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ABSTRACT 

Surface-enhanced Raman spectroscopy (SERS) is a highly studied technique for 

simple and rapid trace analysis. Screen-printing, a low-cost fabrication method, has been 

proposed as a reproducible and affordable approach for the preparation of 3D SERS-

active substrates.  

In this work, a new solution-based film fabrication method is proposed for the 

preparation of Au@SiO2 3D SERS-active substrates. The procedure involved the 

synthesis of SiO2 nanoparticles for the deposition of thin porous SiO2 films on silica 

slides using a screen-printing approach. Annealed SiO2 particle films were subsequently 

functionalized to promote the adsorption of Au nanoparticles in the SiO2 matrix. 

Materials and films were characterized using several methods. The effects of particle 

properties and paste formulation on the analytical SERS performance of the film were 

studied using Rhodamine 6G as the target analyte; even though it is difficult to compare 

between studies, due to the lack of well-established standardization protocols. 
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Chapter 1: Introduction 

Surface-enhanced Raman spectroscopy (SERS) is a label-free vibrational 

technique that utilizes inelastically scattered radiation energy by molecules for qualitative 

detection [1]. As discussed in the following section, SERS, like conventional Raman, can 

provide unique vibrational information from scattered radiation by a particular analyte [2-

4]. The difference between the two methods is the greatly enhanced signal observed due 

to analyte adsorption on SERS-active surfaces. This is expected to be realized on 

substrates with texturized or roughened, nanostructured noble metals, such as Au, Ag, 

and Cu [3]. This type of substrate and metal nanoparticles (Nps), efficiently generate 

localized surface plasmon excitation sites within 1-2 nm inter/intra-particle gaps, which 

are essential to the SERS effect [5, 6]. 

Like Raman, some advantages of SERS include facile sample preparation and 

manipulation, rapid analysis time, and in situ analyte identification [7].  However, the 

high sensitivity of SERS enables multicomponent analysis at the single-molecule level 

[8]. Articles about the development and optimization of SERS substrates have grown 

significantly in the last 20 years [9-13]. Innovative SERS substrate designs have been 

developed to efficiently detect many chemical and biological species in applications such 

as environmental analysis [14], pharmaceutical detection [8, 15], biochemistry [16, 17], 

forensic chemistry [18], and food safety [19] (Figure 1.1). 
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Figure 1.1. Scheme of the potential applications demonstrated for SERS. 

Despite the growing success of the SERS field and the implementation of low-

cost substrates that have been one key aspect that is turning SERS into a more accessible 

tool for chemical analysis, there is still a significant hindrance to adopting this technique 

as a standard quantification tool in analytical laboratories [6, 20]. A central issue is the 

lack of SERS intensity reproducibility amongst substrates [20-22]. It is important to note 

that SERS is a morphologically-dependent technique and structural properties play a 

crucial role in the electromagnetic enhancement. Furthermore, macroscale inhomogeneity 

can potentially alter the SERS enhancement factor (SERS-EF) [23]. For this reason, 

several methods have been explored for the preparation of thin films including pulsed 

laser ablation, physical vapour deposition, chemical vapour deposition, nanolithography, 

layer-by-layer deposition, electrodeposition etc. [24]. 
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1.1. Introduction to Vibrational Spectroscopy 

Absorption spectroscopy is based on the absorption of electromagnetic radiation 

by atoms and molecules. Two extensively used absorption spectroscopic methods in 

qualitative and quantitative analysis are UV-visible and infrared absorption 

spectroscopies; the former is associated with electronic transitions, and the latter involves 

energy transitions between vibrational energy levels. However, the energy of infrared 

radiation can excite vibrational and rotational transitions, but it is insufficient to excite 

electronic transition levels. The number of ways a molecule can vibrate is related to the 

number of bonds (atoms), and it is given by 3N-6 (3N-5 for linear molecules) with N 

equal to the number of atoms in the molecule [8]. Therefore, the number of vibrational 

modes is generally large, for instance for a simple non-linear molecule like H2O with 

only three atoms, the number of fundamental vibrational modes is equal to three, bend, 

symmetric stretch and antisymmetric stretch bands centered at 1595 cm-1, 3657 cm-1, and. 

3756 cm-1, respectively. 

Figure 1.2 illustrates common vibrational modes found in polyatomic molecules. 

Stretching (symmetric and asymmetric) defined as a periodic movement along the bond 

axis with increasing and decreasing bond length, in-plane bending (rocking and 

scissoring) defined as changes of bond angles while bond lengths remain almost fixed, 

and out-of-plane bending (twisting and wagging).  
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Figure 1.2. Potential vibrational modes of molecules 

 

The vibrational degrees of freedom can be used to estimate the number of vibration 

modes; this does not indicate the IR or Raman actives modes in a molecule, as it will be 

discussed in the following section, as molecule-electromagnetic interaction proceeds 

differently in both techniques giving very distinct patterns, essentially providing 

complementary spectra of molecular vibrations. 

 

1.2. Infrared (IR) Absorption and Raman Spectroscopy  

Raman and Infrared (IR) absorption spectroscopy are two non-destructive techniques 

extensively used for solving analytical problems, including structural analysis and 

molecular identification. Infrared and Raman spectroscopy are complementary techniques 

with different selection rules. Infrared spectroscopy is associated with vibrational 

transitions in molecules and materials via dipolar interaction with electromagnetic 

radiation [1]. In contrast, Raman spectroscopy is associated with the inelastic scattering 

of monochromatic light, as illustrated in Figure 1.3, where the virtual states are short-
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lived states, not real vibrational states belonging to the molecule. These states are 

generated upon laser interaction with electrons that causes polarization. 

As shown in Figure 1.3, in the case of Raman, depending on the type of 

interaction between the incident radiation and matter (elastic or inelastic), the energy of 

the scattered photon could be equal to that of the incident light (Rayleigh scattering– 

elastic interaction), or lower or higher than that of the incident light due to inelastic 

interaction resulting in Stokes bands for which the frequency of the scattered photon, vib,  

is smaller than the frequency of the incident light, inc,  and anti-stokes Raman bands, for 

which the inverse is valid.  

 

 

Figure 1.3. Schematic energy diagram of traditional Infrared absorption, Rayleigh and 

Raman scattering. Vibrational levels in the ground (So) and excited (S1) electronic states 

are indicated as i. The virtual Raman states are indicated as broken lines. 
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With h, representing Planck’s constant, the Stokes and anti-Stokes Raman shift are 

therefore equal to: 

 

Stokes Raman band:  △E = h (inc-△)                                                      (1-1) 

 

Energy from incident laser photons is transferred to the analyte, resulting in emitted 

photons that are shifted to lower frequencies. 

 

Anti-Stokes Raman band:  △E = h (inc+△)                                                     (1-2) 

 

Energy from the analyte is transferred to the incident laser photons. 

The inelastic scattering induces three dipole components; μind(inc), μind(inc − vib) 

and μind(inc + vib) where each corresponds to Rayleigh, Stokes and Anti-Stokes, 

respectively [14, 15]. 

  The intensity of the Raman scattering bands is inversely proportional to the fourth 

power of the excitation wavelength (I  1/4), therefore, the signal intensity strongly 

depends on the laser excitation wavelength.     

For a given molecule, IR radiation interaction is possible if the electric field vector 

oscillates with a frequency matched to the molecular dipole moment. If q, represents the 

normal coordinates of atomic motion during vibration, IR activity and Raman activity can 

be described by Eq. 1-3 and Eq. 1-4, respectively. If the corresponding normal vibration 

by the molecule modifies the molecular dipole moment, μ, then it is said to be IR active 

and will generate an absorption band in the IR region [25]: 
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(
𝜕𝜇

𝜕𝑞
)

𝑜
 ≠ 0                                                                                                                      (1-3) 

Here, the subscript o, denotes that the derivative is taken at equilibrium configuration. A 

Raman-active molecular vibration will cause a modulation to the molecular polarizability 

[25]: 

  

(
𝜕𝛼

𝜕𝑞
)

𝑜
 ≠ 0                                                                                                           (1-4) 

 

Therefore, in a molecule with a centre of symmetry, the Raman active modes are IR 

inactive, and vice versa); the rule of mutual exclusion. A linear diatomic molecule, has 

one vibration by fact. Using O2 as an example, the molecule is symmetrical and has an 

intense Raman band, while this vibration is not observed in the IR spectrum (Figure 1.4). 

Spring and ball representation of triatomic molecules demonstrate 3 modes of vibration: 

symmetrical stretch, bending or deformation, and asymmetrical stretch. The symmetric 

stretches exhibited by CO2, result in a bond stretch for both bonds that allows for both to 

be polarizable, changing the overall molecular polarizability. The H2O molecule exhibits 

a symmetric stretch that results in a weak overall change in the molecular polarizability, 

because there is stretching occurring in opposite directions essentially limiting the 

polarizability change, hence no Raman-active band.  
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Figure 1.4. Vibrational modes of water and carbon dioxide represented as (A) spring-and-

ball model and (B) electron cloud model 

 

Raman and IR spectroscopy are both used in a wide range of applications. Despite the 

fact that IR spectroscopy is more common for molecular identification studies, Raman 

spectroscopy is advantageous as sample preparation is non-tedious and analysis can take 

place without interference from water, like it is the case in IR spectroscopy where the 

broad band of water interfere with other bands [7]. 

The efficiency of any scattering process is dependent on the scattering cross-

section, which depends on the vibrational mode of the analyte molecule. This varies 

amongst differing scattering methods, and in general, Raman signals exhibit relatively 

A 

B 
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low cross-sections per molecule. The typical range of cross-sections ascertained with 

Raman (~10−31 to 10−29 cm2 sr−1) is substantially lower than that of fluorescence 

spectroscopy (~10−16 cm2 sr−1) explains why the Raman scattered signals are intrinsically 

weak for most molecules [26]. One photon will experience inelastic scattering out of 106 -

109 incident photons in Raman spectroscopy, highlighting how weak Raman signals can 

be [27].  

 

1.3. Surface-Enhanced Raman Spectroscopy (SERS) 

Surface-enhanced Raman Spectroscopy enhances the Raman signals of target 

analytes to single molecule detection. The technique is gaining momentum, and 

applications are now expanding to numerous fields [8]    

The first recorded observation of SERS occurred in 1974 by Fleischmann [28] and the 

SERS phenomenon was first recognized in 1977 by Jeanmaire and Van Duyne [29]. 

Jeanmarie and Van Duyne studied the Raman sensitivity of aromatic amines adsorbed on 

the surface of roughened silver electrodes as a function of applied electrode potential. 

The experiment confirmed the role of the surface properties on the enhancement of the 

“weak” Raman scattering signal for molecules with a small Raman cross-section. SERS 

possesses all of the advantages of Raman spectroscopy while enabling sensitive detection 

of ultra-low concentrations, exceeding the limitations of Raman spectroscopy. This 

enhancing effect of SERS is dependent on the characteristics of the surface and requires 

the adsorption of the analytical molecule onto that surface. Generally, efficient SERS 

requires a nanostructured surface composed of one of the noble metals; Au, Ag, and Cu 
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due to their highly plasmon-resonant optical scattering properties in the visible region of 

the electromagnetic spectrum.  

 

1.3.1. Theories of SERS Enhancement 

Signal amplification occurs on a SERS-active surface which is either a metal or a 

semiconductor. A plasmonic surface bears the localized surface plasmon resonance 

(LSPR) properties which will enable the underlying electromagnetic mechanism (EM) 

that contributes to the resulting Raman enhancement. The extent of the enhancement is 

largely dependent on the morphological properties and positioning of the metallic 

nanostructures along the substrate surface [6]. A chemical mechanism (CM) is also 

accepted as an underlying contribution to the overall enhancement, mainly in the case of 

metal oxide semiconductors, and materials with two-dimensional morphology can be 

employed alternatively to noble metals [30, 31]. These mechanisms will be explained 

with more detail in following sections. Considering that the CM contributes a maximum 

of 2-3 orders of magnitude towards the enhancement, and EM has demonstrated over 10 

orders, it can be concluded that the other materials may not be as effective in comparison 

[32].  

As shown in Figure 1.5, analyte detection by SERS is significantly impacted by 

the substrate roughness, molecular adsorption on it, the incident laser wavelength, and the 

analyte-substrate interaction [13]. 
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Figure 1.5. Schematic diagram of the established SERS method  

 

Currently, the EM and the CM are both considered the dominating underlying 

mechanisms behind the observed Raman enhancement. The fundamentals associated to 

both mechanisms are discussed below. 

 

Electromagnetic enhancement mechanism 

Enhancement derived from the EM, is mainly applicable to the explanation of 

enhancement on metal substrates. In metals, the collective oscillations of the conduction 

band electrons are known as surface plasmons (SPs); SPs are the key driving force of the 

SERS EM [33]. Under resonance excitation, interaction with the incident oscillating 

electromagnetic field and the conduction band electrons will activate charge separation; 

the diagram in Figure 1.6 represents this phenomenon [8].  

Figure 1.6 illustrates the dipole-dipole oscillations regulated by coulombic 

interactions between the high density of electrons in the metal nanoparticles that induce 

localized resonance LSPRs which can be defined under random phase approximation: 

 

𝐿𝑆𝑃𝑅 =  
4𝜋𝑁𝑒2

𝜖∞𝑚𝑒
                                                                                                               (1-5) 
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where N, represents the electron density of the metal, 𝜖∞ refers to the high frequency 

dielectric constant of the media, e and 𝑚𝑒, are the electron charge and the effective mass 

of electrons, respectively [8]. The LSPR mode can be excited by incident light, at 

resonance frequency, resulting in EM enhancement (Figure 1.6). For Au, Cu, and Ag this 

is observed in the visible or near UV region where local dipoles can be induced.  

 

 

Figure 1.6. Enhanced localized electric field that occur around the metal nanostructures in 

the highly localized nano-sized regions within a metal colloid.  

 

Maximum electromagnetic field enhancement is found where LSPR are prominent 

and this is in narrow-gap regions also known as “hot-spots” found between nanometallic 

objects or in junctions on them. Intense Raman signal amplification is produced for 

molecules at or in proximity to these nano-sized special sites. Currently, justified 

attention is put towards optimizing the generation of hot spots with a uniform distribution 

on a SERS substrate surface as it is a priority in SERS sensor fabrication [23, 34].  

The development of efficient SERS substrates depends on good knowledge of the 

strong coupling between the plasmon and molecular exciton resonances. The following 

equations have been used for EM enhancement factor (EF) in computational calculations 
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such as finite-difference time-domain (FDTD) and COMSOL simulation to determine the 

enhanced electric field amplitude E0 shown by a substrate. Typically, this is evaluated at 

different molecular positions [6].  

The underlying principle of Raman spectroscopy is associated with the detected 

inelastic scattering that occurs when incident electromagnetic field (or photon) interacts 

with the analyte molecule. This interaction generates a shift in the molecular 

polarizability that is directly proportional to the magnitude of the simultaneously induced 

dipole moment. Eq. 1-6 may be used to represent the Raman emission from a molecule 

that has been stimulated by a laser [35]. 

 

𝜇(𝜈𝑅) =  𝛼𝑚(𝜈𝑅 , 𝜈𝑖𝑛𝑐)𝐸0(𝜈𝑖𝑛𝑐)                                                                                     (1-6) 

 

μ(νR) is the induced dipole of the molecule, oscillating at the Raman frequency νR, and 

E0(νinc) is the incident field amplitude of the laser, oscillating at frequency νinc, αm is the 

molecular Raman polarizability.  

According to classical theory of electromagnetic radiation, the power (P) radiated 

by a dipole in a vacuum is proportional to the square modulus of the dipole itself and to 

the 4th power of the Raman frequency [35]:  

 

𝑃 =  
𝜈𝑅

4

12𝜋𝜀0𝐶3
|𝛼𝑚(𝜈𝑅 , 𝜈𝑖𝑛𝑐)𝐸0(𝜈𝑖𝑛𝑐)|2                                                                                   (1-7) 

 

 



14 

 

where c is the speed of light and ε0 as the dielectric constant in a vacuum. 

In SERS a localized electromagnetic field, 𝐸𝐿𝑜𝑐 , is generated upon plasmon 

excitation within a SERS substrate at a specific frequency, 𝜈𝑖𝑛𝑐. The presence of this 

localized field results in an enhancement of the radiated power, 𝑀𝐿𝑜𝑐
𝑧

, as described by the 

following equation [36]:  

 

𝑀𝐿𝑜𝑐
𝑧 =

|𝐸𝐿𝑜𝑐(𝜈𝑖𝑛𝑐)|2

|𝐸0(𝜈𝑖𝑛𝑐)|
2                                                                                                                       (1-8) 

 

Therefore, as an approximation for the SERS enhancement of illuminated molecules the 

following equation is often used [35, 37]:  

 

𝐺𝑆𝐸𝑅𝑆
𝐸𝑀 =  [𝑀𝐿𝑜𝑐

𝑧
]

2
= [

|𝐸𝐿𝑜𝑐(𝜈𝑖𝑛𝑐)|

|𝐸0(𝜈𝑖𝑛𝑐)|
]

4

                                                                                             (1-9) 

 

Eq. 1-9 ignores the Stokes shift, which may be considered in a more complex expression 

[6]. 

 

𝐺𝑆𝐸𝑅𝑆
𝐸𝑀 =  

|𝐸𝐿𝑜𝑐(𝜈𝑖𝑛𝑐)|2|𝐸𝐿𝑜𝑐(𝜈𝑣𝑖𝑏)|2

|𝐸0(𝜈𝑖𝑛𝑐)|
4                                                                                                 (1-10) 
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Chemical enhancement mechanism (CM) 

The plasmon frequency in semiconductor materials lies in the infrared region due to 

the low density of electrons in the conduction band, and enhancement is mostly due to a 

CM.  The CM enhancement is the result of several factors, including charge transfer 

between the analyte and the substrate, non-resonant charge in the molecular polarization, 

and molecular excitation resonances [8]. This mechanism results in mild Raman signal 

amplification between 10 and 102 [38]. The excitation laser wavelength can lead to signal 

amplification, when in resonance with the surface plasmon resonance (SPR) of the 

substrate takes place [32]. Molecular excitation resonances are generated when Raman 

scattering occurs by an electronic transition within analytes electronic states of the 

analyte as opposed to its virtual states [38]. Theoretical efforts have been put forward to 

identify the main effect that contributes to the CM. Nonetheless, for metal substrates, it is 

generally accepted that the CM is a result of an analyte-dependent charge-transfer (CT) 

excitation transition [39]. To expand, upon analyte adsorption, the analyte and the 

metallic surface may covalently bond (chemisorption), forming a surface complex; as a 

result, the polarizability of the molecule is affected. The process of the CT mechanism is 

displayed in Figure 1.7. 

Excitation transitions from the Fermi level of the metal to the lowest unoccupied 

molecular orbital (LUMO) of the analyte and the electro-donation between the highest 

occupied molecular orbital (HOMO) of the analyte and the fermi level of the metal. 

Under particular laser conditions, the electronic transition between the HOMO and 

LUMO can generate resonance processes that improve the Raman signal in a fashion 

called surface enhanced resonance Raman spectroscopy (SERRS) [40]. 
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Figure 1.7. SERS charge-transfer mechanism for a plasmonic metal object forming a 

surface complex with a molecule (adsorbate). 

 

SERS Selection Rules 

 Selection rules have been applied to explain intensity strength of SERS peaks and 

reveal why SERS substrates may have a non-linear relationship with low analyte 

concentration; basically, the orientation of the molecule can change with concentration. 

According to the electromagnetic surface selection rules, a vibrational mode with its 

normal mode parallel to the metal surface, will experience less enhancement than a 

perpendicular arrangement, due to lack of scattering [15]. At increasing concentrations, 

the molecules are more likely to pack and force the plane of the molecule into a 

perpendicular orientation to the plane, increasing SERS intensity [41]. Perpendicular 

orientation is also heightened on a roughened surface [1, 7]. 

Simplified selection rules have been proposed by Creighton [42]. This involves 

considering the molecule as a distinct entity; although this is against principle as the 
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metal-analyte complex is expected to exist, this practice has shown to be valid in most 

cases. Assuming that this is the only effect of the metal atoms, the centre of symmetry is 

said to be disrupted as the molecule adsorbs to the surface, thus the IR-active bands can 

start to appear in the SERS spectrum.  

 

1.4. Progress of SERS-Active Materials 

Critical elements that contribute to the performance of a SERS substrate includes: 

the material's dimension size, shape, interparticle distance, dielectric properties, and 

surface roughness [31]. As shown in Figure 1.8, since the discovery of SERS, a broad 

variety of metallic and semiconducting substrates have been reviewed for SERS studies 

[31, 43]. SERS substrates can be categorized into one of three divisions based on the 

preparation methodology: 

1) Synthesis of metal Nps in suspension (colloidal systems), 

2) Assembly and immobilization of Nps on solid substrates (bottom-up approach), and  

3) Direct fabrication of metallic nanostructures on a solid substrate using thin film 

deposition and lithography processes (top-down approach). 

The convergence of SERS, analytical applications, photonic materials development, 

and nanotechnology has triggered tremendous growth in the development and exploration 

of innovative SERS-active substrate designs [13]. Figure 1.8 summarizes major 

contributions to substrate compositions that were discovered and applied from earliest 

1970s to the present. For the sake of this work, a few relevant examples from Figure 1.8 

will be discussed. 

 



18 

 

 

Figure 1.8. Timeline of SERS substrate development since discovery (a) The first SERS 

effect discovered on roughened Ag electrode, (b) SERS of Ag or Au colloids, of (c) silver 

nanoislands on n-GaAs electrode demonstrating “borrowing” strategy also highlighted by 

(d) deposited transition metal on roughened Au electrode, (e) single molecule SERS, (f) 

silica core-Au shell nanoparticle, (g) UPD and redox replacement transition metal on Au 

nanoparticles, (h) SERS tag, (i) Au core-transition metal shell nanoparticles, (j) Ag film on 

nanosphere (AgFON) substrates with an alumina layer, (k) silica shell isolated 

nanoparticles (SHINERS), and (l) graphene shell isolated nanoparticles. Reprinted 

(adapted) with permission from {Li, J.F., et al., Core-Shell Nanoparticle-Enhanced Raman 

Spectroscopy. Chem. Rev., 2017. 117(7): p. 5002-5069}. Copyright {2017} American 

Chemical Society. 

 

1.4.1. Synthesis of Metal Nanoparticles in Suspension (Colloidal Systems), 

Immediately after Van Duyne and Jeanmaire [29] discovered SERS, the origin of the 

SERS was linked to plasmon resonances on the roughened grooves of noble metals [44, 

45]. Synthesized monodisperse Au, Ag and Cu colloidal nanoparticles (Figure1.8b) were 

explored as SERS substrates. Colloidal Au, Ag, and Cu plasmonic Nps are of the first 

platforms investigated in pioneer studies, and are still relevant in current studies as the 

fabrication is relatively simple, and the systems offer excellent SERS efficiency with a 

high ratio of surface atoms [46, 47]. The earliest example of nanoparticle-based SERS 

substrates appears in 1979, where Ag and Au colloids were synthesized via sodium 

borohydride reduction to successfully detect pyridine molecules in solution [46]. The 

development of nanotechnology re-opened avid interest into SERS in the 1990s and since 
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then the morphological characteristics of the metal Nps and size of the colloidal particles 

and Nps aggregation have been a point of major interest and it is also the centre of 

modern developments as stated in SERS-focused reviews [43]. Au and Ag colloids can 

be prepared via wet-chemistry by a reduction (NaBH4, or trisodium citrate etc.) method 

or the more chemically pure alternative, laser ablation. Shape/size control (5-100 nm) 

allows for governing the plasmonic resonance properties and ultimately, enhancing 

performance of the substrate. This type of substrate is advantageous in that the 

preparation is relatively simple, and inexpensive; although the experiments would fail at 

the hand of less than pure glass vessels, and poor time stability [24]. Controlled colloidal 

aggregation introduces Np-Np junctions and lower spatial and sample-sample variability, 

however this is difficult to achieve in suspension [48]. 

For the first time, in 1995, SERS activity was achieved using immobilized Au and Ag 

Nps on a solid supports functionalized with monolayers of molecules with thiol, amino, 

and cyanide groups [49] . This study demonstrated controlled colloidal self-assembly 

with good structural reproducibility by ways of functionalizing a solid support, however 

the sensitivity of the substrate was not assessed by the limit of detection as it was not 

reported. Subsequently, new methods for Np shape and surface modification have 

emerged for systems such as plasmonic 3D nanostars (Figure 1.9) and core-shell particles 

(Figure 1.8f). As shown in Figure 1.9, the shape of the metal Nps has a significant impact 

on the SERS-enhancement; being significantly higher at the single-particle level for 

complex gold nanostars (GNS) and gold nanorods (GNR) when compared with Au 

nanospheres; the effect of the excitation laser wavelength on the SERS enhancement is 

also demonstrated in this image [50]. 
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Figure 1.9. Simulation of maximum SERS enhancement for planar monolayers of particles 

with different morphology: Au Nanostars (GNS), Au Nanorods (GNR), Au Nanospheres 

(GNP). Dashed curves for GNPs and GNSs correspond to 633 nm and 900 nm, 

respectively, solid curves are derived at 785 nm laser wavelength. Reprinted (adapted) with 

permission from {Solís, D.M., et al., Optimization of Nanoparticle-Based SERS Substrates 

through Large-Scale Realistic Simulations. ACS Photonics, 2017. 4(2): p. 329-337}. 

Copyright {2017} American Chemical Society. The image was obtained 

from  https://pubs.acs.org/doi/10.1021/acsphotonics.6b00786. Further permissions related 

to the material excerpted should be directed to the ACS. 

 

Core-shell particles have also been investigated as SERS platforms. Results have 

shown that this type of structure can have some advantages over a single component-

substrate. Wang  et al. [51] investigated the formation of a Au shell deposited on SiO2 

microspheres via polyethyleneimine (PEI)-assisted seed-mediated growth method and 

controlled the thickness of the plasmonic shell by adjusting the Au3+ concentration in 

solution. In a similar line, Jiang and co-workers [48] investigate the impact of the SiO2 

core surface properties on the SERS enhancement of a shell of Ag Nps. Specifically, 

mesoporous textured SiO2 cores were synthesized using cetyltrimethylammonium 

bromide (CTAB) and compared to solid surface SiO2 cores, where the mesoporous 

texture established a significantly higher SERS-EF (9.20 x 106) than the solid particle 

(4.39x106). 

https://pubs.acs.org/doi/10.1021/acsphotonics.6b00786


21 

 

1.4.2. Assembly and Immobilization of Nanoparticles on Solid Substrates (Bottom-

Up Approach)  

Colloidal systems very easily suffer aggregation in solution, however as shown in 

literature, this drawback can be overcome by immobilizing the Nps onto solid supports 

via bottom-up techniques. Bottom-Up methods are designed to overcome aggregation 

problems, by combining smaller units (smaller particles, atoms, molecules) on solid 

supports [24]. Colloidal metallic Nps deposited on a solid support is known to provide an 

element of rigidity that aids in producing superior SERS activity, intensity 

reproducibility, and Np stability, while maintaining simple tactics [6]. 

Recent advances in SERS include developing new methods for depositing plasmonic 

material over large areas (> 1cm2) for potential SERS applications. A larger substrate 

area also has a better probability of capturing species of dilute solutions and increases 

sample size for quantification statistics by providing more sites for analysis [22]. Bottom-

up preparation procedures that have been demonstrated to result on active thin film SERS 

substrates include: colloidal self-assembly by chemical attachment of NPs via small 

molecules or bifunctional polymers [49], inverse micelle polymer film [52], layer-by-

layer assembly [12, 53], colloidal self-assembly by electrostatic interaction between NPs 

and surface [54], and liquid-liquid interface Langmuir-Blodgett (LB) assembly [55]. 

These solution-phase methods require liquid media element at some part of the procedure 

and are easily scalable.  

Solid state bottom up methods also exist for the production of thin films. Chemical 

vapour deposition (CVD) achieves deposition of a thin film on a planar surface by ways 

of a chemical reaction between gaseous molecules that inhabit suitable atoms to form 
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Nps. Three techniques—photoinitiated, plasma-enhanced, and thermally active chemical 

vapour deposition—can be used for sample deposition [24]. Physical vapour deposition 

(PVD) for thin film fabrication is practiced with highly controlled vacuum techniques 

such as sputtered deposition and thermal evaporation to vaporize a material that will then 

be condensed onto the planar surface as a thin film. Farling et al. [56] effectively 

prepared Ag SERS substrates by depositing thin Ag films using PVD on commercial 

screen-printed carbon electrode (SPE) for electrochemical-SERS (EC-SERS). SEM 

magnification of the SPE revealed a rough carbon surface that served as an excellent 

template during Ag deposition and promoted the formation of hot spots. This work 

further highlights that SERS enhancement is achievable with substrates inhabiting a high 

density of small nanogaps [57, 58]. 

 

1.4.3. Direct Fabrication of Metallic Nanostructures on a Solid Substrate using Thin 

Film Deposition and Lithography Processes (Top-Down Approach). 

The top-down approach reduces bulk starting material into nanosized particles by 

ways of a chosen physical or chemical treatment. The associated methods produce highly 

ordered metallic structures on planar solid supports.  

Such substrates avoid the challenge of irreproducible structure leading to the 

substrate generating similar SERS-EF values [8, 23]. The methods under this umbrella 

include popular nanolithographic methods, including ion-beam milling, electron-beam 

lithography, interference lithography, photolithography, nanoimprint lithography, 

nanostencil lithography and nanosphere lithography [24]. Advanced methods such as 

these, manufacture substrates that exhibit precisely controlled shape, size, and relative 
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orientation of Nps. Despite being extremely reproducible, these methods tend to be 

expensive and tedious to operate. It is often a challenge to fabricate Nps of a desired 

shape and below a specific size. It is also a difficult to alter the physicochemical 

properties and surface chemistry of the resulting Np [24].  

Some reports have claimed that nanolithography-based fabrication methods can 

be complex, while multiple solution-based deposition methods such as, colloidal self-

assembly tend to contain many steps and can be time-consuming [59].  

 

1.5. Screen-Printing 

Printing technology is a common technique that is relatively cheaper than high-

vacuum methods, and it can be also used to form patterned arrays on a variety of solid 

supports in a few steps [60]. The screen-printing process involves using a porous mesh 

screen with a uniform pattern to create a film using a thixotropic paste or ink that is 

forced through the fine screen fabric with the help of a squeegee movement.  

Printing methods also improved quality control, enabling controlled deposition of 

ink with reproducible thickness. The process does not require extensive preparation, 

utilizes affordable instrumentation, and applies to scalable printing for many substrates. 

Screen printing is a method under printing technology frequently used to produce 

conductive lines and electrodes on a large scale. Currently, only a few published works 

describe the use of screen-printing in creating reproducible SERS substrates such as Ag 

dot arrays or potentiometric cells [59-61].  
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1.6. SERS Characterization 

The results for the theoretical SERS-EF are described in section 1.3.1. Due to the 

complexity of experimental conditions and SERS nanostructured systems, the 

theoretical results rarely agree with the actual SERS-EF, and a clear definition for 

SERS-EF must be defined [37].   

There are several procedures for calculating the enhancement factor of a SERS 

substrate [62]. The analytical enhancement factor (AEF) is a simple way for 

researchers to define the enhancing performance of a substrate. Assuming that signal 

intensity exhibits linear behavior with respect to power density and analyte 

concentration, AEF can be given by: 

 

𝐴𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝑆

𝐶𝑅𝑆

𝐶𝑆𝐸𝑅𝑆
                                                                                                    (1-11) 

 

where ISERS is the SERS signal intensity of a specific band at a concentration of CSERS 

and IRS is the intensity of the normal Raman signal of the same analyte at the same 

concentration, CRS. If the same solution is used, the AEF is just the ratio of the 

intensities.  

The average SERS-EF acknowledges that the SERS signal is a response to only 

adsorbed molecules and is considered a better estimate than AEF. The most common 

way to describe the average value of the SERS-EF is as follows: [62]: 

 

 𝑆𝐸𝑅𝑆 − 𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝑆

𝑁𝑅𝑎𝑚𝑎𝑛

𝑁𝑆𝐸𝑅𝑆
                                                                           (1-12) 
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where NRaman denotes the number of probed molecules contributing to the normal Raman 

signal in the scattering volume. NSERS relates to the number of adsorbed molecules on the 

substrate.  

Gupta and Weiner reported another adoptive estimation of the SERS-EF [63]. 

Assuming the analyte is adsorbed on the SERS substrate as a monolayer, the average 

number of probed molecules is related to the laser spot area, A, the geometrical area of 

the analyte layer, S, and the number of molecules initially casted on the substrate, Ncast, as 

follows: 

 

𝑁𝐸,𝑖 = 𝐴 ∗
𝑁𝑐𝑎𝑠𝑡,𝑖

𝑆
⁄                                                                                                       (1-13) 

𝑖 = 𝑅𝑎𝑚𝑎𝑛 𝑜𝑟 𝑆𝐸𝑅𝑆 

 

To specify the effective number of probed molecules, NE for a SERS experiment,   

Eq. 1-13 can be re-written as: 

 

𝑁𝐸 = 𝐴 ∗
𝑁𝑐𝑎𝑠𝑡

𝑆⁄                                                                                                          (1-14) 

 

The 
𝑁𝑐𝑎𝑠𝑡

𝑆⁄  ratio has the units of  𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑐𝑚2⁄ . The final SERS-EF formula is 

defined as follows: 

 

𝑆𝐸𝑅𝑆 − 𝐸𝐹 =  
𝐼𝑆𝐸𝑅𝑆∗𝑆𝑆𝐸𝑅𝑆∗𝑁𝑐𝑎𝑠𝑡,𝑅𝑎𝑚𝑎𝑛

𝐼𝑅𝑎𝑚𝑎𝑛∗𝑆𝑅𝐴𝑀𝐴𝑁∗𝑁𝑐𝑎𝑠𝑡,𝑆𝐸𝑅𝑆
                                                                              (1-15) 
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where 𝑁𝑐𝑎𝑠𝑡,𝑅𝑎𝑚𝑎𝑛, refers to molecules initially casted during Raman analysis, and 

𝑁𝑐𝑎𝑠𝑡,𝑆𝐸𝑅𝑆 is that during SERS analysis. In this equation, A, is cancelled out in the ratio of 

SERS intensity to Raman intensity [64].  

Variations of the SERS-EF (including the modified expressions previously 

mentioned) are used extensively to report the performance of new substrates; however, it 

is not the ideal metric for comparison of analytical significance between substrates and 

even very difficult to implement in the case of the Au@SiO2 substrate in this work. 

Direct comparison of the EF between substrates overlooks the varying characteristics 

each might possess that will give different EF values, not only based on the amplifying 

ability of the substrate but based on other factors, such as morphology or phase that are 

not accounted for in the calculation. Also, the number of surface adsorbed molecules is 

calculated based on an assumption, which may lead to final values that are misleading 

and cannot be compared to others with accuracy.   

Additionally, as researchers in SERS continue to innovate novel systems for sensitive 

SERS detection, comparing studies becomes more complicated. To elaborate, there are 

many established variables that affect the SERS enhancement factor (SERS-EF) of a 

typical SERS measurement: 1) the analyte species under study, 2) the number of analyte 

molecules present in the enhanced probing region of the substrate, 3) the extent of 

enhancement achievable by the substrate, and 4) the parameters and performance of the 

Raman instrument [20, 65]. Moreover, a few literature reviews have moved against using 

the substrate SERS-EF as a means to study analytical significance. Although there are 

classic papers that report multiple procedures for calculating SERS-EF for a general 

substrate, the proposed calculations include assumptions that invite potential for error, 
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and cannot be applied to substrates that exhibit different characteristics to compare them 

directly [22]. With SERS-specific standardized analytical protocols, the extent of these  

issues can be limited [20]. For instance, substrates’ performance can be evaluated by 

comparing their sensitivity, limit of quantification (LoQ), and limit of detection (LoD) 

using specific analytes. In this case, the studies were carried out with Rhodamine 6G 

(R6G) a common analyte used for evaluation of new SERS substrates. 

 

1.7. Rhodamine 6G as Target Analyte for SERS Characterization  

 Several molecules have been used for SERS substrate evaluation studies; some 

were considered in this study, including R6G, Nile blue A, methylene blue, 5,5-dithio-

bis-(2-nitro-benzoic acid), and 4-mercaptobenzoic acid [51, 53, 66, 67].  

R6G is an inexpensive fluorescent dye that exhibits maximum sensitivity at 532 

nm attributed to its molecular absorption band at 525 nm [68]. It is commonly used to test 

the SERS enhancement efficiency of various nanostructured substrates. As an example, 

SERS spectra reported for aqueous R6G solutions from 1x10-4 to 1x10-10 M on Au thin 

films deposited via pulsed laser ablation are shown in Figure 1.10 [69]. When excited by 

a 532 nm visible laser, R6G becomes a strong fluorophore that fluoresces and absorbs in 

the visible region. R6G can strongly adsorb to a roughened Au surface (ultimately 

quenching the fluorescence emission), and can participate in SERRS, enhancing the 

SERS signal intensity. As seen in Figure 1.11, R6G is an unsaturated aromatic molecule 

with planar rings of atoms. By comparison with molecules with a similar structure [15], it 

is proposed that chemisorption interaction of R6G with the gold surface can be 
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Figure 1.10. SERS spectra collected on Au thin films soaked in aqueous R6G solutions 

from 1x10-4 to 1x10-10 M. Au film were prepared via pulsed laser ablation using a KrF 

excimer laser (λ = 248 nm, pulse width 25 ns, repetition rate 10 Hz) in the presence of 

controlled argon at 100 Pa. Reprinted from Appl. Surf. Sci., 258, N. R. Agarwal, F. Neri, 

S. Trussoc, A. Lucotti and P. M. Ossi, Au nanoparticle arrays produced by Pulsed Laser 

Deposition for Surface Enhanced Raman Spectroscopy, p. 9148-9152, Copyright (2012), 

with permission from Elsevier 
 

established through the lone pair electrons of the oxygen and nitrogen atom(s) from the 

pyran ring, ester, and secondary amino groups; or through the π electrons of the rings. In 

the case of SERS, the enhancement factors are highly dependent on the substrate. Figure 

1.12, where the SERS spectra for R6G on Au on two different substrates, horizontally-

aligned carbon nanotubes (HA-CNT) and SiO2 on silicon substrates are shown. Table 1.1 

summarizes the main vibrational bands for R6G observed on Figure 1.12. 

 



29 

 

 

Figure 1.11. Chemical Structure of R6G 

 

 

Figure 1.12. SERS Spectra of R6G (10-6 M) on different substrates with and without Au. 

Red: Granular Au-sputtered horizontally aligned multiwalled carbon nanotube (Au-HA-

CNT). Reprinted from Nanotechnology, X. N. He, Y. Gao, M. Mahjouri-Samani, P. N. 

Black, J. Allen, M. Mitchell, et al., Surface-enhanced Raman spectroscopy using gold-

coated horizontally aligned carbon nanotubes, 23, p. 205702, 30 April 2012; 

http://dx.doi.org/10.1088/0957-4484/23/20/205702 © IOP Publishing. Reproduced with 

permission. All rights reserved 
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Table 1.1. Assignment of R6G vibrational modes [70-72] 

R6G Raman 

Shift (cm-1) 

Assignment 

612 C−C ring in-plane bending in xanthene/phenyl rings 

659 C-C-C ring in-plane bending 

772 C−H out-of-plane bending 

1088 C−H out-of-plane bending 

797 Hybrid mode (xanthene/phenyl rings and NHC2H5 group) 

1127 C−H in-plane bending in xanthene/phenyl rings 

1187 C−H in-plane bending in xanthene ring 

1204 Hybrid mode (xanthene/phenyl rings) 

1275 C−O−C stretching in COOC2H5 group on phenyl ring 

1312 Hybrid mode (xanthene/phenyl rings and NHC2H5 group) 

1363 C−C stretching in xanthene ring 

1420  C-C stretching  

1449 C−N stretching in NHC2H5 

1509 C−C stretching in xanthene ring 

1575 C−C stretching in phenyl ring 

1595 Hybrid mode (phenyl ring with COOC2H5) 

1651 C−C stretching in xanthene ring 

 

Some vibrational modes are very weak and therefore are not observed at low 

concentration. The bands observed at 611-613 and 1648-1649 cm-1 are strong, and 

therefore many studies involving R6G have used these bands for performance assessment 

of new substrates. These two bands will be also used for statistical analysis in this thesis. 

 

1.8. Motivation and Thesis Objectives 

High fabrication cost and the lack of signal reproducibility amongst solution-

based substrates are hindering factors to the integration of SERS into analytical 

applications. Although nanolithographic methods are highly reproducible and convenient 

for this application, they are expensive and may not be readily accessible. Assessing and 

optimizing low-cost fabrication methods can aid to overcome these obstacles as long as 

the method is scalable and reproducible. Screen-printing technology has gained interest in 
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the SERS field for preparing low-cost and uniform SERS-active films and following that 

up with spatial, and sample-sample signal variability assessment [59].  

The aim of this thesis was to extend the scope of current cost-effective screen-

printing methods for the preparation of highly sensitive and reproducible SERS substrates 

by using pastes formulated with uniform-sized SiO2 particles to create a controlled 

distribution of nano-gaps on silica slides, and then using this as a template for the 

adsorption of Au plasmonic nanoparticles. The method is easily scalable for large-scale 

production. 

Extensive work has been dedicated to the synthesis and characterization of materials, 

formulation of paste for screen printing, film deposition, SiO2 particle functionalization, 

and SERS characterization studies.  Some specific objectives include: 

▪ Synthesis of citrate-capped Au Nps (3-5 nm) via borohydride reduction reaction, 

and synthesis of smooth surface (s-SiO2) and textured surface SiO2 (t-SiO2) 

particles (300-400 nm)  

▪ Characterization studies of SiO2 particles with different surface texture and pore 

properties. 

▪ Application of SiO2 thin films on silica glass slides under controlled screen-

printing conditions (film thickness and noble metal interparticle distance) with as-

prepared SiO2-based paste. 

▪ Probe the impact of film surface properties on SERS performance of the 

Au@SiO2 substrates with Rhodamine 6G 

▪ Evaluation of the analytical performance of Au@s-SiO2, and Au@t-SiO2, SERS 

enhancement, sample-sample reproducibility, and spatial reproducibility  
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Chapter 2: Experimental Section  

2.1. Materials 

The following chemicals were purchased and used as received for preparing 

Au@SiO2 film SERS substrates. Tetrachloroauric(III) acid trihydrate (HAuCl4·3H2O; 

≥49.0 %, Sigma-Aldrich), trisodium citrate dihydrate (≥99.0 %, Sigma-Aldrich), sodium 

borohydride  (NaBH4; 99%, ReagentPlus), isopropyl alcohol (99.9%, Fisher Scientific), 

ammonium hydroxide solution (28.0-30%, Sigma-Aldrich), tetraethyl orthosilicate 

(TEOS; 98%, Sigma-Aldrich), ethyl alcohol anhydrous  (Greenfield), polyethyleneimine 

(branched, Mw 25 kDa, Sigma-Aldrich),  α-terpineol (96%, Sigma-Aldrich), ethyl 

cellulose (Viscosity 10 cP, Sigma-Aldrich), acetone (99.5%, ReagentPlus), 3-

aminopropyltrimethoxysilane (APTMS; 97%, Sigma-Aldrich), rhodamine 6G (95%, 

Sigma-Aldrich), silica (200 nm nanoparticles, mesoporous, pore size 4 nm), 

polyvinylpyrrolidone, (PVP; Mw 360 kDa, Sigma-Aldrich), white spirit (~17% aromatics 

basis, Sigma-Aldrich),  2-(2-butoxyethoxy)ethyl acetate (BCA; ≥99.2%, Sigma-Aldrich).  

Water used throughout these experiments was deionized using a Milli-Q deionization 

system (Millipore Q-Gard T2, Millipore Quantum TEX); and it met the requirements for 

ASTM Type 1 water, with a resistivity of 18 MΩ.cm. Gases used throughout were 

purchased from Praxair: extra dry air (AI0.0XD-T), and nitrogen (99.995%, Ni5.0UH-T). 

 

2.2. Characterization Techniques 

UV-Vis spectroscopy (liquid and solid samples) was used for the characterization 

of Au in aqueous media and thin films containing Au nanoparticles since the absorption 

spectra of nanoparticles strongly depend on the size of the particles.  UV-visible 
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absorption studies were carried out in an Agilent Technologies Cary 60 UV-visible 

spectrometer, and studies on film performed with a Perkin Elmer Lambda 750 S 60 mm 

sphere UV/Vis/NIR Spectrometer (250-800 nm).  

Surface area of synthesized SiO2 nanoparticles (diameters ~ 200-400 nm) were 

obtained from N2 adsorption/desorption isotherms. These studies were carried out with 

the Quantachrome Nova 1200e Surface Area and Pore Size Analyzer. SiO2 samples (~ 

0.8 g) were degassed at 200 °C for 6 hours.  

Synthesized SiO2 nanoparticles and the sequentially produced SiO2 pastes contain 

organic material from their respective synthetic procedures. To determine the sample 

SiO2 content, thermogravimetric analysis (TGA) was used to observe the weight change 

of the material as the temperature is increased under well-defined conditions. This 

technique also provides information on the decomposition temperatures of the different 

components in the sample. TGA was performed with a TA instruments SDT Q600 under 

a flow of dry air at 10 mL/min and a temperature scan rate of 20 °C/min from 25 °C to 

1000 °C. 

The particle size distribution of Au@SiO2, SiO2 films and SiO2 powder were 

analyzed using nanoparticle imaging with a scanning electron microscopy (SEM). In SE 

(secondary electron) mode, the SEM microscope can reach a resolution of 4 nm if 

coupled with a high accelerating voltage; thus, it is capable of detecting SiO2 particles 

estimated to be around 200-400 nm in diameter. SEM studies were completed with a 

Hitachi FlexSEM 1000 scanning electron microscope. Semi-quantitative elemental 

analysis was also done with this instrument using a Peltier-cooled energy dispersive X-

ray detector for energy dispersive x-ray analysis (EDX). The details on the SEM 
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conditions used for each image may change from sample to sample and are provided in 

other sections. 

Transmission electron microscopy (TEM) is a different imaging technique that 

has a better resolution than SEM (<0.37 nm), providing a particle size distribution (PSD) 

and particle size details for nanoparticles less than 10 nm in size. TEM was used to obtain 

microscopic images of the SiO2 particles, and the Au Nps (~3-5 nm). TEM images were 

collected by Dr. Carmen Andrei from the Canadian Centre for Electron Microscopy at 

McMaster University on a Talos L120C Transmission electron microscope.  

Surface roughness and thickness of SiO2 films with and without the deposited Au 

Np layer were acquired using a Profilm3D profilometer at the micrometer level. The 

instrument uses non-contact white light interferometry (WLI) to distinguish surface depth 

changes and generate a measured surface profile. 

For the preparation of thin films using the screen-printing approach, the 

rheological properties of the pastes were studied using an HR20 rheometer with a 40 mm 

parallel plate. Viscosity measurements were performed at increasing shear rates, 0 s-1 to 

500 s-1, and the shear-thinning ability was analyzed where the paste decreases in viscosity 

at higher shear rates.  

 

2.3. Material Synthesis 

SiO2 particles (200-400 nm) 

To synthesize the SiO2 microspheres, the Stöber method was followed as reported 

by Greasley et.al [73]. With this method, the size of the final spherical particles can be 

controlled by simply adjusting reaction parameters such as the reactant concentrations 
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and pH. The procedure begins with the addition of deionized water (6 M) and ammonium 

hydroxide (0.57 M) to absolute ethanol. The mixture was sonicated at room temperature 

for 10 minutes, and TEOS (0.28 M) (SiO2 precursor) was added to the solution and 

stirred overnight. Finally, the solution was centrifuged to recover the solid SiO2 particles. 

The solid product was dried at 80 °C in a conventional oven. To obtain a textured surface 

particle, CTAB (4.12 mM) was added to the precursor solution as a cationic surfactant 

[48]. The recovered SiO2 particles synthesized with CTAB were subjected to three 

washes in acetone with a centrifugation step between washes to remove residual CTAB 

from the particle surface. Figure 2.1 shows the thermograms for the t-SiO2 and s-SiO2 

samples. The mass loss observed in the case of t-SiO2 clearly indicates that even after 

several acetone washes (3) and centrifugation steps, there is still ~ 10 wt% of CTAB 

adsorbed on the surface of the particles. A further analysis of the thermograms in Figure 

2.1, indicates that the overall combustion process involves several steps. Literature shows 

that, the reduction of the silanol tends to occur over a wide temperature range (200 °C -

1000 °C) [74]. In the study completed by Mueller et al. [75], it was found that 

dehydroxylation on pure synthesized silica occurs at a rate of 0.4-1 OH surface group for 

each nm2 of SiO2. Considering this, dehydroxylation is miniscule, the combustion of 

CTAB to CO2 and H2O is the main process responsible for the observed mass loss.  
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Figure 2.1. TGA curves for t-SiO2 (orange) and s-SiO2 (blue) powders retrieved under air 

in this thesis. Gas flow rate: 10 mL/min and heating rate: 20 °C/min. 

 

 

Au Nps (3-6 nm) 

For the preparation of the Au Nps, 500 mL of an aqueous solution containing 

HAuCl4 (0.33 mM) and trisodium citrate (0.33 mM) as capping ligand was placed under 

vigorous stirring for 5 minutes, after that 20 mL of freshly prepared 1 mM NaBH4 

solution was added to the initial solution. As the HAuCl4 is reduced, the Au Nps began to 

form, and the solution turn dark pink. The solution was allowed to stir while protected 

from light for approximately 24 hours and then stored at room temperature while 

protected from external light. 
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2.4. Preparation of SERS Substrates 

Two approaches were studied for the fabrication of three-dimensional (3D) Au 

SERS-active thin films (Scheme 2-1 and 2-2). In this section, the steps involved in both 

approaches are summarized and described in detail.  

 

2.4.1. Au Nps on Amino-functionalized Glass Flat Substrates 

More than one experimental preparation method was attempted in this work. The 

following method involved the self-assembly of an aminosilane (APTMS) layer prior to 

the deposition of the Au Nps according to a method previously reported by Brito-silva et  

al [76]. The main steps for this method are outlined in Scheme 2-1.  

 

Scheme 2-1. Steps for the development of a Au Nps films on glass slides 

 

The glass slides were cleaned with aqua regia to remove any organic residue from the 

glass slide surface preceding functionalization. The APTMS layer is covalently bonded to 

the SiO2 glass slide and yields free amino groups which improve the surface affinity of 
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Au Nps during immobilization as well as Au Np adherence to the glass. By altering the 

surface charge of the substrate, the APTMS compensates for the negative charge 

provided by the silanol groups on the glass. It has been reported that the protonation of 

the APTMS amino groups  drastically alters the charge distribution on the functionalized 

surface [76]. The positive charge distribution enhances the interaction of the citrate 

capped Au Nps to the glass surface. APTMS is a moisture and air-sensitive chemical that 

is highly reactive with water, making the procedure slightly tedious as each APTMS 

assembly was done under nitrogen gas. Anhydrous ethanol was used as the solvent in the 

subsequent slide washing steps to avoid uncontrolled SiO2 formation on the slide and 

reaction with the Au Nps during immobilization; multiple washes were required to ensure 

excess silane was removed. 

  

Aminosilane functionalization 

Aminosilane functionalization was performed with a solution of (APTMS) in 

toluene (19% v/v) prepared using dry glassware, dry toluene, and minimizing the contact 

with air. Slides (25 x 13 x 1.0 mm) were immersed in 7 mL aliquots of APTMS solution 

for 24 hours in closed vials; this amount of solution was enough to cover the entire slide. 

After functionalization, the slides were washed by immersion in ~7 mL of anhydrous 

ethanol to remove the excess of APTMS. The washing was assisted with 15 minutes of 

orbital stirring at a gentle rotation speed and repeated five times with fresh anhydrous 

ethanol. For a schematic of this procedure please refer to Appendix A1. 
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Au Np layer 

A sonicated solution of previously prepared Au Nps was used for the deposition 

of a self-immobilized Au layer on the functionalized glass slides. Prior sonication was 

required to ensure a uniform colloidal solution of Au Nps. The functionalized glass slides 

were immersed in 7 mL of Au Nps solution and after 24 hours, the glass slides were 

gently washed with deionized water and dried under nitrogen to reveal a dry, thin film of 

Au Nps characterized by a faint purple colour.  

 

2.4.2. Au@SiO2/SiO2 Substrates 

It was found that the previous approach was simple, however it was highly time-

consuming with steps that required 24 hours to complete. The resulting Au layer showed 

signs of uneven Np distribution with dark and light areas along the glass surface thus, it 

was challenging to obtain reproducible substrates using the previous method. In addition, 

the SERS enhancement factor was low for single layer films, and the preparation of 

multilayer substrates with increased plasmonic material was extremely time consuming 

as multiple layer-by-layer depositions are required to observe a high SERS enhancement. 

In an attempt to control the deposition of material onto the film, screen-printing was 

pursued as a way to create a reproducible and uniform template for functionalization and 

Au layer deposition while maintaining simplicity and cost-effectiveness. 

Scheme 2-2 illustrates the main steps required for the fabrication of Au@SiO2 films 

involving: (1) Slides and paste preparation, (2) Screen printing of 2 layers of silica paste 

onto piranha cleaned glass slides with a drying step on a hot plate between layers, (3) 

Calcination of the silica film to remove volatile components from the paste and improve 
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the adherence to the silica slide, (4) Functionalization with a stable cationic polymer 

(PEI) that electrostatically interacted with the silica film/slide, (5) Removal of excess PEI 

molecules via washing in Milli-Q water, and (6) Au Nps adsorption 

 

 

Scheme 2-2 Sequential steps involved in the procedure used for Au@SiO2 nanoparticles 

using s-SiO2 and t-SiO2 

 

Paste preparation 

The screen-printing approach requires the preparation of a paste/ink that will be 

applied over a woven mesh with pre-determined pattern, a 1 cm x 1 cm square area in the 

case of this thesis, to produce a uniform thin film on a clean glass slide. The paste 

composition will dictate the properties of the film, such as the thickness, the silica 

content, and the porosity of the material after annealing at high temperatures. The 
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rheological properties of the pastes can be adjusted to produce reproducible and uniform 

films. As a result of several trials with different paste composition, it has been found that 

the ideal composition for these experiments is as follows: 18 wt% SiO2 Nps, 64 wt% α-

terpineol, 9 wt% ethyl cellulose, and 9 wt% ethanol [77]. Ethyl cellulose was used as an 

organic binding agent to aid in the stability of the paste by keeping the SiO2 filler and the 

solvent (α-terpineol) held together as well as providing an adequate viscosity. 

 To generate the paste, the SiO2 filler is added to the α-terpineol and ethyl 

cellulose according to the assigned weight percentages and magnetically stirred for 2 

hours. Approximately 50 mL of ethanol is added to the mixture to facilitate favourable 

interaction amongst the paste components in the solution while stirring. After 2 hours, the 

solution is sonicated for 1 hour, and then stirred again for 2 more hours. The mixture is 

transferred to two 100 mL yttrium stabilized zirconium oxide grinding jars containing 

100 (5 mm) and 16 (10 mm), grinding balls of the same material. Then the paste solution 

was further dispersed with an Across International PQ-N04 Planetary Ball Mill rotating at 

25 Hz for 20 hours.  

Ethanol must be removed to obtain a mixture with appropriate viscosity. It has 

been found experimentally that ~ 9 to 10 % ethanol is required for obtaining smooth and 

uniform silica thin films. For this reason, after recovering the paste solution from the ball 

mill, the excess of ethanol is removed by rotary evaporation under vacuum at 70 °C. By 

tracking the weight of the paste product and the contents of the initial mixture, the 

ethanol content was monitored. The main solvent, α-terpineol, is less volatile than ethanol 

therefore during evaporation, α-terpineol remains in the paste material. The produced 

SiO2 paste is used the same day. 
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Preparation of films  

Microscopic glass slides from FisherBrandTm (25 mm x 75 mm x 1.0 mm) were 

cut to ~ 25 mm x 13 mm x 1.0 mm. The slides as well as the vials that inhabit the slides, 

were cleaned with a basic piranha solution, and then washed with Milli Q water and 

isopropanol. Drying was done at 100 °C in a conventional oven. In basic piranha 

solution, silanol groups are also introduced on the surface of the glass slides. Ultimately 

the adhesion of the SiO2 paste is improved after annealing by forming Si-O-Si bonds. 

Screen-printing of the silica paste described in the previous section on these substrates, 

after two applications and with a drying step on a hot plate (~ 100 oC) for 10 seconds 

between layers, the method resulted in films (1.0 cm2) with a thickness of ~ 4 to 6 m 

after annealing at 600 °C.  It is worth noting that the mesh needs to be properly cleaned 

before and after completing the deposition of the silica pastes with a white spirit solvent; 

and it should be fully dry before starting screen-printing the pastes. The process is 

repeated again to create a 2-layers film. 

 

Calcination and annealing 

Figure 2.2 shows the heat treatment adopted for annealing the SiO2 films and it is 

based on previous thermogravimetric data obtained for the combustion of α-terpineol and 

ethyl cellulose mixtures by a former student, Donald McGillivray, in our group (Figure 

2.3) [78]. 
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Figure 2.2. Heat treatment applied to the screen-printed SiO2 films during calcination 

 

Figure 2.3. TGA and DSC curves obtained under air (20 mL/min) at a temperature scan 

rate of 20 oC/min for paste containing ethanol, α-terpineol, ethyl cellulose and TiO2. 

Reproduced from Donald McGillivray’s Thesis Dissertation, 2013 [78]  
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Despite the different mass content because the paste formulation is different, the 

thermogram in Figure 2.3 obtained under air (20 mL/min) at a heating rate of 20 °C/min 

can be used to identify the main mass loss steps in the ethyl cellulose, terpineol, and 

metal oxide system. As shown, the mass loss vs. temperature plot shows a slight mass 

loss before 140 °C assigned to ethanol evaporation (boiling point 78 °C) and a nearly 

50% decrease in mass at ~200 °C attributed to the vaporization of α-terpineol (boiling 

point 217 °C). As shown, the combustion of ethyl cellulose with formation of CO2 and 

H2O takes place between ~360 °C and 400 °C. The remaining 20% of mass is the filler 

that in the case of McGillivray thesis was TiO2 [78]. This analysis demonstrates that the 

slides prepared in this study must be exposed to temperatures above 400 °C for sufficient 

combustion of the undesired paste components. 

The mass loss for the t-SiO2 sample occurs around 200-600 °C further 

demonstrating the need to calcine the sample films around 600 °C. Exposing the film to 

such high temperatures also improves the film’s adherence to the glass. This was 

confirmed by a tape test: the annealed film was immersed in water for a short period of 

time and failure to remove a significant amount of the film with tape adhesion was the 

result. Alternative flat support substrates to silica, such as quartz, could be used to 

increase the annealing temperature if desired. 

 

SiO2 surface functionalization (PEI@SiO2) 

Previous experiments showed that the adherence of the negatively-charged citrate-

capped Au Nps to the SiO2 particle films was low due to the alike surface charge of SiO2. 

In previous studies, this problem has been solved by adsorbing a cationic surfactant (PEI) 
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on the surface of SiO2 prior to the adsorption of the Au Nps [51]. Herein, the same 

approach was applied to the SiO2 particle film on silica with excellent results. The 

procedure is summarized in Figure 2.4. 

   

 

Figure 2.4. PEI functionalization of SiO2 particle and Au Nps adsorption. a) SiO2 particle 

film after annealing, b) PEI functionalized SiO2 particle film, c) adsorption of citrate 

capped Au Nps on PEI functionalized SiO2 particle films 

 

 

For the functionalization step, the annealed silica films were immersed in enough 

PEI solution (5 mg/mL) to completely cover the 1 x 1 cm square film (6 mL) for 1 hour 

with orbital stirring. In the PEI solution, the PEI and the SiO2 film interact 

electrostatically. Orbital stirring was used to help promote the self-assembly of the PEI 

polymer on the surface of SiO2 particles in the film, generating an excess of amine groups 

that will later interact with the negatively charged citrate-capped Au Nps. Sonication was 

recommended by the original paper; however, these conditions would disrupt the SiO2 

a) 
b) c) 
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film adherence to the glass slide. Each immersion contained an excess amount of PEI and 

was done twice to ensure surface saturation. After two immersions in fresh PEI solution, 

the slides were gently washed with deionized water. Further washing was done via 

immersion in deionized water three times with fresh deionized water each time and 1 

hour for each step. Washing is necessary to remove non-adsorbed PEI from the porous 

films and avoid Au Np aggregation during the Au Np deposition step. UV-vis 

spectroscopy was used to monitor the presence of PEI after multiple washes of the 

functionalized SiO2 film (PEI@SiO2). 

 In solution, Au Nps and PEI molecules interact with each other to form a PEI-Au 

aggregate that absorbs radiation in the UV-visible region and it can be used as an 

indication of PEI. As shown in Figure 2.5, after adding Au Np solution to the first wash 

generates a solution that exhibits a clear shift in the peak for Au to longer wavelengths, 

consistent with the presence of PEI in the washing solution, after three washing steps, the 

peak absorbance wavelength of Au in the water washing solution resembled that of the 

original Au NPs.  
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Figure 2.5. UV-Visible spectra of Au Nps solution used in the adsorption step (pink), PEI 

solution (black line), and solutions containing PEI after each washing step 

 

Au Np adsorption (Au @SiO2 films)  

To prepare the Au@SiO2 films, the washed PEI@SiO2 films were twice 

immersed in 7 mL of as-prepared aqueous Au Np solution for 2 hours each immersion. 

Au Np adsorption occurs while protected from light and is assisted with orbital stirring in 

fresh Au Np solution at each step. The produced Au@SiO2 films were then gently 

washed to remove excess gold, and then dried under nitrogen gas. UV-visible 

spectroscopy was also used to optimize the number of steps required to saturate the 

surface of the modified PEI@SiO2 film. After each step, an aliquot of the Au Np solution 

was removed from the immersion and analyzed with UV-Vis absorbance, assuming that 

the peak curve for the Au Nps before and after immersion will be similar (Figure 2.6).  

A 

B 
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Figure 2.6. UV-Visible spectra of Au Np solution used for the preparation of Au@SiO2 

substrates (broken grey line) and after a first (red) and second (blue) adsorption step. 

 

As shown in Figure 2.6, after two immersions, there is minimal variance in the 

absorbance in comparison to the Au Np solution. Similar results were obtained with three 

different substrates. To simply show the proof of concept, Figure 2.6 only shows this 

process for one sample. 
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Chapter 3: Nanomaterials and Films Characterization Studies  

SiO2 particles and Au Nps were synthesized using the methods described in 

Chapter 2. The as-synthesized materials after characterization were used to prepare SiO2-

based pastes to fabricate Au@s-SiO2 and Au@t-SiO2 thin films. Pastes were prepared 

and applied using a screen-printing approach the same day that the paste was prepared 

and annealed at high 600 °C. PEI functionalized SiO2 films were immersed in colloidal 

Au Nps solutions to produce Au@SiO2 Au decorated SiO2 particle films. The results of 

the characterization studies described in Chapter 2 are discussed below. 

 

3.1. Au Nps and SiO2 Particles   

3.1.1. SiO2 Samples Characterization Results  

As described in Chapter 2, SiO2 particles were synthesized via a base-catalyzed 

Stöber method to generate material with two types of textures, solid (s-SiO2) and textured 

(t-SiO2) particles. A surfactant, CTAB, was added to the reaction media to inhibit the 

growth of the SiO2 particles and introduce a textured surface on the SiO2 particles. The 

samples of t-SiO2 went through multiple washes in acetone to remove the surfactant and 

maintain access to surface pores.  The residual masses for s-SiO2 and t-SiO2 after 

combustion of organic capping ligands (Figure 2.1) are summarized in Table 3.1 along 

with a representative value from the literature.  

 

Table 3.1. TGA results for textured and solid SiO2 synthesized in this work.  

 

Material Mass Loss (%) at 1000 oC 

s-SiO2 2 to 3 

t-SiO2 10.7 (5.64 [77]) 
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Gundanna et al. [79] studied the decomposition of pristine CTAB and reported the 

temperature window as 220 °C to 320 °C. The combustion of CTAB may have occurred 

during the second mass loss step; the consecutive steps can be attributed to continued 

content loss. As shown, in Figure 2.1, the changes in the curve for t-SiO2 allows to 

identify all those mass loss steps, a first mass loss step in the temperature range of 100 °C 

to 200 °C; this mass loss of 1.0% is due to vaporization of adsorbed moisture. Following 

by subsequent steps at 200 °C to 400 °C (2.7%), 400 °C to 550 °C (3.7%) and then the 

slope of the curve begins to approach zero as the temperature approaches 800 °C (3.3%). 

The SiO2 product inevitably contains active silanol groups due to incomplete hydrolysis 

and condensation reactions during synthesis.  In a related study done by Javdani and 

collaborators, CTAB was one of the surfactants used as template to form mesoporous 

SiO2 nanoparticles sized ~100 nm. The team employed five methanol washes to remove 

the CTAB from the porous surface and quantified the CTAB content (5.64%)  using TGA 

[80].  The thermogram in Figure 2.1. shows a larger mass loss of CTAB on the t-SiO2 in 

comparison to the literature (Table 3.1.), which raises the concern of whether the residual 

CTAB on the t-SiO2 may impact the texture of the as prepared materials, and the 

preparation of pastes and films. This can be answered by obtaining the surface area of the 

t-SiO2 before and after calcination near the temperature of combustion for CTAB.  

 

Surface analysis  

To analyze the impact of the surface properties of the SiO2 samples on the 

properties of the SiO2 particles substrates and the SERS performance of the Au@SiO2 

substrates, nitrogen adsorption/desorption experiments were performed to determine the  
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Brunauer-Emmett-Teller (BET) surface area of the synthetic products. Typical nitrogen 

adsorption isotherms for s-SiO2 and t-SiO2 powder samples are shown in Figures 3.1A 

and B. 

 

 

Figure 3.1. Nitrogen adsorption isotherm for samples of (A) s-SiO2 and (B) t-SiO2 at 77K 

 

 

The nitrogen adsorption isotherms (77 K) collected for t-SiO2 and s-SiO2 particles 

can be analyzed using the IUPAC classification  (microporous (type I), nonporous or 

macroporous (types II, III, and VI), or mesoporous (types IV and V)) [81]. 

B 

A 
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 The nitrogen adsorption plot for the s-SiO2 particles indicates a non-porous 

structure (Type II isotherm). Despite being unexpected, the textured counterpart similarly 

displays a Type II isotherm typical of a solid material.  

The surface area determination was carried out using the BET equation: 

 

1

𝑊(
𝑃𝑜

𝑃
−1)

 =  
1

𝑊𝑚∙𝐶
+  

𝐶−1

𝑊𝑚∙𝐶
(

𝑃

𝑃𝑜)                                                                                        (3-1)  

 

where W is the weight of gas adsorbed at the relative pressure of  𝑃 𝑃𝑜
⁄  , Wm is the weight 

of the adsorbate at a monolayer capacity used to estimate the surface area, and the BET 

constant, C, accounts for the interactions between the sample and the adsorbate gas. 

Therefore, if the mass of sample and the cross-sectional area of the adsorbate gas (N2, 

16.200 Å²/molecule) are known, then the BET plot allows for the derivation of the 

monolayer capacity and the material surface area (m2/g). Figure 3.2 shows the  
1

𝑊((
𝑃0
𝑃

)−1)
  

vs. 𝑃 𝑃𝑜
⁄  in the range  𝑃 𝑃𝑜

⁄  of 0.05 to 0.35. The characterization results are summarized 

in Table 3.2. 
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Figure 3.2. BET plot of the nitrogen adsorption on (A) s-SiO2 on (B) t-SiO2 at 77 K 

 

 

 

Table 3.2. BET surface area for SiO2 particles used throughout this study  

  

SiO2 Type Surface Area (m2/g) 

s-SiO2 12.7 (28.0 [73])  

t-SiO2 5.0 

t-SiO2 (after heating one hour at 230 °C in air) 7.3 

Commercial m-SiO2 278 

 

 

A 

B 
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As expected the s-SiO2 particles have a surface area in the order of other SiO2 

samples prepared using the Stöber method as indicated in Table 3.2 [73]. Also, for solid 

SiO2, the BET surface area values are in very good agreement with calculated values 

obtained by assuming non-porous spheres with an average size of ~ 300 nm (see Figure 

3.3) and a density of 2 g/cm3 after considering that for SiO2 particles obtained using the 

Stöber method, densities between 1.8 to 2.2 g/cm3 have been reported) [73].  

As summarized in Table 3.2, the surface area for t-SiO2 is two orders of 

magnitude smaller than that for a commercial m-SiO2 sample with similar particle 

diameter comparable to s-SiO2. The pre-treatment adopted for the BET surface area 

determination, 6 hours under vacuum at 200 oC, was not the reason for the observed 

results, because there was no difference on the surface area of a representative t-SiO2 

sample, before and after calcination under air in a tubular oven at 230 °C.  This is surely 

associated to the CTAB to TEOS ratio used in this study as it was below the optimal 

range for obtaining a mesoporous structure [82, 83].  The amount of CTAB used is less 

than the critical micellar concentration (CMC) required for spontaneous formation of 

CTAB micelles in ethanol. In addition, it has been reported that the adsorption of CTAB 

can lead to aggregation of the SiO2 particles with a significant reduction on surface area 

[84], as confirmed in this thesis.   

 

Particle size and textural properties  

TEM images of the as-prepared s-SiO2 and t-SiO2 particles are shown in Figure 

3.3 and 3.4. As depicted in Figure 3.3(A), s-SiO2 particles were quasi-monodispersed 

with a smooth surface texture. The particle size distribution (PSD) plot for s-SiO2 is 
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shown in Figure 3.5 and is in good agreement with other studies related to silica particles 

obtained under similar experimental conditions [73]. An average particle size of 

324.51±46.18 nm with a distribution of smaller and larger size nanoparticles was 

attained.  

 

 

Figure 3.3. (A) TEM images of s-SiO2; Scale bar: 1 μm, and  (B) particle size 

distribution analysis of  synthesized s-SiO2 particles using ImageJ software [85] 

 

 

A 

B 
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In the case of t-SiO2 (Figure. 3.4), the presence of CTAB results in significant particle 

aggregation that forbid us to estimate an average particle size. However, the image in 

Figure 3.4B is clear evidence of textural differences between the two material. 

 

 

 Figure 3.4. TEM images of t-SiO2; Scale bars: (A) 1 μm, (B) 100 nm  

 

 

Additional TEM images of s- and t-SiO2 particles are shown in Figure 3.5. The 

differences in surface texture in these samples is notorious and in good agreement with 

images reported in previous studies [48, 73]. 

 

A B 
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Figure 3.5. TEM images of (A) s-SiO2, (B) t-SiO2, Scale bars: (A) 100 nm, (B) 50 nm  

 

3.1.2. Au Nps: Particle Size Analysis 

 TEM imaging is probably the best alternative to monitor the size of Au Nps; 

however, it has been shown in other studies, that UV-Visible spectroscopy can also 

provide an estimation of the Au Np size [10, 86, 87]. Herein, TEM was used to confirm 

the capability of UV-Visible spectroscopy for establishing the size of the Au Nps after 

each synthesis. TEM images of citrate-capped Au Nps are displayed in Figure 3.6A. The 

Au Nps were dispersed well, allowing for the PSD to be analyzed (Figure 3.6B). 

 

B A 
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Figure 3.6. (A) TEM image of colloidal Au Nps sized (3-5 nm); Scale bar: 20 nm. (B) PSD 

analysis of Au Nps in TEM image completed with 53 spherical particles on the ImageJ 

software [85]. 

 

 The Au Nps are spherical in shape. The analysis of the PSD reveals that the 

average diameter size in the Au Np in the colloidal solution is 4.25±0.68 nm, agreeing 

with other studies where a similar synthetic approach has been used [88, 89].  The 

position of the surface plasmon absorption maximum for Au Nps is directly influenced by 

its particle size, interparticle distance and interactions, and the dielectric properties of the 

A 

B 
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local environment [90]. In Figure 3.7, the Au Nps solution shows a well-defined 

absorbance band centered at 511 nm which is typical of spherical non-aggregated Au Nps 

of 5 nm diameter size [87, 90]. 

 

Figure 3.7. UV-Vis absorption spectrum of aqueous colloidal Au Nps sized 3-5 nm 

 

The extinction efficiency is dependent on the surface plasmon resonance 

wavelength of the Au Np for sizes between 2.5 and 100 nm; and the position of the 

surface plasmon resonance peak increases with increasing diameter size [91].  

The good agreement with the wavelength position of the maximum plasmon 

absorbance for the Au nanoparticles in solution was taken as an indication that UV-

visible measurements could be used as a good estimation of the reproducibility of the 

synthetic approach, and Au loadings on the silica films,  mainly in the case of well-

dispersed nanoparticles as a consequence of the electrostatic repulsive forces introduced 

by the citrate capping ligand [92].  
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Haiss et. al [91] established an equation to determine the particle size of Au Nps 

from 5-50 nm based on the SPR absorbance of the material, Aspr, the initial concentration 

of Au, cAu used in its synthesis, and TEM independent studies for the determination of 

accurate particle size. The proposed equation to estimate the average particle size, d, is 

defined below: 

 

𝑑 = ( 
𝐴𝑠𝑝𝑟(5.89𝑥10−6)

𝐶𝐴𝑢 exp(𝐶1)
)

1
𝐶2

⁄

                                                                                               (3-2) 

 

where C1 and C2 are empirical fitting parameters. It has been proposed that using the molar 

volume and the density of Au Nps in combination with the regression equation; the 

experimental values (C1 = -4.75, C2 = 0.314) can be optimized and the error in the 

calculated particle diameters reduced to ~6%.  In this thesis, the average value obtained for 

three independently syntheses of Au Nps came to 4.73 ± 1.06 nm (experimental parameter 

values), and 4.32 ± 1.01 nm (optimized equation). An illustration of the similarities 

amongst the calculated diameter values determined with experimental parameters, 

theoretical parameters, and TEM analysis is shown in Figure 3.8. The calculated values fall 

within the range of the particle diameter sizes found through TEM analysis. For this reason, 

the UV-Visible spectra of the synthesized Au Nps was used as a fast size characterization 

method of the Au Nps obtained after each synthesis.  
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Figure 3.8.  Average particle size for Au Nps in solution obtained using TEM images 

(pink), and Eq. 3-2 with experimental C1 and C2 parameters (blue) and optimized C1 and 

C2 constants (green). Particles obtained from three independent synthesis. 

 

3.2. Rheological Properties of SiO2 Pastes 

 The previously prepared SiO2 particles were used to prepare the SiO2 pastes to be 

used for the preparation of films on silica substrates using a screen-printing approach. 

The quality of the films obtained with this approach is strongly dependent on the 

rheological properties of the paste and consequently the paste formulation. A viscosity 

versus shear rate plot for SiO2 pastes reported in the literature is shown in Figure 3.9 [77]. 

The formulation identified as the best combination is relatively simple (~ 50 wt% SiO2 

(filler), ~ 6 wt% ethyl cellulose (binder), and 44 wt% -terpineol (solvent)).  

 



62 

 

 

Figure 3.9.  Viscosity vs. shear rate curve for literature paste systems containing 50 wt% 

of filler (3 μm SiO2, 3 μm silane-functionalized SiO2, or a dielectric powder) and the same 

binding agent (ethyl cellulose), and organic solvent (α-terpineol) used in this work at 6 

wt% and 44% respectively. Reprinted from J. Mater. Process. Technol., 197, Lin, H.C., C.; 

Hwu, W.; Ger, M., The Rheological Behaviors Of Screen-Printing Pastes, p. 7., Copyright 

(2007), with permission from Elsevier. 

 

However, preliminary experiments carried out with commercial fumed silica in 

this study showed that 50 wt% SiO2 result in very thick films with just one layer, then the 

silica content was reduced to ~ 20 wt% to be able to produce thinner films, and be able to 

apply more than one layer that it is expected to will reduce the number of defects. Ethanol 

was also added to be able to get uniform pastes because of the differences in mill systems 

(Literature: three-roller mill, this work: ball mill). It was now vital to monitor the amount 

of ethanol in the paste that would enable non-Newtonian behaviour while limiting 

uncontrollable spreading during the screen-printing process.  These preliminary results 

are shown in Figure 3.10. 
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Figure 3.10 Viscosity vs. shear rate curve for paste systems prepared with 20% t-SiO2 

particle filler (Orange) and 20% Commercial fumed SiO2 (0.2-0.3 μm) (Black) 

 

The viscosity vs shear rate curves obtained by Lin et al. [77] experiences a 

significant drop at a low shear rate, and continue to slowly decrease as the shear rate 

increases; it was reported as indicative of shear-thinning behaviour caused by weakly 

attracted interactions. The surface properties of the filler play an important role on the 

paste viscosity; thus, it was not expected for the solid-like particles synthesized to ~325 

nm in this work or the porous particles purchased at ~ 240 nm to follow the exact curve 

of the literature which used a particle of a much larger diameter as a filler, nonetheless a 

similar trend was observed (Figure 3.10). The wt% SiO2: wt% EC was kept identical as 

reported in the literature work shown in Figure 3.9, and even with a lower wt% of filler, 

the decreasing viscosity pattern of the commercial fumed SiO2-based paste was similar to 

the paste system studied by Lin et al. The same was observed for the t-SiO2 pastes, 

indicating that the paste was similar rheological behaviour to the fumed SiO2 although, 

the curve is not expected to be identical as the filler in each paste is different and the 
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amount of ethanol may vary slightly between each system. Based on these preliminary 

studies, pastes with the formulation summarized in Table 3.3 were used for the 

preparation of all the films in this thesis.  

 

Table 3.3. Composition of the initial SiO2 paste and with the addition of ethanol 

Reagent Wt% (w/o EtOH) Wt% (w/ EtOH) Role 

α-terpineol 70 64 Solvent 

Ethyl Cellulose 10 9 Binding Agent 

SiO2 Np 20 18 Filler 

Ethanol --- 9 Co-solvent 

  

 

3.3. SiO2 andAu@SiO2 Films Physical Characterization Studies 

 The morphological properties of each SiO2 film prior to deposition is important to 

analyze the impact of the inert silica support on the SERS performance of Au Nps. 

Profilometry was used to measure the film thickness and, obtaining the arithmetic 

average deviation (Ra) using 3-D surface topographic data to investigate differences in 

surface roughness:  

 

𝑅𝑎 =  
1

𝑛
∑ |𝑦𝑖|

𝑛
𝑖=1                                                                                                             (3-3) 

 

where n, is the number of measurements, and y is the absolute value of profile departure 

(film height) [93]. 3D profilometric images were obtained for screen-printed s-SiO2 and  

t-SiO2 films after calcination at 600 oC before and after Au Nps adsorption. Tables 3.4 
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and 3.5 summarizes these surface morphological features; the profilometer images can be 

found in Appendix A2.    

 

Table 3.4. Summary of film topographic morphology for screen-printed two-layer SiO2 

films on glass slides.  

 

Type of SiO2 Roughness/Ra (μm)# Thickness (μm)# 

Solid Surface Structure 0.378 ± 0.001 2.35 

Textured Surface Structure 0.627  ± 0.022 4.28 
# Average of two determinations 

 

 

Table 3.5. Summary of film topographic morphology for Au@s-SiO2 and Au@t-SiO2 

films  

 

 

Au@SiO2 film 

 

Roughness/Ra (μm)# Thickness (μm)# 

Estimated Au 

Nps layer 

thickness (μm) 

Solid Surface 

Structure 
0.244 ± 0.001 4.35 2.00 

Textured Surface 

Structure 
0.567 ± 0.007 6.06 1.78 

# Average of two determinations 

 

As presented in Table 3.4, the Ra value for the t-SiO2 films at 0.627 ± 0.022 μm is 

noticeably higher by ~60% in comparison to the s-SiO2 films that have a Ra value of 

0.378 ± 0.001 μm. It is anticipated that there is a random distribution of SiO2 particles 

within each film which will generate interparticle gaps and the SEM images of the s-SiO2 

film in Figure 3.11 and t-SiO2 film in Figure 3.12 clearly show the differences.  

The t-SiO2 films exhibit enhanced roughness due to the occurrence of naturally larger 

aggregates in the starting SiO2 materials and consequently in the final films; this is surely 

the reason for the differences in roughness and film thickness between t- and s-SiO2.  
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Once the Au Nps are deposited onto the SiO2 films, there is a 37% and an 8% reduction 

in the surface roughness for Au@s-SiO2 (Ra = 0.244 ± 0.001 m) and Au@t-SiO2, 

(0.567 ± 0.007 m), respectively.  

The thickness of the s-SiO2 film was nearly 7 times the average size of the 

individual s-SiO2 particles (Figure 3.3), confirming that the coating of the SiO2 is a 

multilayer system. Comparing the two particle films, the t-SiO2 films are approximately 2 

μm thicker than the s-SiO2 films; the SEM images in Figure 3.12 shows a larger number 

of aggregates of varying sizes which is not observed for the s-SiO2 (Figure 3.11) 

demonstrating that the particle size will change the film morphology. Based on other 

studies, it is expected that the SiO2 films structure will have a unique effect on the surface 

plasmon excitation effect of Au Nps [12].  

Although both the Au@s-SiO2 and Au@t-SiO2 were prepared with the exact same 

procedure, the loading of Au Nps may have led to the formation of larger Au 

nanostructures on the s-SiO2 film than on the t-SiO2 film as indicated by the difference in 

film thickness between the two systems after Au deposition. The differences will impact 

the SERS activity of these two substrates based on other studies [12, 51, 53, 94, 95]. 

Quantifying the Au Nps on the film will also better conclude that. Semi-quantification of 

the film Au content can be done using EDX analysis. 

 

  



67 

 

     

     

     

      

 

Figure 3.11. SEM images of a s-SiO2 film surface before (left) and after Au adsorption 

(right). 
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Figure 3.12. SEM images of a t-SiO2 film surface before (left) and after Au adsorption 

(right). 

 

EDX analysis for surface content qualitative analysis 

 The elemental composition was determined by energy-dispersive X-ray (EDX) 

spectroscopy analysis to gain insight towards the Au Np content on the Au@SiO2 films. 

The EDX spectra shows the points of where a specific element exists, which provides a 

distribution of material on the selected area. This is shown for Au@SiO2 films composed 
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of s-SiO2 in Figure 3.13 and t-SiO2 particles in Figure 3.14. Only the major constituents 

are highlighted in both figures. 

 

  

  

 

Figure 3.13. Surface morphology and elemental mapping of the Au@s-SiO2 

nanostructured film. Top: (A) Electron SEM image (B) EDX layered image and Bottom: 

corresponding elemental mapping via energy-dispersive X-ray spectroscopy semi-

quantitative analysis. 
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Figure 3.14. Surface morphology and elemental mapping of the Au@t-SiO2 

nanostructured film. Top: (A) Electron SEM image (B) EDX layered image and Bottom: 

corresponding elemental mapping via energy-dispersive X-ray spectroscopy semi-

quantitative analysis 
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EDX analysis was used to estimate the elemental composition of the films 

(surface). Both Au@t-SiO2 and Au@s-SiO2 films were examined at three different 

samples. A summary of the average weight percent (wt%) composition for the films 

analyzed are shown in Table 3.6 for Au@s-SiO2 and Table 3.7 for Au@t-SiO2. For both 

the Au@t-SiO2 and Au@s-SiO2 films, Au is shown to be evenly distributed where there 

is large accumulation of particles and limited detection of Au was observed in the 

crevices. The composition analysis confirms that Au, Si and O are present on the film 

which is surely associated to the SiO2 particles in the film, even when it is worth noting 

that films are deposited on glass slides. The Si: O ratio is nearly 1:1, while the relative 

amount of Au to Si by wt% is nearly 1:4. Carbon and sodium are surely the result of 

contamination associated to the use of sodium citrate as capping ligand in the preparation 

of Au Nps for stabilization.  

 

Table 3.6. EDX composition analysis of 3 sample Au@s-SiO2 films 

Element Weight (%) 

Oxygen 44.43 

Silicon 43.43 

Gold 11.83 

Sodium 0.33 

 

Table 3.7. EDX composition analysis of 3 sample Au@t-SiO2 films  

Element Weight (%) 

Oxygen 44.53 

Silicon 43.10 

Gold 10.17 

Sodium 0.13 

Carbon 2.03 
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On average the wt% of Au on Au@s-SiO2 in comparison to Au@t-SiO2 is slightly 

higher, 12 wt% vs 10 wt%, respectively. This would suggest that any difference in SERS 

performance between the two substrates may be linked more likely to the distribution of 

Au on the porous structure of the SiO2 films than to the Au content itself.  

 

Au loadings on SiO2 films  

The slight broadening and red shift of the maximum of absorbance in the 550-700 

nm range in the spectrum of a representative Au@SiO2 film (Figure 3.15) indicates the 

formation of Au Nps aggregates at the surface of the SiO2 films. With aggregation, the 

inter-particle distance of Au Nps is decreased, introducing the dipole-dipole interactions 

between particles that result in a red shift in the SPR wavelength and eventually stronger 

SERS intensity. The differing curves displayed by each sample suggests that the 

distribution of the Nps are not exactly alike. The film shows an absorbance peak ~480 nm 

and a peak at ~560 nm. Every analyzed sample of the Au@SiO2 films contain these 

distinct peaks with ranging intensity strength. 

 Studies have shown that the refractive index of the surrounding medium of Au Np 

samples will influence the surface plasmon resonance wavelength and the absorbance 

[91]. Furthermore, transitioning from Au Nps in water to Au Nps adsorbed on 

functionalized SiO2 in air, will affect the absorbance exhibited by the material. 
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Figure 3.15. UV-visible absorption spectrum of aqueous colloidal Au Nps (sized 3-5 nm) 

and a representative Au@SiO2 film 

 

Conclusions for this chapter 

In conclusion, two 3D rigid screen-printed thin film substrates were fabricated 

and characterized. Two types of SiO2 microspheres were used to prepare pastes: solid and 

textured surface SiO2 spheres, the latter prepared in the presence of CTAB. The particle 

diameter sizes of the SiO2 particles and Au Nps were examined with TEM imaging, 

where the t-SiO2 images alluded to the formation of a textured surface and significant 

aggregation. The composition of the final screen-printing pastes prepared with these SiO2 

particles was ideal for the preparation of almost defect-free films as shown by the low 

magnification SEM images included in this chapter.  

After annealing, s-SiO2 and t-SiO2 films were fully characterized. The thickness 

and roughness were determined by optical profilometry, SiO2 particle film structures and 
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Au distribution/Au content determined by SEM/EDX analysis. These are preliminary 

assessments; the film porosity and Au content must be studied further with more sensitive 

techniques in the future, for instance ellipsometric porosimetry, and inductively coupled 

plasma - mass spectrometry (ICP-MS). 
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Chapter 4: Au@s-SiO2 and Au@t-SiO2 SERS Evaluation 

This chapter summarizes the studies carried out to evaluate the performance of 

SERS substrates prepared and characterized using the materials and methods described in 

Chapters 2 and 3. Au@s-SiO2 and Au@t-SiO2 films deposited on glass slides using 

screen-printing. These substrates were characterized using an inVia Renishaw system 

with a 532 nm excitation laser, and rhodamine 6G (R6G) as a target analyte (Section 1.7).  

 

4.1. SERS Evaluation of Au@s-SiO2/silica and Au@t-SiO2/silica Substrates 

There have been previous studies regarding successfully functionalizing SiO2 Nps 

with PEI to create an Au Nps shell around amino-functionalized SiO2 particles. With that 

being said, to the best of our knowledge, there are little to no studies investigating the 

SERS performance of this type of system on screen-printed SiO2 particle film on silica 

slides. For this reason, a performance assessment for both Au@s-SiO2/silica and Au@t-

SiO2/silica SERS substrates have been carried out using R6G to evaluate the impact of 

the SiO2 particle surface and film properties on the SERS response and reproducibility in 

the same film and between different substrates.  

 

4.2. SERS Analysis Using R6G - Adsorption Time Experiments to Define the 

Evaluation Conditions 

Preliminary time adsorption experiments were performed by immersing different 

Au@SiO2 slides in 1 μM R6G solution for 10 s, 30 s, 60 s, 120 s, and 300 s to set the best 

conditions for the SERS characterization studies (Figure 4.1). 
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The results show 5 minutes immersion time provides a strong signal in a 

reasonable time, and extending the immersion time will not represent a significant 

improvement. The slides were then immersed in the solution for 5 minutes, and then let to 

dry under the microscope in complete absence of light, after removing any excess of 

solution on the glass slide surrounding the Au@SiO2 film, but without touching the Au 

film. The SERS experiments were completed with a Renishaw inVia Raman 

Spectrometer equipped with a 532 nm solid state laser source. Standard aqueous solutions 

of R6G were prepared in a concentration range of 10-3 M to 10-8 M. For the Raman 

acquisition spectra, the following conditions were used: 0.5% laser power of 50 mW 

nominal power (0.25 mW), 10 s exposure time, 10 accumulations, and 50x magnification.  

 

4.3. SERS Substrates Evaluation: Point-to-Point Signal Reproducibility  

One of the major problems faced when preparing Au film on functionalized glass 

substrates (Appendix A1) was the lack of signal reproducibility between samples, and the 

relatively high LoD (0.1 mM).  For this reason, the first step in these studies was to 

analyze the SERS signal reproducibility of the Au@s-SiO2/silica and Au@t-SiO2/silica 

substrates and evaluate the LoD and LoQ.  

Signal reproducibility was evaluated by collecting 8 spectra for a R6G (1 M) 

solution at 8 different points, in a single slide, for a total of 6 individual samples of each 

type of substrate (Au@s-SiO2 and Au@t-SiO2). The spectra are shown in Figures 4.2 and 

4.3. Significant characteristic peaks are observed in both films at 613, 774, 1127, 1310, 

1362, 1507, 1649, and 1573 cm-1, associated to C-C-C in plane bending, CH out plane 
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bending, CH in plane bending, C2 stretching, C2 stretching and 1573 cm-1 is the result of 

CO stretching (Table 1.1).  

 

 

 

Figure 4.1. (A) SERS signal at 613 cm-1 vs immersion time for R6G (1μM R6G) and (B) 

SERS spectra for R6G (1 μM) at increasing immersion times (10, 30, 60, 120, and 300 s).  

A 

B 
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Figure 4.2. SERS spectra collected for 1 μM of R6G at 8 randomly selected sites close to 

the centre of a representative Au@s-SiO2 film. Acquisition parameters: 50 mW of 532 nm 

excitation at 0.5% power, 10 second integration for 10 accumulations 50x magnification 

 
Figure 4.3. SERS spectra collected for 1 μM of R6G at 8 randomly selected sites close to 

the centre of a representative Au@t-SiO2 film. Acquisition parameters: 50 mW of 532 nm 

excitation at 0.5% power, 10 second integration for 10 accumulations 50x magnification 

 

613 cm-1 

613 cm-1 



79 

 

 

The band at 613 cm-1 was used for the comparison, and the results are summarized 

in Tables 4.1 and 4.2 for Au@s-SiO2/silica and Au@t-SiO2/silica, respectively. The spectra 

were collected from 200 cm-1 to 1900 cm-1 at 0.5% laser power, 10 s exposure time, and 

10 accumulations. 

 

Table 4.1. Average absolute intensities of the 613 cm-1 band measured for a 1 μM R6G 

solution on multiple Au@s-SiO2 films 

 

Average Abs. 

Intensity @ 

613 cm-1 

Standard 

Deviation 

Relative 

Standard 

Deviation 

Maximum Minimum 

2071 204 10% 2281 1651 

2797 456 16% 3692 2306 

5365 201 4% 5661 5048 

3200 218 7% 3430 2881 

4511 360 8% 4970 3954 

4738 259 5% 5084 4265 

 

Table 4.2. Average absolute intensities of the 613 cm-1 band measured for a 1 μM R6G 

solution on multiple Au@t-SiO2 films 

 

Average Abs. 

Intensity @ 

613 cm-1 

Standard 

Deviation 

Relative 

Standard 

Deviation 

Maximum Minimum 

2732 535 20% 3586 2087 

2069 250 12% 2490 1746 

3098 1575 50% 4741 1193 

2165 159 7% 2388 1901 

3487 312 9% 3895 2983 

4046 441 11% 4545 3255 

 

 As shown, the relative standard deviation (% RSD) values for the experiments 

with Au@s-SiO2 are within 5 and 16% (Table 4.1), with an average intensity value of 

3776  270 cm-1 and average % RSD of 8%. These results are in the range of literature 
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coefficient variation values reported for uniform substrates; this suggests that the 

repeatability for the Au@s-SiO2 slides is good [56].  

In contrast, the Au@t-SiO2 substrates (Table 4.2) had much larger values for the 

coefficient of variation for individual slides; with reasonable low values, 7-12 % RSD, 

and extremely high % RSD, 20-50. The average % RSD for the Au@t-SiO2 is 18% that 

includes one point with an extremely large % RSD value that is likely not representative 

of this group of samples. Based on other studies, this might imply that the distribution of 

hot-spots on the t-SiO2 substrates may not be as uniform as the s-SiO2 film.   

 

SERS Mapping 

 Alternatively, the reproducibility on the SERS spectra was analyzed using SERS 

mapping to avoid arbitrarily selecting the points to be analyzed and any bias in the results. 

The automatic mapping method was used here to estimate the differences in the distribution 

of hot spots on the substrate surface. Unless stated otherwise, all Raman spectral images 

were collected with the same instrument with the following static scan conditions: 0.5% 

laser power of 50 mW nominal power, 10 s exposure time, 1 accumulation, and 50x 

magnification. These Raman measurement settings were chosen as a compromise to 

compensate for the long-time duration that comes with mapping, but it is likely that the 

signal-to-noise ratio in each measurement would not be as good as in the other 

determination where 10 accumulations and 10s exposure time were used for the spectra 

acquisition. Spectra were analyzed using Origin Pro 2022 software. SERS Mapping of the 

Au@s-SiO2 films at 10 μM R6G concentrations are shown alongside Au@t-SiO2 at the 

same concentration in Figure 4.4.  
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Figure 4.4. SERS mapping of R6G (10 M) on (A) Au@s-SiO2 and (B) Au@t-SiO2 

substrates. Analysis was completed on an area of 21 x 21 μm2.   

 

The small square areas indicate the location where the analyte was probed using the 

intensity of the 613 cm-1 band for the comparison, and the different colour scales represent 

differences in intensity between the given ranges (right and left scales). For constructing 

these mapping images, 441 spectra were collected with 1 μm steps in an area of 21 x 21 

m2, 1 accumulation per spectra, and 10 second exposure time. The confidence interval is 

reported as % RSD, coefficient of variation. 

In the case of the Au@s-SiO2, most of the area show high SERS intensity signals, 

when compared with the Au@t-SiO2 for which many regions show very low SERS 

activity. The images are consistent with the differences in the coefficient of variations for 

the Au@s-SiO2 and Au@t-SiO2, 18 and 29 % RSD, respectively. The larger % RSD 

values when compared with those in Tables 4.1 and 4.2 were assigned to the spectra 

collection conditions (0.5% laser power, 10 s exposure time, 1 accumulation). The 

differences exhibited between each film type can be associated to the less homogenous 

films in the case of t-SiO2 (Figures 3.12).  Additional SERS Mapping of the Au@s-SiO2 

films at different R6G concentrations are shown in Figure 4.5.  

1407 

405 

2276 

451 

Avg Abs Intensity: 1397± 18% Avg Abs Intensity: 387± 29% 

10 μm 

A B 
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Figure 4.5. 21 x 21 μm square area SERS mapping of R6G coated on Au@s-SiO2 film 

SERS substrates, at the associated concentration. Analysis was completed to the absolute 

intensity of the 613 cm-1 R6G band. 441 spectra were obtained with 1 μm steps, 1 

accumulation, and 10 second exposure time 
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Each image shown in Figure 4.5 displays small regions of weak SERS activity 

(black squares). Majority of the analyzed area show high SERS intensity signals as a 

result of efficiently formed SERS hot-spots. The figure also shows that as the 

concentration of analyte increases (1-1000 μM), the spatial variability was greatly 

reduced. 

Mapping with a larger step was also performed in an attempt to cover larger areas. 

In Figure 4.6, SERS mapped images of Au@t-SiO2 are displayed with 5 m steps rather 

than 1 m steps to increase the distance between each spectrum and avoid overlapping in 

laser interaction limiting the exposure of adsorbed R6G to the laser beam during analysis 

at each spot. At 1 μM R6G, the % RSD for Au@t-SiO2 is less than that of the Au@s-

SiO2 film. This type of mapping better emphasizes the variation in hot spot formation on 

the Au@t-SiO2 film, further proving Au@s-SiO2 to be the better substrate. 
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Figure 4.6. SERS mapping of R6G coated on Au@t-SiO2 film SERS substrates: (left) 0.1 

and 1 μM on a 21 x 21 μm2 area (1 μm steps, 1 accumulation) and (right) 0.5 μM on a 50 

x 50 μm2 area (5 μm steps, 4 accumulations) 1 second exposure time. Analysis was 

completed to the absolute intensity of the 613 cm-1 R6G band.  
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4.4. SERS Substrates Evaluation: Signal Repeatability Between Substrates  

Analytical repeatability is an important figure of merit in analytical chemistry.  

Along with the good point-to-point reproducibility, slides must show a good 

reproducibility between slides, since differences in SERS-EF between substrates can 

result in errors when quantifying species in solution. The sample-to-sample variability of 

the Au@s-SiO2 and the Au@t-SiO2 slides in this study is well illustrated with the 

waterfall SERS spectra from 8 sample films (Figure 4.7). 

Unfortunately, the substrate-to-substrate reproducibility expressed in terms of the 

% RSD of determination on six independent slides (data points in Tables 4.1 and 4.2) are 

34 and 26% for Au@s-SiO2 and Au@t-SiO2, significantly higher than the values 

obtained for the point-to-point reproducibility, 8 and 18%, respectively.  Because of time 

constraints, the following studies were aimed to establish the substrates performance by 

establishing other figures of merit such as sensibility, limit of detection, and limit of 

quantification, instead of trying to optimize the substrate-to-substrate reproducibility. The 

statistical data shown so far was performed with 6 random spatial SERS responses 

measured manually. As it was mentioned, SERS mapping was accomplished to obtain 

numerous spectra (441) for each acquisition on a single slide. These data were used to 

perform one-way ANOVA tests [96] to evaluate the statistical difference between both 

type of substrates (Au@s-SiO2 and Au@t-SiO2). However, the SERS data failed the 

Shapiro-Wilk normality test (P <0.050) in both film types; showing that the data sets 

were not normally distributed. For this reason, the nonparametric Kruskal-Wallis One-

Way ANOVA test was adopted for the analysis. Detailed descriptions of these statistical 

tests are found in the bibliography [96, 97]. 
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Figure 4.7. Waterfall SERS spectra of 1 μM R6G from 6 sample films of Au@t-SiO2 (A), 

and Au@s-SiO2 (B). Each spectrum is an average of 8 measurements taken on each film. 

Spectra obtained with following Raman parameters: 50 mW of 532 nm excitation at 0.5% 

nominal power and 10 second integration time for 10 accumulations 50x magnification.  

A 

B 

613 cm-1 

613 cm-1 
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The test found that the differences in the median values of the absolute SERS 

intensity among four different samples of Au@s-SiO2 are greater than would be expected 

by chance, thus there is a statistically significant difference amongst the samples 

(H = 804.163, P = <0.001). For the Au@t-SiO2 substrate, the test also revealed that there 

is a statistically significant difference among the Au@t-SiO2 samples (H = 761.782,   

P = <0.001). The results allow to conclude that there is a strong difference between the 

signals obtained on different samples of the same film type and establish the lack of 

signal reproducibility between samples. 

 

4.5. Sensitivity, Limit of Detection and Limit of Quantification Determination for 

Au@s-SiO2 and Au@t-SiO2 

The SERS spectra for both the Au@t-SiO2 and Au@s-SiO2 system are shown in 

comparison to the background signal of the Au@SiO2 substrate measured in substrates 

immersed in water instead of R6G solutions (blank) in Figure 4.8. The blank has a 

consistent signal peak that occurs around 1500-1700 cm-1. This peak overlaps with several 

vibrational bands of R6G (Table 1.1), but the SERS signals are so strong even for a low 

concentrations R6G solution (0.1 μM) that the vibrational bands for R6G are clearly visible 

in both substrates Au@s-SiO2 and Au@t-SiO2. 

 For the sensitivity, limit of detection and limit of quantification determination for 

Au@s-SiO2 and Au@t-SiO2, SERS spectra for R6G solutions between 0.05 μM and 1000 

μM were collected for both type of substrates on 5 positions in each substrate. These spectra 

were collected under the following conditions: 0.5% power of a 532 nm 50 mW excitation 

laser, 10 second integration time, 10 accumulations, and 50x magnification. Spectra at 5 
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points were collected and averaged for each solution. Figures 4.9A and 4.10A show the 

spectra collected at five different points for Au@s-SiO2 and Au@t-SiO2 at each 

concentration.  

  It is worth noting that although the Au SERS-active nanoparticles deposited on 

silica glass (Appendix A1) and on the synthesized SiO2 particle film are the same, the 

sensitivity of the latter is significantly higher. This is attributed to the difference in 

morphology between the two systems, where the roughened structure that is introduced to 

the Au@SiO2 films is beneficial.  

 

Figure 4.8. Comparison of SERS spectra collected with the Au@t-SiO2 (orange) and 

Au@s-SiO2 (blue) systems at 0.1 μM. Black line corresponds to the Au@s-SiO2 film. The 

SERS intensity scale bar is 500 A.U. Laser λ: 532 nm; laser power: 25 mW 
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The calibration curves log [SERS signal] vs log [concentration] are shown in Figure 

4.9 and 4.10, along with the best linear regression fit to the experimental data (Eq. 4-1).  

 

log(𝑆𝐸𝑅𝑆 𝑠𝑖𝑔𝑛𝑎𝑙) = log(𝑏) + 𝑚 ∗ 𝑙𝑜𝑔([𝑅6𝐺])                                                           (4-1) 

 

In this case, both the peak height and the signal integrated area after baseline correction 

were used for the calibration curves. The intensities used to create the linear regression 

curves correspond to average values of spectra collected at five positions. As shown, the 

calibration curves in the figures follow the expected linear trend as the intensity increases 

with the concentration. Regression parameters and correlation coefficient (R2) are 

summarized in Table 4.3. The point for 0.1 μM was excluded from the calibration curve 

since it seems to be outside the linear range for this substrate. SERS observations frequently 

result in nonlinear intensity variations with concentration at very low or very high 

monolayer coverage [98].  
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Figure 4.9. (A) SERS spectra of R6G measured at increasing concentrations (0.1 μM to 

1000 μM) on Au@s-SiO2 films. Calibration curve for R6G analyzed on Au@s-SiO2 films 

at a concentration range of 1000 μM to 1 μM obtained using (B) Peak height at 613 cm-1 

and the respective (C) peak integration area  

 

10x 

A 

B C 
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Figure 4.10. (A) SERS spectra of R6G measured at increasing concentrations (0.05 μM 

to 10 μM) on Au@t-SiO2 films. Calibration curve for R6G analyzed on Au@t-SiO2 films 

at a concentration range of 0.1 μM to 10 μM obtained using (B) Peak height at 613 cm-1 

and the respective (C) peak integration area  

 

Table 4.3. Regression analysis summary for calibration curves collected on both t-SiO2 

and s-SiO2 systems. 

 

 Au@t-SiO2 Au@s-SiO2 

 Slope R2 
y-intercept 

log(b) 
Slope R2 

y-intercept 

log(b) 

Integrated 

Peak area 
0.3924 0.9991 6.540 0.3050 0.989 6.312 

Peak Height 0.4116 1 5.803 0.2778 0.986 5.323 

A 

B C 
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 The SERS-EF is used extensively in the literature to report the performance of 

new substrates [60, 99-102]; however, there is some controversy regarding its validity as 

an ideal metric for comparison between substrates prepared using different methods [22, 

62, 103]. For this reason, in this thesis, the sensitivity, limit of detection (LoD) and limit 

of quantification (LoQ) will be used as figures of merit. Figures 4.9 and 4.10 display the 

calibration curves used to calculate these three parameters for both substrates. 

In accordance to IUPAC guidelines, the minimal acceptable signal intensity to assess 

whether R6G is in solution (LoD) must be three times greater than the standard deviation 

of the blank signal: 

 

𝑆𝑚 =  𝑆𝑏𝑙
̅̅ ̅̅ + 3 ∗ 𝑠𝑏𝑙                                                                                                        (4-2) 

 

LoD = 10(
𝑙𝑜𝑔(𝑆𝑚)−𝑙𝑜𝑔(𝑏)

𝑚
)
                                                                                                 (4-3) 

 

where, 𝑆�̅�𝑙, is the average signal in the blank, and 𝑠𝑏𝑙 is the standard deviation in the 

signal of several blank measurements. On the other hand, the LoQ is the minimum 

concentration at which quantitative measurements can be made. This is described as ten 

times the standard deviation in the blank signal: 

 

LoQ = 10
(

log (𝑆𝑏𝑙
̅̅ ̅̅ ̅+10∗𝑠𝑏𝑙)−𝑙𝑜𝑔(𝑏)

𝑚
)
                                                                                        (4-4) 
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The LoD and LoQ values for the respective substrate (Au@s-SiO2 and Au@t-SiO2) can 

be found in Table 4.4. The timeframe of the thesis did not allow for the preparation of 

additional slides to carry out measurements in more dilute regions and use the most 

conventional linear signal vs. concentration plots for the determination of the LoD and 

LoQ. Instead, these figures of merit were obtained from log-log regression plots using the 

peak height of the analyte and blank signals at ~613 cm-1 for the analysis. It is highly 

likely that the Au@s-SiO2 film can detect R6G at concentrations lower than 0.1 μM as 

implied by the LoD in Table 4.4; however, this was not confirmed experimentally due to 

time restriction.   

Table 4.4. Summarized figure of merits acquired by quantitative analysis of the peak 

height of the 613 cm-1 band  

 

Substrate LoD (M) LoQ (M) Sensitivity 

Au@s-SiO2 3.00x10-10 1.62x10-8 0.278 

Au@t-SiO2 2.58x10-8 3.81x10-7 0.412 

 

Any attempts to estimate the SERS-EF using different type of approximations to 

calculate the number of Au Nps in the films, and adsorbed R6G molecules on the Au 

surface resulted in unrealistic and highly unexpected values, probably due to the 

assumptions required when calculating the SERS-EF. For this reason, only the LoD and 

LoQ are reported in Table 4.4.  

The calibration curve for the Au@s-SiO2 films led to an LoD calculation two 

orders of magnitude lower than the one obtained for the Au@t-SiO2 film and an LoQ one 

order of magnitude lower. Although the Au@t-SiO2 calibration curve exhibits a steeper 

slope, it is not clear why the individual signals are less intense in these samples. 
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However, these results must be taken with care because of the low number of samples 

analyzed, and the relative standard deviations of the point-to-point and sample-to-sample 

determination in the case of the textured sample.  

In Table 4.4, the LoD and LoQ were determined with average and standard 

deviation values that were calculated using the 5 points measured at the 5 sites on the 

blank substrate, as is (including any negative values). The signal-to-noise ratio found in 

the spectra for each point of measurement was very random, and the baseline for each 

measurement was different which makes it difficult to acquire an accurate standard 

deviation for signal in the 613 cm-1 range. In this second method, the standard deviation 

used in calculation is considered as the standard deviation as the analyte concentration 

approaches 0 M, SD0, Thus, the signal for the LoD is defined as 3*SD0 and that for LoQ 

as 10*SD0. Four concentrations in the most dilute region are plotted on the x-axis, with 

the corresponding standard deviation on the y-axis. The extrapolation of this plot gives, 

SD0, the standard deviation as the concentration approaches 0 M. Using the regression 

line equation, 0 M was substituted as the concentration and the y-intercept will remain; 

this is the SD0. For s-SiO2, the y-intercept came to be 188.108 using the following 4 most 

dilute concentrations: 0.1 μM, 1 μM, 10 μM, and 100 μM. The y-intercept for the t-SiO2 

was found to be 183.417 and this was obtained with the following three concentrations: 

0.1 μM, 1 μM, and 10 μM. The final LoD and LoQ values are summarized in Table 4.5. 
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Table 4.5. Determination of LoD, LoQ with extrapolated standard deviation values 

Substrate LoD LoQ 

Au@s-SiO2 5.469x10-10 M 4.170x10-8 M 

Au@t-SiO2 3.638x10-8 M 6.780x10-7 M 

 

Table 4.6 summarizes the reported LoD concentrations visually evaluated for 

R6G detected on a variation of Au substrates from the literature. This was done to 

determine how R6G compares to published substrates, and it can be concluded that the 

LoD of both Au@SiO2 systems are comparable with literature values. The parameters, 

such as laser wavelength is different for some of these substrates, thus it is not expected 

to be a good comparison. However, we can evaluate the benefit of using the 532 nm laser 

in some cases.  

 

Table 4.6. Visual limit of detection concentrations determined in literature on Au-based 

substrate films. 

 

Year Substrate Laser λ LoD (M) Ref. 

2012 Au Nps array 785 nm 1.00x10-10 [69] 

2019 

Amino functionalized SiO2 

core@a-Si shell particle array 

Au Nps 

633 nm 1.00x10-10 [104] 

2013 
Au Nano worms of individual 

Au Nanospheres 
1064 nm 1.00x10-7 [100] 

2019 Silica coated Au nanostars 632.8 nm 0.58x10-7 [105] 

/ Au@s-SiO2 film 532 nm 
3.00x10-10 

(10-7) 
This Work 

/ Au@t-SiO2 film 532 nm 
2.58x10-8 

(5 x 10-8) 
This Work 
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The sensitivity determination was done by using the curves shown in Figures 4.9 

and 4.10; whether the peak height or the peak integrated area were used for the 

determination, the calculated values for the Au@t-SiO2 films is higher than that of the 

Au@s-SiO2 films. Considering that these calculations can be influenced by the number of 

points involved, two additional R6G solutions (0.5, and 0.05 μM) were prepared and 

measured on Au@t-SiO2 films the following day. The agreement with previous data was 

not good (Figure 4.10B and C) and therefore could not be included in the final 

calculations. Despite the lower sensitivity, the Au@s-SiO2 films have consistently shown 

higher signals than the Au@t-SiO2 films. This is something that could not be analyzed at 

this point, but it is likely associated to the properties of the SiO2 films where the Au Nps 

are adsorbed and will be addressed in the future. 

 

Surface Property Studies 

 As described in Chapter 2, the SiO2 screen-printed templates of interest were 

prepared with particles either inhabiting a solid or texturized surface.  Each type of 

material results in very different pastes and films as confirmed by using optical 

profilometry. Au Nps adsorbed on these films have shown to result in difference in SERS 

intensity towards R6G. The best performance in terms of the intensity of the signals for 

the 613 and 1649 cm-1 bands has been found for the Au@s-SiO2 substrates (see Figure 

4.11).  The weaker SERS response for the t-SiO2 substrate might be associated to the 

extreme aggregation observed in the case of the SiO2 starting materials (Figure 3.4). 

However, this substrate has shown to have a greater sensitivity, indicating that other 

factors might play a role in the overall substrate performance.    
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Figure 4.11. Average roughness as a function of SERS intensity of band at 1649 and 613 

cm-1 on Au@t-SiO2 and Au@s-SiO2  

 

SERS research has demonstrated that the pore size of a porous substrate can 

influence the electromagnetic LSPR enhancement of metal Nps [9, 23, 34]. Efficient 

LSPR occurrences take place within an ideal distance between plasmonic Nps; when the 

pore size is too large or too small, the enhancement can be diminished because the pore 

size of the template will dictate the distance between the Au Nps, and the proximity of 

the analyte to Au Nps [9, 15, 27]. Interparticle distances below 1 nm experience 

considerable broadening due to nonlocal effects [5]. The structure of the t-SiO2 aggregate 

particles may be restricting the amount of Au Nps that can embed on the t-SiO2 

aggregate; as well as affect the distance between each Au Np, making the expected hot-

spot region susceptible to weaker electric field enhancements.   

In order to demonstrate that the observed response intensities from the two 

substrates behave differently, the Mann-Whitney rank sum test [96] was carried out using 

Au@s-SiO2 

Au@t-SiO2 
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the 441 spectra for 1 μM R6G obtained using SERS mapping on Au@s-SiO2 and Au@t-

SiO2 films. The median of the 441 absolute SERS intensity values collected at 1 μM R6G 

on a singular Au@s-SiO2 compared to the median of the 441 absolute SERS intensity 

values collected on a singular Au@t-SiO2 differed significantly (Mann Whitney U = 

4696.500, n1 = n2= 441, P = <0.001). Therefore, Au@s-SiO2 demonstrated significantly 

higher SERS intensity values at the 613 cm-1 band than Au@t-SiO2. 

 

Conclusions for this chapter 

The fabricated 3D substrates, Au@s-SiO2 and Au@t-SiO2 were evaluated for their 

SERS signal spatial variability and sample-to-sample variability. The coefficient 

variation values calculated for the Au@s-SiO2 substrate film were relatively low, 

indicating uniformity within the individual films. Au@t-SiO2 films exhibit less 

uniformity as the coefficient variation values were generally higher than Au@s-SiO2. 

However, in examining sample-to-sample variability, Au@t-SiO2 showed slightly better 

signal reproducibility. Comparing the LOD of both Au@SiO2 substrates (Table 4.7), the 

more uniform porous template structure that is introduced by the Au@s-SiO2 substrates 

enhances the surface plasmon excitation experienced during SERS analysis resulting in 

improved detection sensitivity. With that being said, the reason for this is not clearly 

understood, since the signals for the Au@t-SiO2 substrates were always lower than those 

for the Au@s-SiO2 substrate at the same R6G solution concentrations. Theoretical 

simulations are required to explain this apparent discrepancy. 
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Table 4.7. Reproducibility, Sensitivity, LoD, and LoQ for Au@s-SiO2 and Au@t-SiO2 

Substrate Sample 

to 

Sample 

% RSD 

Spatial 

% RSD 

Sensitivity LoD (Visual) 

(M) 

LoQ 

(M) 

Au@s-SiO2 34 8 0.2778 6 x 10-10 (10-7) 4 x 10-8 

Au@t-SiO2 26 18 0.4116 4 x 10-8 

(5 x 10-8) 

7 x 10-7 
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Chapter 5: Conclusions and Future Work 

In this study, the aim was to develop and optimize a cost-effective, facile, screen-

printing method for the preparation of sensitive and reproducible SERS substrates. In this 

approach, Au colloidal particles were adsorbed (embedded) on SiO2 3D nanostructured 

films prepared using pastes containing SiO2 particles synthesized by the Stöber method in 

the absence and presence of a surfactant (CTAB). For the preparation of the pastes, 

several formulations were analyzed, but one involving ~18 wt% silica, 9 wt% ethyl 

cellulose, 64 wt% -terpineol, and 9 wt% ethanol was finally used because of the good 

adherence to the silica substrate after calcination at 600 oC, resulting in macroscopic 

uniform silica films. Preliminary attempts to upload Au Nps on the pristine SiO2 particles 

films were unsuccessful, and for this reason, PEI was used to functionalize the surface of 

silica, and make the interaction with the Au-citrate capped Nps more favourable.  

Both, materials and films were extensively characterized with the goal of getting a 

better understanding of the impact of the materials properties on the film morphology and 

SERS signals. In the case of the SERS signal spatial reproducibility, the values obtained 

for both substrates fall within the literature acceptable % RSD range of <20%. The LoD 

(3.00x10-10 M for Au@s-SiO2 and 2.58x10-8 M  for Au@t-SiO2 ) and LoQ  (1.62x10-8 M 

for Au@s-SiO2 and 3.81x10-7 M for Au@t-SiO2 ) values are close to those reported in the 

bibliography for R6G; however, lower limits have been reported for other target analytes, 

highlighting the need to study the performance of these new substrates with other 

molecules. 
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Comparison with layer-by-layer deposition prepared substrates (Appendix A1) 

A comparison with the first intended substrate from the initial stage of the thesis 

project (Appendix A1) takes us to conclude that our developed screen-printed method has 

a number of advantages in terms of sensitivity and slide-slide reproducibility, as 

discussed below. 

R6G concentrations at or above 0.1 mM readily saturate the detector when 

deposited on the Au@t-SiO2 film, so it can not be compared to the Au monolayer and 

multilayer films prepared by the layer-by-layer approach (Appendix A1) which could not 

detect concentrations below 0.1 mM.  

A multilayer Au film on silica glass slides was implemented as a way to increase 

the amount of Au Nps on the surface of glass. Unfortunately, this method requires 

multiple layer-by-layer depositions to reach an ideal structural morphology that will 

generate an enhanced SERS signal. The substrate examined is a product of three 

depositions which is insufficient for the purpose. The Au@SiO2 films exhibited stronger 

peak intensity than both the Au monolayer and multilayer on silica glass, also lower LoD 

levels for Au@SiO2 were detected. This confirms that the Au@SiO2 substrate developed 

in this work demonstrated that the enhanced signal can be obtained in an alternative way 

that is less tedious and more time-effective. 

 

Au@s-SiO2 

The adsorption of Au Nps on the s-SiO2 films resulted in more uniform SERS 

substrates and moderate roughness, resulting in better point-to-point reproducibility with 

an average % RSD of ~ 8%, and a sample-to-sample reproducibility of 34% for Au@s-
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SiO2; however, the conditions explored in the thesis were very limited, and there is 

significant room for improvement. Top and lateral SEM images of the s-SiO2 films 

confirmed the formation of highly dense and uniform distribution of discrete spherical 

SiO2 particles. The uniform distribution of Au nanoparticles on the surface of the SiO2 

particle film (EDX) is consistent with the profilometer and the SERS mapping results. To 

illustrate this, a SEM image, the surface topography and a typical SERS map results for a 

representative substrate are reproduced here in Figure 5.1. 

 

Au@t-SiO2 

The large particle aggregates present in the synthesized t-SiO2 nanomaterials led 

to films with a random distribution of large crevices on the SiO2 film surface that can 

explain the lower point-to-point reproducibility when compared to the Au@s-SiO2 

substrates (average % RSD of ~ 18%), curiously the sample to sample reproducibility 

was slightly better 26% and as well as the sensitivity (slope) towards R6G. Profilometer 

and SEM images for these films are illustrated in Figure 5.2. 
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Figure 5.1. (A) Typical 3D scanned surface topography of a Au@s-SiO2 film (250 x 200 

μm square area compared to (B) a characteristic SEM image of a Au@s-SiO2 film (25 x 17 

μm square area), and resulting (C) SERS map of a smaller area (21 x 21 μm square area) 

indicated by the black square.  

 

 

 

 

A 

B 
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Figure 5.2. Au@t-SiO2 film displayed as (A) a SEM image (25 x 17 μm square area), and 

(B) a typical SERS map of a similar area (21 x21 μm square area) from this substrate. (C) 

A 3D scanned surface topography image of Au@t-SiO2 (4000 x 4000 μm), and size 

comparison (orange box within) to the a (D) SEM image obtained at a larger scale (965 x 

680 μm).   
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Future Work 

 

1. Optimize procedure to reduce differences between sample films 

In this study, the fabricated films showed to inhabit a high number of “cracks” on the 

surface as displayed in the SEM images of the film following calcination (Figure 3.11 

and 3.12). The large fractures are still present after Au adsorption as shown in Figure 5.3. 

 

 

Figure 5.3. SEM images of (Left) Au@s-SiO2 and (Right) Au@t-SiO2; Scale bar: 10 μm.   

 

The presence of cracks is far from ideal as it will change the Au Nps environment and 

consequently the SERS signal. Microscale structural differences in the substrate will alter 

the potential electromagnetic enhancement along the surface eventually generating spatial 

and sample-to-sample variability.  

Future work will involve studying smaller silica nanoparticle, paste formulations 

and heat treatments to avoid the formation of cracks.  
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Changes in paste formulation: For instance, it has been proposed that the surface 

modification of the silica particles using a silane-coupling agent can contribute to 

produce more uniform films, despite this was considered an option in the original plan, 

the preparation of the SERS substrate resulted highly time consuming and it could not be 

intended.  The silane molecules can adsorb onto the hydrophilic surface of the SiO2 

particles yielding a hydrophobic tail into the paste medium; this is expected to enhance 

the compatibility of the SiO2 particles with the organic vehicle. The silane also acts as a 

dispersant, leading to better dispersion of the SiO2 particles in the colloidal suspension. 

Consequently, the paste will experience less friction and lowered viscosity at low shear 

rates thus, the rheological behaviour must be studied again to ensure that the paste is 

suitable for screen-printing applications.  

 

Effect of SiO2 particle size: Studying the impact of the SiO2 particle size is an excellent 

approach towards optimizing the proposed sensor for better reproducibility and SERS 

enhancing ability potentially contributing to reducing the LoD value by the formation of 

more hot spots when loading with Au Nps. This work was a development project thus 

this could not be done within the limited time due to certain restrictions. The SiO2 

particle size was obtained using 0.57 M of basic catalyst in order to produce a high yield 

of SiO2 product to isolate within 24 hours and following centrifugation. Smaller particles 

are synthesized with a lower concentration of NH4OH, however based on previous 

experiments, it was difficult to recover product after an ageing time of 24 hours. As a 

consequence, it could not have been studied within the duration of this thesis. 
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Investigate the effect of Au Nps size, shape, and Raman excitation laser: Generally, the 

shape of the Au Np will exhibit different optical properties that will impact on the 

absorbance of the generated localized surface plasmon resonance. Thus, the sensitivity of 

the substrate can be tailored to enhance the Au Np resonance with any Raman excitation 

laser, taking advantage of the SERS enhancement made possible by SERRS. The size of 

the Au Nps in this study was 3-5 nm to obtain a matched LSPR of the Au nanomaterial to 

the excitation laser of 532 nm, however this was a compromise because a small Au Np 

size exhibits limited oscillation conduction band electrons. For this reason, larger Au Nps 

(~20-50 nm) which exhibit stronger local field effects will be intended in the future. 

 

2. Use these SERS sensors to investigate other analytes 

The analyte, R6G, was used throughout this thesis work, however fluorescent dyes have 

recently been discouraged for use as model molecules, due to its fluctuation cross-section 

upon adsorption to metal, and the high fluorescence background which deters the 

accurate calculation of SERS-EF. Analytes, such as melamine, can be considered due to 

its typically distinctive signals, and the thiol, 4-mercaptobenzoic acid, due to its strong 

binding affinity to Au Nps. 
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Appendices 

Appendix A 

A1. Monolayer and Multilayer Au/silica films (Method 1) 

This section discusses the reference system prepared by method 2, introduced in 

Chapter 2. Using this method, the resulting substrates were SERS active, making it a 

good starting point for the substrate development process. SERS Spectra of R6G at 100 

μM were obtained with the following Raman Parameters: 50 mW of 532 nm excitation at 

1% nominal power and 10 second integration time for 3 accumulations 50x 

magnification. The lowest detectable concentration was 100 μM R6G.  

 

Figure A1.1. SERS Spectra of R6G at 100 μM obtained on Au Nps monolayer and 

multilayer films on glass. Raman Parameters: 50 mW of 532 nm excitation at 1% nominal 

power and 10 second integration time for 3 accumulations 50x magnification 
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Figure A1.2. Schematic of Self-assembled Monolayer with Aminosilane (APTMS) 

Functionalization 

 

 

 

Figure A1.3. Multilayer Deposition with Sol-Gel MPTMS Solution  
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A2. Surface Topographic images (Profilometry Results)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1 Surface Topographic images of calcinated s-SiO2 film and Au@s-SiO2 film 

on glass obtained with a 3D profilometer equipped with white light interferometry 

detection. The Au@s-SiO2 film was measured on the edge  

Au@s-SiO2 

s-SiO2 

Au@s-SiO
2
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Figure A2.2 Surface Topographic images of calcinated t-SiO2 films on glass obtained 

with a 3D profilometer equipped with white light interferometry detection 

 

Figure A2.2 illustrates the uniformity in film thickness once the Au is deposited 

on the t-SiO2 film. The t-SiO2 film inhabits many regions of different heights and the 

frequency of different heights occurring on the film is higher than that for the Au@t-SiO2 

film (Figure A2.1), nonetheless roughness is still observed.  The smooth area of the 

Au@s-SiO2 film stems from the glass slide which the film is deposited on, as this image 

was obtained on the edge of the film (Figure A2.1, middle) This is a practice that 

t-SiO2 
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provides a distinction between the film and the leveled solid support, and highlights the 

thickness and surface features. 

 

 
 

  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.3. Surface Topographic images of Au@t-SiO2 films on glass obtained with a 

3D profilometer equipped with white light interferometry detection 

    Au@t-SiO2 
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A3. Permission to Reprint 

 

Figure 1.8. Timeline of SERS substrate development since discovery (a) The first SERS 

effect discovered on roughened Ag electrode, (b) SERS of Ag or Au colloids, of (c) silver 

nanoislands on n-GaAs electrode demonstrating “borrowing” strategy also highlighted by 

(d) deposited transition metal on roughened Au electrode, (e) single molecule SERS, (f) 

silica core-Au shell nanoparticle, (g) UPD and redox replacement transition metal on Au 

nanoparticles, (h) SERS tag, (i) Au core-transition metal shell nanoparticles, (j) Ag film on 

nanosphere (AgFON) substrates with an alumina layer, (k) silica shell isolated 

nanoparticles (SHINERS), and (l) graphene shell isolated nanoparticles. Reprinted 

(adapted) with permission from {Li, J.F., et al., Core-Shell Nanoparticle-Enhanced Raman 

Spectroscopy. Chem. Rev., 2017. 117(7): p. 5002-5069}. Copyright {2017} American 

Chemical Society 
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Figure 1.9. Simulation of maximum SERS enhancement for planar monolayers of 

particles with different morphology: Au Nanostars (GNS), Au Nanorods (GNR), Au 

Nanospheres (GNP). Reprinted (adapted) with permission from {Solís, D.M., et al., 

Optimization of Nanoparticle-Based SERS Substrates through Large-Scale Realistic 

Simulations. ACS Photonics, 2017. 4(2): p. 329-337}. Copyright {2017} American 

Chemical Society. The image was obtained 

from  https://pubs.acs.org/doi/10.1021/acsphotonics.6b00786. Further permissions related 

to the material excerpted should be directed to the ACS. 

 

 

  

https://pubs.acs.org/doi/10.1021/acsphotonics.6b00786
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Figure 3.9.  Viscosity vs. shear rate curve for literature paste systems containing 50 wt% 

of filler (3 μm SiO2, 3 μm silane-functionalized SiO2, or a dielectric powder) and the same 

binding agent (ethyl cellulose), and organic solvent (α-terpineol) used in this work at 6 

wt% and 44% respectively. Reprinted from J. Mater. Process. Technol., 197, Lin, H.C., C.; 

Hwu, W.; Ger, M., The Rheological Behaviors Of Screen-Printing Pastes, p. 7., Copyright 

(2007), with permission from Elsevier. 
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Figure 1.10. SERS spectra collected on Au thin films soaked in aqueous R6G solutions 

from 1x10-4 to 1x10-10 M. Au film were prepared via pulsed laser ablation using a KrF 

excimer laser (λ = 248 nm, pulse width 25 ns, repetition rate 10 Hz) in the presence of 

controlled Argon and pressure value of 100 Pa. Reprinted from Appl. Surf. Sci., 258, N. R. 

Agarwal, F. Neri, S. Trussoc, A. Lucotti and P. M. Ossi, Au nanoparticle arrays produced 

by Pulsed Laser Deposition for Surface Enhanced Raman Spectroscopy, p. 9148-9152, 

Copyright (2012), with permission from Elsevier 
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Figure 1.12. SERS Spectra of R6G (10-6 M) on different substrates coated with and 

without Au. Red: Granular Au-sputtered horizontally aligned multiwalled carbon 

nanotube (Au-HA-CNT) (3000 nm x 50 nm). Reprinted from Nanotechnology, X. N. He, 

Y. Gao, M. Mahjouri-Samani, P. N. Black, J. Allen, M. Mitchell, et al., Surface-enhanced 

Raman spectroscopy using gold-coated horizontally aligned carbon nanotubes, 23, p. 

205702, 30 April 2012; http://dx.doi.org/10.1088/0957-4484/23/20/205702 © IOP 

Publishing. Reproduced with permission. All rights reserved 
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