleaned with copious amounts of acetone, methanol, ethanol, and isopropanol, 

respectively. After oven-drying (T ~120 oC) and cooling to room temperature, the glass 

slides were ready to be spin-coated with 1:1 Microposit SC 1827 positive photoresist diluted 

with Microposit thinner type P at 2000 rpm for 30 seconds. The substrates were then pre-

baked in an oven at 120 oC for 10 minutes to remove the solvent from the photoresist layer. 

Next the glass substrate coated with the photoresist was then mounted on the interference 

lithography setup (Lloyd’s interferometer) [18] and exposed to a 458nm laser (Coherent 

argon ion laser) once for 45 seconds (the energy density of the laser was 100 mJ/cm2). After 

the laser exposure, the photoresist film was developed in 1:3 Microposit 351 developer 

diluted with deionized water (produced through Barnstead Millipore system, resistivity of 

18.2 MΩ.cm) for 45 seconds under gentle motion parallel to the grating axis to generate a 

uniform 1-dimensional photoresist template. The photoresist templates were then 

evaporated with either gold or silver using electron beam and thermal evaporator (Angstrom 

Engineering Glove-box Evaporator, deposition rate of 1 Å/s). The film thicknesses were 

either 100 or 200 nm. Similar cleaning procedure was applied to a bare OFT (model AFS 

from Thorlabs, core diameter of 50 μm), which had been previously plane-cleaved and 

polished. 

 

4.2.3 Template-stripping procedure 

The stripping procedure is summarized in Figure 4.1. A silver (or gold) evaporated on the 

photoresist template was pressed against a glass slide coated with the epoxy adhesive (step 

(a) in Figure 4.1). The sandwiched system was then exposed to light from a 100 W 

incandescent lamp. The sandwiched system was left in a benchtop and illuminated overnight 

(~ 12 hours) at room temperature. When the epoxy was cured (i.e. epoxy is 

vulcanized/solidified completely), the patterned silver (or gold) was stripped from the 

original template (step b, in Figure 4.1). The stripped substrate was subject to a final rinsing 

with ~ 5% NaOH to remove any remaining photoresist from the metal surface. The surface 

morphology of the substrates was then characterized by scanning electron microscope 
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(SEM) and atomic force microscope (AFM) with operating conditions as follows: Mode: 

tapping, scan rate: 0.05 line per second, tip: silicon AFM probe (TAP190-G-50, supplied by 

Ted Pella, Inc.).  

 

4.2.4 Surface plasmon resonance (SPR) refractive index sensing with template 

stripped (large area) substrates 

The SPR measurements for the glass slides coated with metallic nanogratings were realized 

in transmission mode at normal incidence using an UV/Vis/NIR spectrometer (Perkin Elmer 

Lambda 1050). Small modifications were required on the sample and reference 

compartments to host a liquid cell with the patterned samples. The cell was fabricated from 

transparent poly dimethylsiloxane (PDMS), which allow liquid to be flown to a 400 μL 

sealed pocket in contact to the surface (sensing area 2 x 2 cm2) of the metallic substrate. 

Briefly, the PDMS cell was prepared using Sylgard® 184 Silicone elastomer kit with 

elastomer and curing agent’s ratio of 10:1 and cured in a oven at 90 oC for 45 minutes 

(resulting thickness at sensing area ~ 2 mm). Glucose solutions with different concentrations 

were prepared to test the SPR sensor response to different bulk refractive indexes.  

 

4.2.5 Optical fiber experiments 

The surface plasmon resonance-based refractive index measurements were also realized 

using a bifurcated optical fiber (model BIF400-VIS-NIR from Ocean Optics) and bare 

optical fiber (OF) adapter (model F-AM-SMA from Newport). One arm of the fiber was 

illuminated from a white light source (model LS-1 from Ocean Optics, optimized 

wavelength ranges 360 - 2000 nm, power output 6.5 watts), through a collimator. The 

second arm was connected to a spectrometer (model USB 2000 from Ocean Optics) through 

a SMA connector and the sensing tip was a gold nanograting structure prepared using the 

same IL-template stripping procedure described above was connected using the fiber 

adapter as mentioned earlier, also through a SMA connector. 
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Figure 4.1 Template stripping procedure: Step a. Silver- or gold-evaporated photoresist 

template was pressed against a glass slide with the epoxy adhesive; Step b. When the epoxy 

cured, the patterned silver was stripped off from the original template. The substrate was 

then rinsed with dilute NaOH to remove the remaining photoresist from the metal. 

 

4.3 Results and discussion 

4.3.1 Substrate characterizations 

The IL - template stripping procedure, illustrated in Figure 4.1, yielded one-dimensional 

grating nanostructures with a final patterned area of 1 inch2. Figure 4.2(a) shows the SEM 

image of the patterned surfaces. The periodicity of the gratings was 450 nm and the height 

of the ridges was 75 nm. Small morphogical defects (roughness) can be noticed in Figure 

4.2, which partly justified the variation of the optical sensitivity on refractive index (RI) 

variations (substrate-to-substrate sensitivity variation was less than 20% - see below). 

Additionally, the roughness of the substrate was examined before and after the template 

stripping procedure through atomic force microscopy (AFM). The AFM result, presented 

in Figure 4.2(b, c), shows that the overal roughness of the nanostructures was significantly 

reduced after the stripping procedure.  

 
Zero-degree transmission spectrum through those large area patterned substrates led 

to clear peaks and dips at TM-polarization (linear polarization perpendicular to the direction 

of the grating lines), as shown in Figure 4.3(a)(i). The plasmonic response of nanoslit 

structures has been extensively studied by several research groups [8, 16]. Briefly, the 
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transmission bands through periodic nanoslit structures have been assigned to contributions 

from different surface modes on the plasmonic grating[16]. These include contributions 

from (i) localized SPR from the nanostructures and roughness, (ii) cavity modes (Fabri-

Perot-type of effect), and (iii) coupling from the nearby nanograting features [16].The 

transmission through a 200-nm thickness silver nanogratings presented in Figure 4.3(a)(i) 

agrees well with the optical transmission properties reported on the previous findings[8]. 

The features (peaks and valleys) in the transmission spectrum in Figure 4.3(a)(ii) vanishes 

when the measurement was taken at TE (linear polarization parallel to the direction of the 

grating lines) polarization. The lack of features for TE excitation can be explained by the 

homogeinety of the electric field when the incidence polarization is parallel to the structures. 

The strong polarization-dependence  observed in Figure 4.3(a) can potentially provide a 

control channel in chemical sensing experiments; for instance, to eliminate interferences 

from experimental variables that are polarization independent [17].  

 

4.3.2 Surface plasmon resonance (SPR) band assignments 

The SPR from an one-dimensional metallic nanogratings can be approximated through 

equation 1.9 (refer to section 1.4.2.2) [8, 16, 18]: 

 

𝑓𝑓𝑛𝑛𝑝𝑝𝑠𝑠 =  𝑆𝑆
𝑚𝑚

 �
𝜀𝜀𝑑𝑑𝜀𝜀𝑚𝑚
𝜀𝜀𝑑𝑑+𝜀𝜀𝑚𝑚

   ;  m = 1                (1.9) 

 
where λspr is the surface plasmon resonance wavelength, P is the periodicity of the 

nanogratings, m is the mode of the resonance, 𝜀𝜀𝑑𝑑 is the dielectric constant for the the 

dielectric side of the interface and 𝜀𝜀𝑚𝑚 is the dielectric constant for the metal side of the 

interface. The transmission spectrum from silver nanogratings in air was found to be 

significantly different as compared to that in water (refer to Figure 4.3(b)). The calculated 

(using Equation 1 for m=1) SPR mode of a silver nanogratings (λspr) is expected to shift 

from ~ 470 nm (dielectric properties of Ag obtained from ref. [19]) in air to about 585 nm 

in water. This resonance in water matches reasonably to the observed transmission features 

in Figure 4.3(a)(i) (also shown in Figure 4.3(b)(ii)). Another resonant mode in Figure 

4.3(a)(i) should arise from the other interface between epoxy and silver. This resonance is 
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expected to occur at ~ 630 nm (considering 𝑅𝑅𝑛𝑛𝑝𝑝𝑛𝑛𝑒𝑒𝑎𝑎 = 1.46). This is again, comparable to the 

observed transmission features in Figure 4.3(a)(i).  

 
The relative straightforward assignment obtained with equation 1.9 can be further 

confirmed experimentally by Figure 4.4. Figure 4.4 shows the dependence of the 

transmission features with changes in the refractive index of the aqueous dielectric in 

contact to the metallic grating. It is possible to observe in Figure 4.4 that the transmission 

wavelength red-shifts in response to the refractive index changes (refer to Figure 4.4) only 

for the transmission features ~ 550 nm. In contrast, the resonant features at ~ 630 nm were 

almost unaffected by the changes of refractive indexes in the solution, as seen in Figure 4.4. 

This can be explained by considering the buried metal-epoxy interface is not signficantly 

altered by the solution refractive index. On the other hand, the mode assigned to the 

water/analyte solution-silver nanogratings interface is expected to depend strongly on the 

optical properties of the aqueous solution.   
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Figure 4.2 (a, b) Scanning electron micrograph of the template-stripped nanograting silver 

substrate. The blue scale bars in (a) represents 600 nm and (b) 50 nm. The topological (cross-

section)  measurements using AFM before (c) and after (d) template stripping procedure 

from 200 nm Ag nanogratings. 
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Figure 4.3 (a) Transmission spectra for the silver nanogratings under two different 

polarization states of incidence light (i, red) light polarization perpendicular to the structure 

orientation (TM-polarization); and (ii, blue) light polarization parallel polarization to the 

structure (TE-polarization). Both transmission spectra in (a) have been normalized to the 

transmission maximum of (a)(i). (b) Transmission spectra of silver nanogratings in (i, black) 

air and (ii, red) water. Both transmission spectra have been normalized to the respective 

transmission maxima. 
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4.3.3 Sensing measurements 

The polarization dependence observed in Figure 4.3(a) was used to correct for polarization-

independent background, such as, for instance, the effect of room temperature variations. 

The transmission spectra were then expressed using the following equation [17] (Equation 

4.1): 

𝑇𝑇𝑐𝑐𝑛𝑛𝑠𝑠𝑠𝑠𝑛𝑛𝑐𝑐𝑒𝑒𝑛𝑛𝑑𝑑 = 𝐼𝐼⊥−𝐼𝐼‖
𝐼𝐼⊥+𝐼𝐼‖

                                  (4.1) 

 
where 𝐼𝐼⊥ is the transmission intensity at TM polarization and 𝐼𝐼‖is the transmission intensity 

at TE polarization. 

 
 
The transmission measurements for the sensing experiments were taken using an 

ordinary UV/Vis/NIR spectrometer. A thin PDMS cell was fabricated and used to exposed 

the nanograting substrates to aqueous solutions with different refractive indexes. The 

refractive index of glucose solutions of different concentrations ranged from 1.3354 to 

1.3550, were read using refractometer after  each transmission measurement. Normalized 

transmission spectra (according to equation 4.1) from different glucose solutions are 

presented in Figure 4.4. The SPR wavelength shifts with refractive index changes were then 

quantified using the integrated response (IR) method [20]. In this case, the whole visible 

spectrum, from 400 to 700 nm, were taken into account. Previously, our group and 

collaborators have employed this IR method to quantify nanohole SPR sensing and 

demonstrated an improvement  of up to 90 % to the signal-to-noise ratio [24]. The IR 

equation is given below (Equation 4.2): 

 

𝐼𝐼𝑅𝑅 = �∫ �𝐷𝐷(𝑓𝑓)2 − 𝐷𝐷(𝑓𝑓)2��������� 𝑑𝑑𝑓𝑓𝜆𝜆2
𝜆𝜆1

                (4.2) 

 
where 𝐷𝐷(𝑓𝑓) is the difference in signal between a reference and a measured spectrum and 

𝐷𝐷(𝑓𝑓)������ is the average of the difference in signal over the entire spectrum. In our particular 

case, the spectrum obtained from the aqueous solution with the lowest refractive index 

(n=1.3354) was used as reference.  
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Figure 4.4 Transmission spectra for the silver nanogratings under perpendicular 

polarization states of incidence light in different refractive indexes solution (a) 1.3354, (b) 

1.3401, (c) 1.3453, and (d) 1.3523.  All transmission spectra were normalized to the 

respective transmission maxima. 

 
Figure 4.5 Normalized integrated response (y axis at left) and wavelength shift in the region 

between 545 – 560 nm (y-axis at right) plot as a function of the refractive index of the 

solution for 200-nm thick Ag nanogratings. The integrated response data were calculated 

from the normalized data of perpendicular-polarized transmissions to the respective 

parallel-polarized spectrum. (Refer to Appendix A for the IR plot with replicate 

measurements.) 
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The normalized IR response for 200-nm thick Ag nanogratings was plotted against 

the solution refractive index in Figure 4.5. The calibration sensitivity (discussed in section 

1.3.1.1) the large area SPR substrates, calculated from the slope of Figure 4.5, were in the 

range between 50 to 160 IR/RIU, depending on the type of metal (Ag or Au), and on the 

thickness of the metal film.  A summary of the experimental sensitivity values are shown in 

Figure 4.6. Typically in the literature, calibration sensitivity of plasmonic sensors are given 

in  nm/RIU. Therefore, for sake of comparison, the calibration sensitivity was also recorded 

in the nm/RIU scale. In this case, the wavelength shifts of the SPR band (in the region 

between 545 – 560 nm, see Figure 4.4) were quantified. The shifts were measured at the 

full-width of half maximum (FWHM) of the SPR bands of the transmission maxima-

normalized spectra. The first transmission spectrum in the series (i.e. in solution medium of 

the smallest refractive index) was used as reference and the wavelength shifts were read 

relative to that reference spectrum (i.e. a line was drawn at FWHM in the region of 545 – 

560 nm and the respective wavelength shift was read based on the line). The wavelength 

shifts as a fuction of refractive index changes are also shown in Figure 4.5.The values of the 

calibration sensitivity (slope of the line in Figure 4.5)  were between 500-600 nm/RIU (again 

depending of parameters, such as nature of the metal and film thickness, see Figure 4.6). 

This calibration sensitivity range is comparable to values that has been reported from other 

grating-based plasmonic substrates [6].  

 
The structure reported here was prepared in a large area using a relative simple and 

inexpensive procedure.  Another figure-of-merit to compare plasmonic sensor is the sensor 

resolution (refer to section 1.3.1.4), defined as the minimum refractive index change 

detectable by the device. The resolution was calculated from the calibration sensitivity 

values and the experimental variation measured by our detection system (either in 

wavelength or in IR), obtained from multiple measurements from the same sample [6]. 

Figure 4.6 shows the calibration sensitivity and resolution of nanogratings of different types 

of metal (silver or gold) and thickness of the metal film (100 or 200 nm) .The reproducibility 

of our fabrication procedure is represented in Figure 4.6 as an error bar in the sensitivity 

values, which were calculated from the average of three samples. The 100-nm thickness 

silver nanogratings demonstrated the sensor resolution (8.35 x 10-5 / RIU) in Figure 4.6. The 
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100 nm-transferred gold nanogratings exhibited the best sensing reproducibility of ~15%, 

which might be related to the chemically inert properties of gold metal. In order to further 

rationalize our findings in Figure 4.6, the substrates were examined by AFM (Figure 4.7(a-

c)). It was observed that the 100-nm Ag nanograting presented more fractures (deformation) 

on the surface and consistantly showed more random roughness (refer to Figure 4.7(b)), as 

compared to 200-nm Ag nanogratings and 100-nm Au nanogratings (Figure 4.7 (a) and (c)). 

This might explain the larger variation shown (substrare-to-substrate reproducibility) 

observed in Figure 4.6 for the 100 nm Ag nanograting. On the other hand, the thinner Ag 

film should allow better transmission through the interaction between the plasmonic 

interfaces [21], which in turn improves the sensitivity of the system. 

 

 
Figure 4.6 Comparison of the refractive index calibration sensitivity and resolution. (left). 

200 nm Ag nanograting, (middle), 100 nm Ag nanograting, and (right) 100 nm Au 

nanograting. 
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(a) 

 
(b) 

 
(c) 

 
 

Figure 4.7 AFM characterization of the template-stripped nanogratings substrates of (a) 

200 nm Ag, (b) 100 nm Ag, and (c) 100 nm Au. 
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4.3.4 Sensing with optical fiber tips 

In order to demonstrate the potential of the stripping procedure to transfer pattern to 

different types of flat substrates, a plasmonic nanograting was fabricated on an optical fiber 

tip (OFT). There are several reports in the literature focused on the transfer of nanostructure 

to optical tips [22]. Yang et al. has reported an in-situ-IL fabrication on OFTs, but that 

requires a complex substrate-hosting setup to achieve the transfer [23]. Template-stripping 

procedure [24, 25] offers an easy and efficient solution to the setup complications of 

conventional lithography fabrication. In this case, the pattern from the IL template can be 

transferred onto optical fiber facet with the aid of an optical adhesive [25, 26] or some 

intermediate medias such as flexible polymeric structures [24]. Similarly, in this work, the 

IL-generated large area nanograting structures were template-stripped onto the fiber facet 

with the aid of epoxy adhesive. Specifically, the IL template was first deposited with 100 

nm of gold film using electron beam evaporator. A drop of epoxy was added to the gold-

nanostructured face of the IL substrate. The polished end of the OF, which had been held in 

a simple plastic holder to fix the fiber end at normal position, was brought to contact with 

the epoxy-gold nanogratings. The system was then allowed overnight exposure to 100 Watt 

white light source to ensure that the epoxy was cured completely. The photoresist template 

was then stripped from the fiber end, as demonstrated in Figure 4.8. Scanning electron 

micrographs of the resulting structures are presented in Figure 4.9(a, b). The plane-cut of 

the  fiber core was achieved by connectorizing the OFT to a commercially available ceramic 

ferrule and polished extensively. The connectorized fiber tip was modified using the 

stripping template method. The patterned tip of the optical fiber was then used as a refractive 

index sensing element. In this case, the detection was done in reflection (backscattering) 

mode, using a birfurcated OF. As shown in Figure 4.8, one arm of the bifurcated fiber 

carried the white light  while the other arm took the reflected signal to a miniaturized 

spectrometer. Either the patterned tip or a  bare fiber tip can be connected to the system 

through an OF adapter purchased commercially. The measurements were done by 

immersing the fiber tip (either the patterned or the bare tips) into solutions with different 

refractive indexes. The solutions with different refractive indexes were placed in 5-mL 

disposable vials. A lab-lift (lab-jack) was used to control the immersion the fiber end of the 

optical setup into the analyte solutions (the solutions were approximately immersed to the 
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level at which bare fiber’s jacket was removed prior to fiber tip plane-cleaving). The system 

was equilibrated for ~ 5 minutes before obtaining backscattered spectra using the 

spectrometer. The equilibation time was particularly important during solution changes. It 

allowed the system to settle and ensured a good degree of stability during the measurements. 

All measurements were done in a dark room to minimize background noise contributions. 

 
The backscattered measurements carried information regarding the SPR mode 

excited on the metal nanograting tip. The SPR waves on the metal-solution interface were 

very sensitive to the refractive index changes (i.e. intensity changes and wavelength shifts). 

The recorded specta in the region from 400 – 850 nm were then smoothened, normalized 

and subjeted to the IR calculation, as shown in equation 4.2.  An example of the wavelength 

shifts observed in response to the changes of refractive index from a nanograting patterned 

tip is shown in Figure 4.10(a)). The bare fiber’s backscattered spectra remained unchanged 

for all the refractive indexes tested (Figure 4.10(b)). Figure 4.10(c) shows a comparison of 

the sensing performance of a Au nanograting patterned optical fiber tip to a bare optical 

fiber. The non-patterned (bare) fiber showed almost no response as compared to the 

patterned tip. In addition, since the measurements were taken with a bifurcated fiber setup, 

the results from Figure 4.10(c) illustrate the potential for application of this setup in an 

optrode geometry [27], which could be useful for in-line monitoring of chemical process, 

for instance. This relative simple and inexpensive procedure to modify the OFT with 

plasmonic nanostructures has also the  potential to be utilized in other plasmonic sensing 

applications; i.e. surface-enhanced Raman spectroscopy.  

 
It is worth to mention that the polarization-dependent characterictics of the nano-

grating structures has not been utilized in the fiber setup reported here. The manipulation of 

the polarization effect, using a polarization mantaining fiber, for instance, is a potential 

future improvement that can be implemented for the application of this type of OFT-

modified plasmonic device.  
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Figure 4.8 Portable assembly for the refractive index calibration measurement using 

bifurcated optical fiber; one arm of the fiber is illuminated with white light source (model: 

LS-1), the second arm is connected to ocean optic spectrometer (model: USB 2000) and the 

last arm is the sensing area with gold nanogratings where similar template stripping 

procedure is applied on plane-cleaved optical fiber tips. 

 

 

  
Figure 4.9 Scanning electron micrographs of (a) the nanogratings-patterned optical fiber 

tips, and (b) area with defects. The blue scale bars represent 20 μm. 
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                                           (a)                                                           (b) 

 

  
(c) 

 

Figure 4.10 Smoothed, polynomial-fitted and normalized backscattered spectra from (a) 

nanogratings-patterned optical fiber, and (b) bare optical fiber. (c) Integrated response 

measured using the portable fiber assembly as a function of increasing refractive index of 

the solution (black square dots) tip-patterned optical fiber, and (blue triangle dots) bare 

optical fiber. The integrated response data were normalized to the respective maxima at the 

wavelength regions as shown in (a) and (b). 
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4.4 Conclusions 

Summarizing, we succesfully utilized the IL-template stripping to prepare SPR substrates 

on both large area (1 inch2)  as well as on small surfaces (50 µm core-OPTs). These 

plasmonic substrates were used for bulk refractive index sensing. The successful 

integrations of the IL procedure have clearly demonstrated flexibility for the fabrication of 

good quality plasmonic substrates with different dimensions.  The proposed methodology 

allows tailoring the fabrication for different applications. For instance, the realization of 

refractive index sensing using the optical fiber setup illustrated the potential of the procedure 

to prepare miniaturized (small area) plasmonic structures, suitable to accommodate remote 

sensing applications.  Lastly, the substrates patterned with nanogratings demonstrated 

strong polarization dependency. This property has the potential to be used as an additional 

control in refractive index sensing applications. For instance, polarization controlled self-

referencing can be implemented to eliminate non-polarization dependent interferences and 

backgrounds, such as stray illuminations and temperature variations, which can be very 

useful in improving the accuracy and precision in the analytical detections. 

 
 The proposed template-assisted fabrication methodology (combination of LIL and 

template-stripping), like mentioned earlier, has great flexibility to pattern the substrates in 

different surfaces, regardless of the sizes of contact areas. The LIL technique exploited in 

the preparation of template for this work, besides being high-throughput, has a relatively 

easy manipulation in the nanostructures design (e.g. nanopillars, nanoholes, nanorhombus 

or other more complicated three-dimensional structures when optical interferences are 

resulted from more than two beams) and periodicity (i.e. spacing between the 

nanostructures), with high reproducibility. This is definitely a bonus as compared to the 

other template-assisted lithography techniques (e.g., AAO-template, NSL-template etc.), 

since the simple and reproducible manipulation of nanostructure geometries/shapes is 

ultimately important in detection sensitivity optimization and mass production of the 

substrates. The significant drawback of the present LIL-template stripping procedure, 

however, is template-destructive, where re-use of the template is almost impossible. To 

solve this problem, the photoresist-based LIL-template might need to be transferred to an 
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intermediate (e.g. polymeric mold), which is more robust during the template-stripping 

procedure. 
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Chapter 5 
 

Determination of Aqueous Antibiotic Contamination 

using SERS Nanogratings 
 

(This chapter is based on a manuscript recently submitted to Analytica Chimica Acta. Dr. 
Carlos Diego Lima de Albuquerque contributed to the chemometrics data analysis in this 
work.) 
 

5.1 Introduction 

A variety of artificial organic compounds have been synthesized and developed to satisfy 

different societal needs (e.g. medical, agricultural and household applications) over the 

years. Consequently, organic contaminates can be found everywhere in the environment, 

even in very remote places [1-3]. One class of anthropogenic compounds is the antibiotics, 

which have been used for many decades as antibacterials to treat both humans and animals 

[4, 5]. Quinolone-based antibiotics have garnered much attention since the 1960s [6, 7]. 

They are widely applied in the agriculture industry to prevent infectious diseases and 

promote the growth of poultry and livestock [8-10]. The widespread application of 

quinolones led to their accumulation in the environment. These compounds are never 

absorbed entirely by humans or animals and most of the antibiotics are excreted either in 

their intact form or as their metabolites [10, 11].  

 
There are many possible pathways for quinolones (and other antibiotics) to enter 

into the environment: runoff or infiltration of animal sewage (i.e. urines or feces) [12, 13]; 

wastewater from treatment plants [14, 15]; leakage from landfills [16, 17]; and many others. 

Farming sewage generally does not go through wastewater treatment systems [13, 18] 

before discharging into the environment. This increases the likelihood of surface water 

contamination due to the residues of antibiotics, including quinolones and their metabolites, 

from the agricultural waste. 

 
The environmental fate of quinolone antibiotics is not completely understood. 

Several studies [19, 20] have proposed that the residues of antibiotics and their metabolites 

in the aquatic environment, even at a very low concentration (parts per billion (ppb) level 
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[21]), have a potential to become a threat to the ecosystem.  They promote the breeding of 

drug-resistant microorganisms, which can be pathogenic and dangerous for both humans 

and animals. The presence of these emerging pollutants might also contaminate plants and 

animals as they uptake water [20]. As the demands for potable water increases, the reuse of 

water will be necessary [22, 23]. The issue of surface water contamination has then 

motivated analytical chemists towards the development of sensitive and reliable sensors to 

monitor traces of antibiotics and metabolites in drinking water sources.  

 
Enrofloxacin (ENRO), a fluoroquinolone (FQs) approved as a veterinary antibiotic 

in poultry and bovine industries, is proven to be biologically effective for a broad-spectrum 

of microbial and bacterial prevention [10, 11]. ENRO, as other antibiotics, is never taken in 

fully by animals but excreted unchanged or in its primary active metabolite, ciprofloxacin 

(CIPRO). The states-of-the-art for FQ analysis from water samples is associated with 

chromatographic techniques in tandem with mass spectrometry (MS) [24-26] for compound 

identification. The current detection method presents a reasonable low limit of detection (1 

– 10 ppb) [27, 28]; however, the method requires sophisticated instruments and well-trained 

personnel. In addition to that, the analysis requires extensive sample pre-treatment/ pre-

concentration, which is a time-consuming step in the process. 

 
Surface enhanced Raman scattering (SERS) is a large increase in the Raman cross-

section (enhancement factor as high as 109 – fold [29, 30] as compared to the normal Raman) 

observed from molecules adsorbed in certain metal nanostructures (SERS substrates). SERS 

offers high sensitive detection allied to vibrational fingerprint information of the adsorbed 

molecules. SERS has been widely used for the detection of pharmaceuticals (or their 

metabolites), including anorexic drugs and analogues [31], nicotine [32], and FQs in spiked 

samples (chicken or fish [33, 34], urine [35, 36], blood [37]). Most of the SERS work in the 

area has utilized random metal nanostructures, such as colloidal metal nanoparticles [31-

38], dendritic metal nanostructures [39] and electrochemically roughened metal film [40]. 

Those random SERS substrates are known for their simplicity in terms of fabrication and 

by their high SERS enhancement efficiency. On the other hand, these random SERS 

platform suffers from issues related to spatial uniformity and SERS intensity 

reproducibility. These limitations can be addressed by using fabricated nanometric metallic 
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patterns in solid supports as SERS substrates. Interference lithography (IL) [41-43] is a 

fabrication method that is quick, cost-effective, and yield a relative uniform periodic pattern 

that supports SERS. Compared to other advanced nanofabrication approaches, such as 

electron beam lithography (EBL) [44, 45] and focused-ion beam milling (FIB) [46-48], IL 

allows the patterning of a large area (2” x 2”, for instance). SERS substrates generated 

through IL-chip technology have the potential to be miniaturized as portable or handheld 

devices [49, 50] for remote environmental detection [51].  

 
The main goal of this work is then to explore the possibility of pharmaceutical and 

metabolite multiplexing detection using a uniform SERS platform fabricated using IL. As a 

proof of concept, the common FQ parent-and-metabolite pair, ENRO and CIPRO, was 

targeted for multiplexing detection. We also assessed the applicability of the isotope-edited 

internal calibration method [52-54] to deal with the complex matrix effects commonly found 

in environmental samples.  

 

5.2 Experimental section 

5.2.1 Chemicals and materials 

Fisherfinest premium plain microscope slides (3” x 1” x 1 mm, supplied by Fisher 

Scientific);  Microposit SC 1827 positive photoresist, Microposit thinner type P, Microposit 

351 developer, deionized water (produced through Barnstead Millipore system with 

resistivity of 18.2 MΩcm), hydrochloric acid (37%, ACS reagent grade, supplied by VWR 

International), enrofloxacin and ciprofloxacin solid (both supplied by Sigma-Aldrich), 

isotope edited ciprofloxacin (2, 3, carboxyl-13C, 99%-quinoline-15N, 98%,         100 μg/mL 

in methanol; provided by AXYS Analytical Services). 

 

 5.2.2 Template preparation via IL 

Microscope glass slides were cut from 3” x 1” standard size to 1 inch2 and were used as the 

support. The glass slides were first sonicated in a water bath and then cleaned with copious 

amounts of organic solvents (acetone, methanol, ethanol and isopropanol). After oven-

drying (T ~120 oC) and cooling to room temperature, the glass slides were ready to be spin-

coated with 1:1 positive photoresist diluted with thinner at 2000 rpms for 30 seconds, as 
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illustrated in Figure 5.1. The substrates were then pre-baked in an oven at       120 oC for 10 

minutes to remove the solvent from the photoresist layer. Next, the glass substrate coated 

with the photoresist was then mounted on the interference lithography setup and exposed to 

a 458 nm laser once for 45 seconds (the laser power was 250 mW) [41, 50, 51]. After the 

laser exposure, the photoresist film was developed in 1:3 Microposit 351 developer diluted 

with deionized water for 45 seconds under gentle motion parallel to the grating axis to 

generate a uniform 1-dimensional photoresist template. The fabrication steps involving the 

photoresist were all realized under yellow light, and aluminum foil was used to protect the 

samples when room transfer was necessary. The photoresist templates were then coated with 

a 250 nm silver film (Angstrom Engineering glove-box evaporator, deposition rate of 1Å/s).  

 

 

 
Figure 5.1. Nanogratings fabrication through interference lithography (IL): (a) spin-coating 

of photoresist onto the glass support; (b) laser IL process to pattern the photoresist substrate, 

and (c) wet-development of the photoresist substrate to wash away the exposed part. 

 

5.2.3 Single and bi-analyte SERS detections 

The silver-coated SERS nanograting substrates were drop-coated with 20 μL of one of the 

following standard solutions: (i) aqueous solution containing only enrofloxacin (ENRO), 

(ii) aqueous solution containing only ciprofloxacin (CIPRO), or (iii) aqueous solution 
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containing a mixture of ENRO and CIPRO. The concentration range explored was from 0 

to 150 ppm and all the solutions were prepared in 0.01 M of hydrochloric acid to improve 

solubility of the analytes. The droplets were gently dried under nitrogen. In order to accounts 

for the effect of spatial variation due to drying, SERS spatial mappings were obtained for 

each droplet. Three areas of ~ 400 μm2 were mapped for each droplet. The SERS maps were 

obtained using a Raman microscope (Renishaw inVia system) equipped with 785 nm 

excitation (laser power of 31.6 mW, 2 seconds acquisition, single accumulation). The 

spectra were obtained under 100X objective (NA = 0.90).  

 

5.2.4 SERS detection with isotope-edited internal standard 

A series of bi-analyte standard aqueous solutions containing both ENRO and CIPRO were 

spiked with 1 ppm isotope-edited CIPRO (as internal standard). Similar to section 5.2.3,        

20 μL of each standard solution (solution coverage area approximately 7 mm2, estimated 

from a round spot with radius length ~ 1.5 mm) was drop-casted onto the SERS nanograting 

substrates and dried under the gentle blow of nitrogen gas. SERS mappings (~ 1200 μm2) 

was obtained in the same conditions as described in 5.2.3. 

 

5.2.5 Data analysis 

As discussed in Chapter 1 (Section 1.6), chemometric methods, including principal 

component analysis (PCA) [55, 56] and multivariate curve resolution (MCR) [57, 58], were 

applied to process the SERS mapping datasets. Routines developed in house were run in 

Matlab (version 7.12.0) to implement the analysis [59]. Briefly, all the raw datasets were 

unfolded in a 2D matrix (concentration and spectral profiles). Next, the data was pre-

processed for baseline correction (asymmetric least squares (ALS) algorithm [60]; λ = 104 

and p = 0.01) and smoothing (Savitzky-Golay algorithm [61]; window of 15 data points and 

polynomial degree of 1). Prior to MCR, PCA was employed to determine the number of 

factors using the mean-centered datasets. The non-negative matrix factorization (NMF) 

models of MCR were then developed using the non-mean centered datasets to evaluate the 

spectral profiles, and the optimization was repeated until the pure response profiles of each 

species were recovered. The recovered spectral profiles were in turn used to estimate the 

concentration profiles of each species in the mixture. A score, as the estimated 
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concentration, was obtained from NMF for each species in the dataset. The ‘calibration 

pseudo-curve’ was plotted as the function of scores (from the series of datasets) and 

correlated to the actual concentrations of analytes.  

 

5.3. Results and discussion 

5.3.1 SERS substrate characterization – surface morphology and reproducibility 

The IL fabrication process [41, 50, 51] of large area nanograting substrates is illustrated in 

Figure 5.1. The final patterned area was ~1 inch2 and silver film thickness was 250 nm. The 

surface morphology of the fabricated substrates was characterized by using scanning 

electron microscopy (SEM) (Figure 5.2). The nanogratings structure fabricated is 

morphologically reproducible with periodicity ~ 450 nm and grating width ~ 200 nm 

(periodicity variation ~ 0.3 %, assessed through atomic force microscopy). The IL template 

fabrication has been found to be relatively simple, cost and time-effective. The entire 

process of fabrication, starting from photoresist spin-coating to template solvent 

development, took less than 15 minutes in total for one nanograting substrate. The 

fabrication time could be even shorter if mass-produced. The homogeneity of SERS 

performance within a substrate was estimated by the standard errors obtained from MCR 

analysis for a single analyte mapping dataset (~ 900 μm2). The spatial variation in SERS 

intensity within a single mapped area was found to be less than 10%. In addition, the SERS 

reproducibility between different substrates was evaluated through the mapping 

measurements (~ 600 μm2 each) on three substrates previously drop-casted with Nile Blue 

A (10 μM) solution. The substrate was rinsed with copious of deionized water after 20 

minutes of incubation and dried with nitrogen gas. The variation of SERS intensity was ~ 

20 % between the substrates.   
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Figure 5.2 SEM morphology of the IL nano-gratings. Scare bar shows 1 µm. 

 

5.3.2 Raman and SERS spectra of ENRO and CIPRO 

Figure 5.3 presents the normal Raman and SERS spectra of ENRO and CIPRO. The 

molecular structure from these species are shown in scheme 5.1. The normal Raman spectra 

are from solid ENRO and CIPRO samples deposited on a glass slide and probed with the 

100x objective. The SERS spectra are from aqueous samples dried in the nanograting 

substrate, as described in the experimental section (section 5.2.3). As expected, the SERS 

spectra in Figure 5.3(c) and 5.3(d) generally presents broader vibrational features when 

compared to the bands of the normal Raman spectra of the solids (Figures 5.3(a) and 5.3(b)). 

The interaction of adsorbates with metallic surfaces lead to shifts in the vibrational energy 

and the broadening of vibrational levels [62, 63]. Moreover, the relative intensities of the 

adsorbed species also change (relative to the solid) due to the surface selection rules [64-

66]. Some characteristic SERS bands were found in both ENRO and CIPRO, including 

features at 747 cm-1 (methylene rocking), 1391 cm-1 (O-C-O stretching), 1461 cm-1 (benzene 

ring vibration), 1594 cm-1 (benzene ring stretching/breathing) and 1627 cm-1 (C=O 

stretching). The SERS band at 1627 cm-1, assigned to the carboxyl stretching (in both 

species) was significantly stronger than observed in the previous reported SERS spectra for 

ENRO and/or CIPRO [33, 39] This might be related to the high degree of carboxyl group 

protonation [67, 68] in both ENRO and CIPRO solutions, as they were prepared in acidic 

medium to promote dissolution of the solids. Although both CIPRO and ENRO present 

strong similarities in their molecular structure (see scheme 1), it is still possible to find 
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strong variations in their vibrational signatures presented in Figure 5.3. For instance, the 

SERS spectra for ENRO (Figure 5.3(d)) and CIPRO (Figure 5.3(c)) present unique features 

in the spectral region below 900 cm-1, including the SERS band at 850 cm-1 which is only 

present in the SERS spectrum of ENRO (Figure 5.3(d)).  Although it would be possible to 

concentrate on that particular band (and others, for instance in the 1400 cm-1 - region, for 

instance) to determine the relative presence of each species in a mixture, a more 

representative quantification was obtained using chemometrics (this will be discussed 

further in section 5.3.3). In that case, the entire SERS spectral window (from 350 to 1650 

cm-1) was taken into consideration to interpret the SERS spectra of CIPRO and ENRO 

mixtures.    
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Figure 5.3 Normal Raman spectra using 785 nm laser excitation of (a) CIPRO solid and (b) 

ENRO solid. SERS spectra using 785 nm laser excitation of (c) 12.0 ppm aqueous CIPRO 

solution and (d) 60.0 ppm ENRO aqueous solution. The solutions measured in (c) and (d) 

were let dried on the nanograting substrates prior to the SERS analysis. 
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Scheme 5.1 Molecular structures of (a) enrofloxacin (ENRO), (b) ciprofloxacin(CIPRO), 

and (c) isotope-edited ciprofloxacin (iso-CIPRO). 
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5.3.3 Individual and bi-mixture FQs detection 

The goal of this work is to quantify a mixture of antibiotic and its metabolite in aqueous 

solution using SERS from nanogratings.  ENRO and CIPRO, the parent-and-metabolite FQ 

antibiotics pair used in our proof of concept measurements, are relatively similar in their 

molecular structures (see scheme 5.1), resulting in several overlap in their SERS spectral 

features (Figure 5.3). The structural similarity provides a challenge for the quantifications 

of these species from mixtures. As discussed in section 5.3.2, it is possible to find a few 

non-overlapping regions in their vibrational fingerprinting, but a restrict analysis of those 

regions might limit the possibility of quantification. Alternatively, chemometric methods 

were used to take advantage of the whole spectral range. All SERS mapped datasets were 

analyzed through non-negative matrix factorization with alternating least square algorithm 

(NMF-ALS); a class of algorithms under the multivariate curve resolution (MCR) [69] 

methods. Basically, this unsupervised learning chemometric technique resolves the 

complicated spectral information of the mixture into loadings (simulated pure spectra for 

each individual analyte) and scores (simulated concentration profiles of the analytes). This 

technique was previously applied to in SERS environmental contaminants detection (i.e. 

malathion in fruit peels [59], antibiotics detection in tertiary mixtures [70]) and was proven 

to be effective to recover both the spectral and concentration information of the species of 

interest, without being affected by sample matrix interferences.   

 
Although the final goal was to detect FQs using our IL fabricated silver nano-

gratings, preliminary experiments concentrated on the quantification of individual 

components (CIPRO and ENRO) in aqueous sample. Figure 5.4 shows representative SERS 

spectra of CIPRO adsorbed from different concentrations in the nanograting substrate. A 

series of CIPRO standard solutions within a concentration range between          1 ppm and 

120 ppm were deposited (20 µL) on the nanogratings. SERS mappings were obtained for 

each concentrations and the results analyzed by NMF-ALS. The generated scores (pseudo-

concentration profiles) were plotted against the actual CIPRO concentration and presented 

in Figure 5.4(b). A linear relationship (R2 = 0.983) was found for the entire measured 

calibration range, from 1 to 120 ppm, of individual CIPRO. This reasonable linear fit was 

obtained within less than 10 % of relative standard deviation (RSD) in spatial variation for 
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each SERS map. This data spreading was reflected in the error bars of the calibration curve 

(Figure 5.4(b)). The % RSD was assessed through the ratio of the NMF-ALS processed 

standard errors (pixels to pixel variation in the mapped datasets) and the average scores 

from the replicates of mapped measurements. It is also notable that each of the data point in 

the calibration curve in Figure 5.4(b) was obtained from the average of three SERS 

mappings of 400 μm2 for each concentration (~ 1200 spectra). The limit of detection (LOD), 

defined as the smallest concentration of analytes that produces reasonable characteristic 

SERS spectrum of the species (refer to Chapter 1 Section 1.3.1.2), was found to be ~ 1 ppm 

(specifically, the smallest concentration attempted experimentally was 1.65 ppm). As the 

concentration decreased further, the spatial variation becomes stronger and the error in the 

determination was overwhelming. This is an interesting characteristics of SERS, since the 

enhancement occurs from very localized regions, strong spatial variations are expected for 

low surface coverages of the analyte molecules. In other words, the large spatial variation 

for low concentration (i.e. low molecules coverage in a definite mapped area), can be viewed 

by the low probability to find the molecules in that area, as compared to those of higher 

concentrations. The quantification in those conditions are challenging and we are 

developing a method to deal with this issue that will be presented in future works.  

 
As seen in section 1.5.2, the performance of most analytical applications in SERS, 

including pharmaceutical detection, were evaluated through the LOD or limit of 

quantification (LOQ). The LOD achieved in this work (~ 1 ppm) is higher than those 

reported for SERS antibiotic detections [33-37, 39], which were ranging from tenths [33, 

39] to a few hundreds of part per billions (ppb) [34, 36]. All the previous work on the 

quantification of antibiotics by SERS used random metallic nanostructures, that are known 

to be less reproducible and reliable, but sensitive (i.e. SERS-enhancing). This is mainly due 

to: (1) the existence of excessive nanometric roughness (hot-spots) on the random 

nanostructured substrates; (2) the surface modification previously done to prepare the 

random metallic substrates (e.g., Ag or Au NPs immobilized substrates), might attract the 

analyte molecules to the hot-spots. By using a periodic SERS substrate that can be mass 

fabricated using a relative simple method, the giant SERS efficiency (observed in random 

substrates) was traded off by spatial uniformity and sample to sample reproducibility. 
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Environmental methods for the analysis of water generally employs pre-concentration steps 

using solid phase extraction [71]. Although the nanogratings described here could 

potentially substitute some of the advanced instrumentation employed in the state-of-the-art 

water analysis, the pre-concentration step will be required to achieve competitive sensitive 

levels. This comes from a compromise between a reasonable enhancement factor and the 

reproducibility of the surface achieved using these nanogratings as platforms for SERS.  

 

SERS quantification of bianalyte mixtures of aqueous solution containing ENRO 

and CIPRO was demonstrated. A set of muti-analytes standard solutions with varying 

concentrations of ENRO, but constant CIPRO concentration were employed. The SERS 

spectra of some of the mixtures are presented in Figure 5.5(a). The SERS bands at              850 

cm-1 noticeable increases in intensity it with the ENRO concentration, as illustrated in the 

enlarged view of that portion of the spectra in Figure 5.5(b). The pseudo-concentration 

information (scores) were retrieved a NMF-ALS data analysis of the spectra in Figure 5.6 

and the results are plotted in Figure 5.6(a). The ENRO scores from the mixtures yielded a 

linear relationship with the concentration (R2 = 0.981, as shown in Figure 5.6(a)). Figures 

5.6(b) and 5.6(c) compared the recovered pseudo spectra (loadings) from the NMF-ALS 

analysis to the experimental SERS data. The ‘pseudo’ spectra for both analytes were 

observed to match well to the actual SERS spectra of the individual analytes (Figures 5.6(b) 

and 5.6(c)). This is a strong indication of the successful implementation of the NMF-ALS 

analysis for bi-analyte mixtures of FQs by SERS. 

 
The standard errors for each data point in Figure 5.6(a) (averaged from all mappings 

in a particular concentration, ~ 1200 spectra altogether) were slightly higher (ranging from 

0.51 – 4.1 % relative to the average scores) as compared to the individual CIPRO 

quantification shown in Figure 5.5(b) (magnitude of 0.37- 3.9 % relative to the average 

scores). This suggests that the spatial reproducibility of the mappings was marginally poorer 

for the mixture than for the case of individual analytes. The higher error can be attributed 

to the processing of mixed spectra from two almost identical molecules is challenging and 

it is expected to carry more uncertainty in the concentration information (scores).  
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Figure 5.4 (a) SERS measurements using LIL- generated large area silver nanograting 

structures as substrates dried in 20 μL of different concentrations of CIPRO solutions: (i) 

123 ppm; (ii) 82.5 ppm; (iii) 40.1 ppm; and (iv) 16.5 ppm. (b) Average score from MCR as 

a function of increasing concentration of ciprofloxacin. The error bars in the calibration plot 

were the standard errors from NMF-ALS processing of the mapped datasets (pixels to pixel 

variation in the mapped datasets). (c) The colormaps of different concentrations of CIPRO 

on the substrates (simulated from the respective scores on each pixel of the mapped areas). 
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Figure 5.5 (a) SERS spectra of mixtures of ENRO and CIPRO with constant concentration 

of CIPRO (16.5 ppm), while the concentrations of ENRO are as follows: (i) 93.0 ppm; (ii) 

46.5 ppm; and (iii) 1.86 ppm. (b) Enlarged mixture spectra at 840 cm-1 -region to 

demonstrate the individual SERS band increment with ENRO concentration.   

  

(i) 
 

(ii) 
 

(iii) 
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Figure 5.6 (a) Average score from MCR as a function of increasing concentration of ENRO 

while constant in the concentration of CIPRO. The error bars in the calibration plot were 

the standard errors from NMF-ALS processing of the mapped datasets (pixels to pixel 

variation in the mapped datasets). Comparison of the actual SERS spectra (solid, black) and 

MCR-resolved spectral profile of analyte (dotted, red) for (b) (i, ii) ENRO and (c) (i, ii) 

CIPRO. All the spectra in (b)(i) and (c)(i) were normalized to the maxima of the respective 

spectra. The plots in (b)(ii) and (c)(ii) correspond to the residuals from the comparison of 

the actual SERS and MCR-resolved spectra from (b)(i) and (c)(i).  
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5.3.4 SERS spectra of CIPRO and isotope-edited CIPRO 

The SERS spectra of CIPRO and isotope-edited CIPRO (iso-CIPRO) are shown in Figure 

5.7. The molecular structures of these compounds are presented in scheme 1. The iso-

CIPRO was purchased pre-dissolved in methanol; therefore, the C-O stretching band from 

methanol at 1055 cm-1 is observed in Figure 5.7 (the highlighted region in the green 

spectrum).  CIPRO, which was originally purchased in solid form, was dissolved in 0.01 M 

HCl and does not present any spectral feature in the 1055 cm-1-region.  Since the iso-CIPRO 

was carbon-13 edited at 2, 3 and in the carboxy position (see scheme 1), several vibrational 

bands red-shifted relative to their original position in regular CIPRO. For instance, the 

carboxy (O-C-O) stretching shifted from 1391 cm-1 in CIPRO to 1350 cm-1 in iso-CIPRO, 

while the carbonyl (C=O) mode moved from 1627 cm-1 to 1600 cm-1 due to the presence of 

heavier carbon-13 in iso-CIPRO. Other signature SERS band of CIPRO, such as the feature 

at 1027 cm-1 attributed by C-H rocking, was also shown to shift to lower Raman frequency 

(998 cm-1) in iso-CIPRO, due to the collective effect of the existence of three C-13 and one 

N-15 on the iso-CIPRO molecules.  

 
Figure 5.7 SERS spectra using 785 nm laser line of (green, dotted) 100 ppm isotope-edited 

ciprofloxacin in methanol and (black, solid) 123 ppm ciprofloxacin solution. The 

highlighted region indicated the methanol (solvent) band.  
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5.3.5 Isotope-edited internal standard calibration of ENRO and CIPRO 

Finally, simultaneous quantification of both ENRO and CIPRO was attempted using an 

internal standard. In this case, an isotopic analogue of CIPRO (iso-CIPRO; molecular 

structure presented in scheme 1) was used as internal standard. Isotopic-edited internal 

calibration approach has been reported in SERS [52-54, 72] to improve the quantifications 

of single species of the analytes with the aid of its respective isotopologue [52-54, 72]. The 

technique aims at correcting for typical experimental variations observed in SERS, such as 

substrate inhomogeneity, the competition between different analytes for the substrate, as 

well as unknown matrixes effects as expected from complex environmental samples.  

 
A series of tertiary aqueous mixture solutions containing ENRO, CIPRO and iso-

CIPRO were prepared. Specifically, the ENRO and CIPRO concentrations were adjusted to 

be complementary within the concentration range (the concentration ratios of 

ENRO:CIPRO were 99.8 ppm:5.14 ppm, 74.9 ppm:10.3 ppm, 49.9 ppm:20.6 ppm, 25.0 

ppm:41.1 ppm, 12.5 ppm:61.7 ppm, and 6.24 ppm:82.2 ppm respectively), in order to ease 

the chemometric recognition of the analytes. The iso-CIPRO, the internal standard, was 

spiked at a constant concentration (1.00 ppm) in each of the standard mixtures. SERS maps 

(~ 1200 spectra) were taken from each standard mixture deposited in the nanograting 

substrate. The results were analyzed through NMF-ALS, as discussed in sections 5.3.3.  

 
The internal calibration curves for both ENRO and CIPRO were obtained using the 

normalized scores, and the results are presented in Figure 5.8.  Figure 5.8(a) shows that the 

scores for ENRO was found to increase with its concentrations, which is expected. 

However, the scores in the lower concentration range showed little concentration 

dependence, suggesting an increase in the LOQ. The CIPRO results in Figure 5.8(b) shows 

a lack of linear correlation between the scores and the concentrations.  The chemometric 

methodology used here could not resolve the mixtures of a two very identical molecules 

(CIPRO and iso-CIPRO), which cause the errors in the retrieved concentration profiles. This 

was confirmed when three MCR-recovered spectra for all three species were compared to 

their experimental SERS spectra. The loading (pseudo spectra) for the iso-CIPRO did not 

adequately match its experimental SERS spectrum, as seen in Figure 5.9.  
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Figure 5.8 Isotoped-edited internal calibrations for (a) ENRO and (b) CIPRO. (c) The sum 

of score of CIPRO and iso-CIPRO plot against the concentration of CIPRO.   
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Figure 5.9 Comparison of the actual SERS spectra (solid, black) and MCR-resolved 

spectral profile of analyte (dotted, red) for iso-CIPRO. 

 

In addition to that, the sum of the scores from CIPRO and iso-CIPRO were obtained 

and plotted against the total concentration of CIPRO and iso-CIPRO in the mixture (the 

concentrations of iso-CIPRO in each solution was the constant). The results in Figure 5.8(c) 

shows an acceptable linear plot, suggesting that the algorithm failed to differentiate between 

CIPRO and its isotope-edited analogue.  Another aspect that might have contributed to the 

problem encountered in Figure 5.8 is that the concentration of iso-CIPRO (internal standard) 

was too low (close to the LOD of the substrate and the analyte’s signals can be buried in 

noise), and maybe too small relative to the concentrations of the analytes. The spectra 

normalization would not only amplify the signal but also the noise. This effect might partly 

account for the inefficiency of the MCR data analysis for our tertiary mixture system.  

 

5.4 Conclusions 

We have successfully employed the IL fabricated nanogratings in SERS detection of the 

antibiotics residues (i.e. ENRO and CIPRO), as proof-of-concept of SERS applications in 

environmental detection. The quantifications, which aided by NMF-ALS has proven to be 

successful in recovering the concentration and spectral profiles of the analytes, up to bi-

mixtures. Ongoing effort is still required to optimize the ENRO and CIPRO quantifications 
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in tertiary mixtures or other more complex mixtures (i.e. real environmental samples). 

Notwithstanding, the SERS substrates (i.e. silver nanogratings) fabricated through the LIL 

technology has high potential to apply into the environmental monitoring due to their 

uniformity. This type of substrate can potentially be integrated in portable handheld devices 

or compact bench-top readers. These would be useful for on-site monitoring and detection 

of emerging contaminants. 
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Chapter 6 
 

Conclusions, Future Directions and Outlook 
 

6.1 Conclusions 

In this work, LIL-generated nanogratings have been utilized as the core technology for the 

fabrication of plasmonic substrates for chemical sensing. LIL technique is high-throughput, 

cost-effective and versatile. LIL can be combined with other state-of-the-art nanofabrication 

(e.g., photolithography) to prepare substrates with interesting features (e.g., μarrays).  

 
In Chapter 3, a versatile fabrication using LIL technique was demonstrated. Large 

area and μarrays of nanogratings were successfully prepared. The geometrical variation 

between μarrays was less than 5 %. The gold evaporated-μarrays have been exploited in the 

on-chip detection of 8-quinolinol, a pharmaceutical contaminant that is widely found in the 

aqueous media of ecosystem (rivers, lakes). The working concentration of the on-chip 

sensor was in the order of ppm-level. In addition to that, the substrate’s background (in-

borne from photoresist components used in LIL process) was eliminated from the signal of 

interest by manipulating the polarization anisotropy nature of the one-dimensional 

substrates.  

 
While in the following chapter (Chapter 4), the LIL generated template was used 

as the blue-print in a flexible template-stripping procedure. The nanogratings-containing 

pattern was transferred to the planar solid support in different dimensions: large (~1 inch2) 

and small (core size of optical fiber ~50 μm2) contact areas. Both substrates were shown to 

be effective bulk refractive index sensors with the large area substrates showed the detection 

resolution between 10-4 to 10-5 RIU, which is still two to three orders of magnitude away 

from the state-of-the-art SPR commercial system (i.e. BIACORE as discussed in Chapter 1 

Section 1.3). The tip-patterned optical fibers have been integrated with miniaturized light 

source and detector. This demonstrates the great potentials of the setup to be incorporated 

into the handheld or other portable compact systems for the remote sensing applications. 
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Parallel to the on-chip SERS environmental sensing in Chapter 2, the Ag-evaporated 

large area nanogratings have been applied for SERS detection of the mixtures of antibiotic 

and its metabolite (i.e. ENRO and CIPRO), as proof-of-concept SERS applications in 

environmental detection. The chemometric assisted quantifications (NMF-ALS) have 

proven to be successful in recovering the concentration and spectral profiles of the analytes, 

up to bi-mixtures of the parent antibiotic and the respective metabolite. Ongoing effort is 

still required to optimize the ENRO and CIPRO quantifications in tertiary mixtures or other 

more complex mixtures (i.e. real environmental samples). 

 

6.2 Future directions 

As part of the modern chip technology, LIL has great prospective in the development of 

miniaturized plasmonic-based sensors. In SERS-based sensing, the uniformity of the 

nanostructures fabricated is useful and contrast to the inhomogeneity issues found from 

random SERS substrates. In previous SERS work on antibiotics detection reported in the 

literature, it was noticed that larger molecules (i.e. ENRO and CIPRO) were not anchored 

effectively to the substrates, which caused the detection under fluidic system to be 

practically impossible. One possible improvement is through the surface-functionalization 

on the substrate’s interface so that to the analytes molecules can be attracted to the metal 

nanostructures. On the other hand, the sensitivity of SERS pharmaceutical detection can be 

further boosted through: (1) better surface plasmon coupling by matching the laser line to 

the substrates’ SPR by optimizing the periodicity of the nanostructures, (2) optimizing the 

chemometric data analysis, (attempt other chemometrics alternatives or further optimize the 

current NMF-ALS algorithm), and (3) go back to random SERS substrates instead, but 

improve the precision of the quantifications by better sampling during measurements or to 

use the isotopic – edited internal calibration strategy. As for the SPR-based detection, it 

might be interesting to look at the refractive-index sensing from the μarrays. In this case, 

the microfluidic platform should be relatively easy to be integrated to an EOT system, which 

can be useful for biosensing applications (i.e. based on antigen-antibody detection).  
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6.3 Outlook 

The fabrication of plasmonic nanostructures has progressed extensively in the recent 

decades and there are still growing research interest in the field each year, as clearly seen in 

Figure 1.1. It is well-known that the enormous electric field enhancement from the SP 

resonance phenomenon has great potentials to be exploited in a variety of applications, 

including plasmonic-based chemical or biochemical sensing. As mentioned in Chapter 1 

Section 1.3, there have been reported plasmonic-based technology (both instruments and 

substrates) commercialized in the market, this scientific field (i.e. plasmonics) nonetheless, 

is foreseen to continue to expand and develop, alongside with other branches of science. 

With the better understanding in the field and advent of the nanofabrication technology, the 

plasmonic substrates (both solution- and lithography-based substrates) would be greatly 

optimized in terms of their sensitivity and reproducibility. In view of this, the real analytical 

detections using plasmonic-based sensing would be possible, with much better device setup 

and design as compared to those currently available systems (chromatographic or mass 

spectrometric-associated systems). This lies on the fact that the plasmonic effect is solely 

an optical phenomenon and this allows the plasmonic devices to be miniaturized (e.g., using 

the available optical fiber technology) into compact (or even handheld or portable) systems, 

without trading off the respective detection sensitivity. In short, it definitely will be a bright 

future for plasmonic sensors. 

 

 

 



 

 

171 

Appendix A 
 

 

Figure A1 Normalized integrated response plot as a function of the refractive index of the 

solution for 200-nm thick Ag nanogratings. 
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