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“Nothing in life is to be feared, it is only to be 

understood. Now is the time to 

understand more, so that we may fear 

less.” 

      Marie Curie 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

 

 

 

 

 



 

 

I 

Abstract 
Plasmonic structures exhibiting surface enhancement properties can lead to 

hypersensitive, label-free and analyte-specific detection of organic molecules. The motivation of 

this work is the realization and study of optically anisotropic plasmonic substrates for 

combining SERS (surface enhanced Raman scattering) and SEIRA (surface enhanced infrared 

absorption) spectroscopy. These properties can be ultimately used for chemical- and bio-

sensing purposes. 

Silver was deposited on pre-patterned rippled silicon surface, with ripple periodicity in the 

range of 40-50 nm. The silver nanoparticles grow preferentially in the direction along the 

ripples forming arrays. The structural anisotropy introduces optical anisotropy, investigated 

with ellipsometry. A smaller, narrower resonance appears in the direction across the ripples 

and a red-shifted, stronger and broader resonance in the direction along the ripples. Chemical 

functionalization was achieved by the adsorption of the 4-mercaptobenzonitrile (4-MBN) self-

assembled monolayer (SAM) to the silver surface.  

The position of the plasmonic resonances can be tuned by controlling the size and aspect ratio 

of the nanoparticles. One combination involves both of the resonances in the visible range, 

employed for SERS. SERS measurements at varying excitation wavelengths and polarization 

angles, exhibited a sinusoidal profile of the 4-MBN peak intensity. The signal modulates 

according to the polarization angle and laser wavelength, exciting the respective resonances. 

The SERS polarization dependency has been confirmed up to the NIR range. It was applied for 

the signal differentiation between surface-attached molecules (4-MBN) and solution molecules 

(cyclohexane), demonstrating potential sensing uses. The SERS enhancement factors were 

estimated to be in the range of 104. A second combination involves both resonances red-shifted 

to the MIR region demonstrating considerable SEIRA properties. The enhancement factor was 

estimated to be 170, with the peaks exhibiting a Fano-shaped profile. IR ellipsometry and IR 

polarized microscopy demonstrated the polarization dependence, according to the excitation 

direction, of the SEIRA activity. The combination of this type of substrate and characterization 

techniques introduces new possibilities in the structural characterization of molecules with high 

sensitivity. The third combination involves the resonance in the direction across the ripples 

peaking in the visible range and the resonance in the direction along the ripples peaking in the 

NIR. Due to broadening, the longitudinal resonance extends to the MIR enhancing the 

vibrational signal and potentially allowing the dual detection of SERS and SEIRA on a single 

spot.  

An additional method for the combination of SERS and SEIRA properties on a single substrate is 

proposed by the evaporation of a silver layer of gradient thickness on silicon. The variation of 

the surface morphology and therefore optical activity along the sample, results in SERS and 

SEIRA active areas. The proximity of these sites can be controlled by the deposition parameters. 

The presented gradient thickness substrate is an alternative solution for combined SERS and 

SEIRA detection by performing a line scan.  

The presented results demonstrate the controlled design and characterization of plasmonic 

nanostructures with specific surface enhancement properties and investigate their potential 

bio-sensing applications. The combined SERS and SEIRA properties allow for acquisition of the 

maximum vibrational information of an analyte in high sensitivity and selectivity. 
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Zusammenfassung 

Plasmonische Strukturen mit oberflächen-verstärkenden Eigenschaften ermöglichen die 
hypersensitive, label-freie und analyten-spezifische Detektion von organischen Molekülen. Die 
Motivation dieser Arbeit ist die Realisierung  und Untersuchung von optisch anisotropen 
plasmonischen Substraten für kombinierte SERS (oberflächen-verstärkte Raman Streuung) und 
SEIRA (oberflächen-verstärkte Infrarot Absorption) Spektroskopie. Diese Eigenschaften sollen 
im Fernziel in chemischen und bio-sensorischen Anwendungen verwendet werden. 

Silber wurde auf vorstrukturierte wellige Siliziumoberflächen, mit einer Periode von 40-50 nm, 
aufgedampft. Hierbei lagern sich die Silberatome bevorzugt entlang der Wellen an und formen 
Reihen von Nanopartikeln. Die strukturelle Anisotropie bedingt eine optische Anisotropie, wie 
durch ellipsometrische Messungen gezeigt wurde. Die ellipsometrischen Messungen zeigen eine 
schwächere, schmalere Resonanz quer zu den Wellen und eine rotverschobene, stärkere und 
breitere Resonanz in Richtung der Wellen. Eine chemische Funktionalisierung der 
Silberoberfläche wurde durch die Formierung einer selbst-organisierten Monolage (SAM) vom 
4-Mercaptobenzonitril (4-MBN) erzielt. 

Durch die Kontrolle der Partikelgröße und des Aspektverhältnisses kann die Position der 
plasmonischen Resonanzen gezielt eingestellt werden. In einer Anwendung für SERS finden 
solche Substrate, bei denen beide Resonanzen im sichtbaren Spektralbereich liegen eine 
Anwendung. SERS Messungen wurden unter Variation der Wellenlänge und der 
Polarisationsrichtung relativ zu der Wellenorientierung des Anregungslasers durchgeführt und 
zeigen eine sinusförmiges Profil in der Peak-Intensität des 4-MBN. Die Signalmodulation ist 
hierbei mittels der angeregten Resonanzen direkt mit dem Polarisationswinkel bzgl. der 
Wellenorientierung und er Laserwellenlänge gekoppelt. Diese Abhängigkeit des SERS Signals 
von der Polarisation konnte bis in den nahinfraroten Spektralbereich (NIR) gezeigt werden. Als 
Anwendungsbeispiel für mögliche Sensoranwendungen wurde diese Eigenschaft genutzt um 
eine Differenzierung zwischen oberflächen-gebundenen Molekülen (4-MBN) und Molekülen in 
der Lösung (Cyclohexan) demonstriert. Der durch die beschriebenen Substrate erzielte SERS-
Verstärkungsfaktor wurde zu 104 abgeschätzt. 

In einer zweiten Probengeometrie wurde ein Substrat verwendet bei dem die Resonanz quer zu 
den Wellen ihr Maximum im sichtbaren und die Resonanz entlang der Wellen ihr Maximum im 
NIR aufweisen. Auf Grund ihrer starken Verbreiterung erstreckt sich die Resonanz entlang der 
Wellen bis in den MIR-Bereich und führt daraus resultierend zu einer Verstärkung der 
vibronischen Signale in diesem Spektralbereich. Eine solche Geometrie kann für die duale 
Detektion von SERS und SEIRA an einer einzelnen Position eingesetzt werden. Mittels IR 
Ellipsometrie und polarisationsabhängige IR-Mikroskopie konnte die Polarisationsabhängigkeit 
der SEIRA Aktivität entsprechen der Anregungsrichtungen gezeigt werden. 

Bei der dritten Probengeometrie wurden beide Resonanzen mittels geometrie-abhängiger 
Rotverschiebung in den MIR-Bereich verschoben. Diese Probengeometrie ermöglicht die 
Realisierung von nennenswerten SEIRA Eigenschaften mit einem abgeschätzten 
Verstärkungsfaktor von 170 und einer für SEIRA Experimenten typischen Fano-Form der 
Vibrationsbanden. 

Eine alternativ vorgeschlagene Methode um SERS und SEIRA Eigenschaften auf einem Substrat 
zu erzielen, wird durch die Deposition einer Silber-Schicht mit einem Schichtdickengradienten 
realisiert. Die Variation der Oberflächenmorphologie und daraus resultierend der optischen 
Aktivität entlang des Gradienten resultiert sowohl in einem SERS als auch in einem SEIRA 
aktiven Bereich auf der Probe. Der Abstand zwischen diesen Bereichen kann dabei mittels der 
Depositionsparameter kontrolliert werden. Diese Gradienten-Substrate stellen somit einen 
alternativen Ansatz für die kombinierte SERS und SEIRA Messung durch Variation der 
Messposition da.  
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Die gezeigten Ergebnisse zeigen eine Möglichkeit eines rationalen Designs von plasmonischen 
Nanostrukturen und die Charakterisierung selbiger mit spezifischen oberflächen-verstärkenden 
Eigenschaften und untersuchen ihre potentiellen Einsatzmöglichkeiten für 
Biosensoranwendungen.   
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1 Introduction and motivation 
In the last few decades, biomedical sciences are moving towards an era of 

miniaturization and high performance. Specifically, medical diagnostics aim at increasing 

the sensitivity of analytical systems while decreasing their size, targeting for portable and 

versatile devices, e.g. lab-on-a-chip microfluidic cells [1]. Such an analytical setup, which 

measures chemical response in a biological system is called a biosensor [2, 3]. Apart from 

medical diagnostics, the use of biosensors serves analytical purposes in pharma industry, 

food safety, environmental control and defense. Due to a broad area of (bio)sensing 

applicability, there is a high demand for improvement of the detection limits and selectivity 

for target analytes while reducing the interaction area to the nano scale.  

Depending on the transducing process, biosensors can be broadly classified as 

electrochemical, optical and the less common mechanical, acoustic and calorimetric types 

[4]. Electrochemical biosensors are the most prevalent type in the diagnostics market 

where the best example is that of the glucose electrochemical sensor, which revolutionized 

patient monitoring [5, 6]. Optical biosensors involve an optical transducer detecting 

changes in the optical properties induced by the analyte.  A common application is that of 

surface plasmon resonance (SPR), utilized e.g. on prisms in order to detect the changes of 

refractive index when the analyte is bound to the surface [7].  

The targeted downscaling of optical biosensors is effectively achieved with the utilization of 

localized surface plasmon resonances (LSPR). Detection limits have been dramatically 

increased by the use of localized plasmons, allowing even single molecule detection in the 

case of surface enhanced Raman scattering (SERS) [8]. In the light of these remarkable 

enhancing properties of the LSPR structures, a great amount of research is performed 

towards the rational fabrication of plasmonic nanostructures with tailored optical 

properties [9] and their application in vibrational spectroscopy techniques, specifically 

surface enhanced Raman scattering (SERS) and surface enhanced infrared absorption 

(SEIRA). Raman scattering and infrared absorption provide chemical fingerprints of the 

molecule due to its characteristic vibrational energy levels. The two techniques are 

complementary due to different selection rules and, when combined, can provide valuable 

information for the identification of molecules [10].  

The aim of the present thesis is to elucidate the possibilities of preparing an optical sensor 

with tunable LSPR properties to allow for SERS and SEIRA detection of an analyte on a 

single substrate. The prepared rippled silicon substrates guide the formation of silver 

nanoparticle arrays along the ripples, thus introducing optical anisotropy that can be 

optimized for SEIRA in one excitation direction and for SERS in the perpendicular direction. 

The ultimate goal is to attain complete vibrational information of an analyte in ultra-low 

concentrations by measuring a single position with Raman and then changing the 

polarization and excitation wavelength to attain IR signals. Even though the technical status 

quo does not include a unified Raman and IR setup, the present thesis is a proof of concept 

that this combined approach is feasible and the substrate can be used in separate setups 

until such instrumentation is available. Furthermore, properties deriving from the optical 

anisotropy introduce additional prospects in polarized and wavelength dependent SERS 
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and polarized IR absorption measurements. Moreover, an alternative unifying substrate is 

presented, in which silver nanoislands of gradient thickness present variable SERS and 

SEIRA properties along the surface. This versatile substrate lacks the polarization 

dependency, but can provide areas with combined and separated SERS and SEIRA 

properties that can fit to different experimental demands.  

The proposed method of fabrication, both of tunable nanoarrays as well as of gradient 

thickness nanoislands, provides a biosensing platform that occupies the middle ground 

between plasmonic enhancement control and cost/time efficiency. The current platforms 

vary from sophisticated cost-demanding structures produced by electron-beam lithography 

[11, 12] and elaborate arrangements of nanoparticle dimers with the help of origami DNA 

[13] to cheaper but harder-to-tune colloidal aggregates [14]. In spite of the growing 

research in SERS and SEIRA over the recent years, rarely were substrates tailored for use in 

both techniques [15-17]. The present thesis is a contribution to this specific field. The 

results presented examine the case of label-free detection [18], where a silver surface is 

functionalized by a self-assembled monolayer (SAM). The SAM molecules contain thiol 

groups on one side, which bind to the silver, and a functional group on the other side, 

through which immobilization via electrostatic or covalent binding of biomolecules can 

occur [19, 20]. In principle, the same substrate could be used in combination with 

fluorescent dyes for label enhanced sensing [21].  

The thesis is composed of eight chapters which are organized as follows: Part A, including 

chapters 2 and 3, introduces the theoretical background of this work and in part B, 

including chapters 4-8, the results are presented and discussed. Chapter 2 presents basic 

light properties, the concept of ellipsometry, plasmonics and the mechanisms of (surface 

enhanced) vibrational spectroscopic methods, while a brief description of the metal film 

growth mechanisms as well as the rippled silicon substrates is given. Chapter 3 presents the 

experimental techniques used, including the evaporation process, self-assembly of chemical 

monolayers, ellipsometry, Raman scattering, infrared absorption, atomic force microscopy 

and scanning electron microscopy. Additionally, the methods used for the calculation of 

enhancement factors are presented. Chapter 4 presents the methods used for the 

fabrication and characterization of the substrates. The properties of the chemical 

monolayer are presented in Chapter 5. Chapter 6 presents the main results of the optical 

properties of the anisotropic nanoparticle arrays. Part 6.1 uses ellipsometry and numerical 

calculations to study the connection of morphology and optical properties of silver 

deposited rippled substrates. Part 6.2 studies the application of the unique optically 

anisotropic attributes of the substrate for surface enhanced Raman scattering, revealing 

polarization- and wavelength- dependent properties. Chapter 6.3 studies the effect of the 

optical anisotropy of the nanostructures regarding the surface enhancement in the infrared 

region, with the use of IR absorption spectroscopy, polarized FTIR microscopy as well as IR 

ellipsometry. Finally, chapter 7 presents the unification of surface enhancement in Raman 

and IR with the use of gradient thickness samples and a comparison between plain and 

rippled silicon substrates. Chapter 8 concludes the results and discusses a further outlook. 

The appendix contains supplementary graphs for chapter 7. 
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Part A: Theoretical background 
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2 Theoretical introduction 
Light plays a crucial role in our understanding of the world. Since Newton analyzed 

light through a prism in 1666 [22], humans have been using it in order to study the nature 

of matter. The scientific field that studies the interaction of electromagnetic radiation with 

materials is called optical spectroscopy. The electromagnetic spectrum consists of 

frequencies as high as gamma rays to lower than those of radio waves. According to the 

optical spectroscopic techniques used in the present thesis, the spectral areas of interest 

include the ultraviolet, visible and infrared wavelengths.  

The main principles of light propagation are introduced. Ellipsometry that is used for 

substrate characterization, as well as infrared absorption and Raman scattering 

spectroscopies are briefly presented. In addition, a basic introduction to the field of 

plasmonics is given. 

Deriving from Maxwell equations, the wave equation in the paraxial limit for the case of 

linear optics describes the propagation of the electric field of light, as a transverse wave, 

across the z axis [23]:  

 𝐸 = 𝐸𝑜𝑒𝑥𝑝[𝜔𝑡 − 𝐾𝑧 + 𝛿]   2-1 

     

where 𝐸𝑜 stands for the maximum amplitude of the electric field, ω for the angular 

frequency, t for time, K is the wave vector and δ the initial phase. In case of conflicting use of 

symbols in literature the formalism from Fujiwara is followed [24]. 

 Refractive index 2.1.1

The refractive index is a material property related to the phase velocity when light is 

travelling through a medium. It is classically described as 

 𝑛 ≡
𝑐

𝑠
                 

 

2-2 

where c is the speed of light in vacuum and s the speed of light in the medium. 

During light propagation in media, absorption of light may occur. The complex refractive 

index describes this case by introducing the absorption index k [25] 

 𝑁 ≡ 𝑛 − 𝑖𝑘 
 

2-3 

k is connected to the absorption coefficient, α, through: 

 
𝑎 =

4𝜋𝑘

𝜆
 

 

2-4 

where λ is the wavelength.  

The refractive index is connected with another frequency dependent value, the complex 

dielectric function ε 
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 𝜀 = 𝜀1 − 𝑖𝜀2 2-5 

through the formulas 

 𝑁2 = 𝜀  2-6 

 𝜀1 = 𝑛2 − 𝑘2  

 𝜀2 = 2𝑛𝑘  

 The imaginary part of the dielectric function is related directly to the loss in the medium, 

leading to the expression for a lossless medium: 

 𝜀1 = 𝑛2    𝑎𝑛𝑑    𝜀2 = 0 2-7 

 

 Light polarization 2.1.2

The electric field of the light traveling along the z direction E(z,t) can be analyzed by 

two superimposed electric fields in the cartesian x and y directions and is described as: 

 𝑬(𝑧, 𝑡) = 𝑬𝒙(𝑧, 𝑡) + 𝑬𝒚(𝑧, 𝑡)

= {𝐸𝑥𝑜𝑒𝑥𝑝[𝑖(𝜔𝑡 − 𝐾𝑧 + 𝛿𝑥]}𝒙

+ {𝐸𝑦𝑜𝑒𝑥𝑝[𝑖(𝜔𝑡 − 𝐾𝑧 + 𝛿𝑦]}𝒚 

2-8 

When the amplitude of the waves in the x and y directions is equal and the phase difference 

between them is 0 or π the resulting light is linearly polarized (Figure 2.1, top). In the 

special case where the wave amplitude is equal and the phase difference is π/2, the 

resulting field is circularly polarized. For every other case the resulting polarization is 

elliptical (Figure 2.1, bottom).  

 

Figure 2.1: Representation of linear light polarization (top), in the case of 

equal wave amplitude of the Ex and Ey fields and phase difference 0 or π. In 

the general case (bottom), the resulting light polarization is elliptical.  
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When light is travelling through a medium with refractive index ni and meets the surface of 

a medium with refractive index nt at angle 𝜃𝑖 , a part of the light is reflected (𝜃𝑟) and another 

part is transmitted at a certain angle 𝜃𝑡, depending on the optical properties of the mediums 

(Figure 2.2). The relationship between the angle of incidence and refracted angle is 

expressed by Snell’s law: 

 𝑛𝑖𝑠𝑖𝑛𝜃𝑖 = 𝑛𝑡𝑠𝑖𝑛𝜃𝑡 
 

2-9 

The two superimposed electric fields of the propagating light can be expressed with respect 

to the plane of incidence, leading to the definition of p and s polarized light. p declares the 

direction where the light field oscillates parallel to the plane of incidence while s denotes 

the perpendicular to the plane of incidence (from the German word senkrecht) (Figure 2.2).  

 

 

 

 

 

 

 

 

 

 

Solving Maxwell’s equations with boundary conditions at an interface results in the Fresnel 

equations. They help determine the amplitude of reflection (r) and transmission (t) 

coefficients for the s- and p- polarized components. The equations for a single interface 

between two isotropic homogenous media take the following form: 

 
𝑟𝑝 ≡

𝐸𝑟𝑝

𝐸𝑖𝑝

=
𝑛𝑡𝑐𝑜𝑠𝜃𝑖 − 𝑛𝑖𝑐𝑜𝑠𝜃𝑡

𝑛𝑡𝑐𝑜𝑠𝜃𝑖 + 𝑛𝑖𝑐𝑜𝑠𝜃𝑡

 
2-10 

 
𝑟𝑠 ≡

𝐸𝑟𝑠

𝐸𝑖𝑠

=
𝑛𝑖𝑐𝑜𝑠𝜃𝑖 − 𝑛𝑡𝑐𝑜𝑠𝜃𝑡

𝑛𝑖𝑐𝑜𝑠𝜃𝑖 + 𝑛𝑡𝑐𝑜𝑠𝜃𝑡

 
 

Figure 2.2: Reflection and transmission of the electric field E at the 

planar interface . The p-polarization component is parallel to the 

plane of the paper and the s-polarization perpendicular to it. 
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𝑡𝑝 ≡

𝐸𝑡𝑝

𝐸𝑖𝑝

=
2𝑛𝑖𝑐𝑜𝑠𝜃𝑖

𝑛𝑡𝑐𝑜𝑠𝜃𝑖 + 𝑛𝑖𝑐𝑜𝑠𝜃𝑡

 
 

 
𝑡𝑠 ≡

𝐸𝑡𝑠

𝐸𝑖𝑠

=
2𝑛𝑖𝑐𝑜𝑠𝜃𝑖

𝑛𝑖𝑐𝑜𝑠𝜃𝑖 + 𝑛𝑡𝑐𝑜𝑠𝜃𝑡

 
 

 

The refractive index can be real or complex without changing the relations in the equations.  

 

2.2 Ellipsometry 
Ellipsometry is a spectroscopic technique that collects valuable optical information 

from the reflection (or transmission) of light from a surface. The name derives from the 

elliptically polarized light that is reflected and holds the information of the interaction with 

the sample [25].  

Specifically, incoming light passes through optical elements, such as a polarizer and a 

compensator resulting in a known polarization state. It meets the sample at an oblique 

angle, and the material interacts with the light, changing its polarization state. The reflected 

light passes through a second polarizer (analyzer) and is collected by a detector. The change 

of the amplitude of the two polarizations, p- and s-, as well as their phase difference after 

the reflection is expressed by the basic ellipsometric values ψ and Δ, respectively. They are 

connected with the ratio of the complex reflection coefficients for p- and s- polarization by  

 
ρ ≡ tanΨexp(𝑖Δ) ≡

𝑟𝑝

𝑟𝑠

≡
𝐸𝑟𝑝 𝐸𝑖𝑝⁄

𝐸𝑟𝑠 𝐸𝑖𝑠⁄
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With the measurement of only those two values and by applying the Fresnel equations, the 

complex refractive index and the dielectric function can be determined (2-3, 2-5), assuming 

a sample that has no over-layers or roughness. The pseudodielectric function is determined 

as follows: 

 〈𝜀〉 = 〈𝜀1〉 − 𝑖〈𝜀2〉 = 〈𝑁〉2 = (〈𝑛〉 − 𝑖〈𝑘〉)2

= sin(𝜃𝑖)
2 [1 + tan(𝜃𝑖)

2 (
1 − tan(Ψ)𝑒𝑖Δ

1 + tan(Ψ)𝑒𝑖Δ
)

2

] 

2-12 

 

The pseudodielectric function describes the optical activity of the sample as a whole, but for 

complicated samples with stack of layers or inhomogeneity, in order to extract the optical 

information of the separate layers, rigorous models have to be applied to fit to the 

measured data. 

Ellipsometry is a popular technique for optical measurements of the thickness of thin films 

due to its extreme sensitivity, which can detect nanometer thicknesses.  Besides the 

definition of the optical constants n and k, the technique can provide values of surface 



 

9 
 

roughness, anisotropy, crystallinity, chemical composition. It has the advantages of being 

fast and reliable, as it is self-referencing, while it is non-destructive due to the use of 

polarized light. For those advantages, it is used under ex-situ as well under in-situ 

conditions and has found broad applications from the semiconductor industry to biology 

[26-28]. 

The disadvantage and limitation of this technique is the necessity of a model for 

determining the quantities by the application of fitting procedures. The complexity of the 

sample may hinder the construction of an appropriate model. 

 

Reflection from a homogenous surface can be described by four complex reflection 

coefficients comprising the Jones matrix [29]. 

 𝐉 = [
𝑟𝑝𝑝 𝑟𝑝𝑠

𝑟𝑠𝑝 𝑟𝑠𝑠
] 2-13 

 

The Jones matrix is useful for describing polarization and ellipsometric measurements 

mathematically. For example, the optical element of a linear polarizer is expressed as: 

 𝐉 = [
1 0
0 0

] 

 

2-14 

Figure 2.3: Principle of ellipsometry. Linearly polarized light is reflected off the 

sample΄s surface resulting in elliptically polarized light. The  amplitude ratio 

and phase difference of p- and s- components are the measured  ellipsometric 

quantities Ψ and Δ. 
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In isotropic materials the off-diagonal values of rps and rsp are zero, enabling the direct 

definition of ρ. For anisotropic materials, a part of p- polarized light is converted to s- 

polarized light and the other way around and subsequently the off-diagonal Jones matrix 

elements are non-zero. In this case, Generalized Ellipsometry (GE) is used to define all the 

matrix elements [30].  

Whereas the Jones matrix is useful for describing fully polarized light, there are several 

sources that could create depolarization, such as rough surfaces; interfaces between 

inhomogeneous thickness films; non ideal polarizers; backside reflection from a weakly 

absorbing substrate; divergent light beam; insufficient spectral resolution [31]. A more 

general description that includes the unpolarized and partially polarized cases can be given 

by the Mueller matrix formalism, which provides the most general and complete 

information of how the light interacts with a sample [32]. In the examined samples no 

significant depolarization was measured therefore the use of Mueller Matrix Ellipsometry 

was not necessary. 

 

 Oscillator models 2.2.1

As mentioned above, modelling is critical for extracting information from 

ellipsometric measurements. In the following part are presented some basic models that 

describe mathematically the interaction of the electric field of light with the electrons of the 

material. Another approach to ellipsometric modelling is the Effective Medium 

Approximation models (EMAs) [33].  

Lorentz model 
In the presence of an electric field the electron bound to a nucleus experiences a linear 

restoring force. The Lorentz model derives from Newton’s second law for a spring that 

connects a bound nucleus and a moving electron: 

 
𝜀(𝜔) = 1 +

𝑒2𝑁𝑒

𝜀0𝑚𝑒

∙
1

𝜔𝜊
2 − 𝜔2 − 𝑖𝛤𝜔

 
2-15 

where Ne stands for the number of electrons per unit volume, me the electron mass and e its 

charge. ωο represents the resonance frequency of the oscillator and Γ is the damping 

coefficient, describing the degree of the oscillation damping due to material properties such 

as defects [29, 34]. 

 

Drude model 

In metals, the electrons of the conduction band are moving freely, unbound to any nucleus 

and subsequently the restoring force  is zero. The electrons move following the phase of the 

imposed electric field described by the Drude model [35]: 

 
𝜀(𝜔) = 1 −

𝜔𝑝
2

𝜔2 + 𝑖𝛤𝜔
 

2-16 
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The Drude plasma frequency is defined by: 

 

𝜔𝑝 = √
𝑒2𝑁𝑒

𝜀0𝑚𝑒

 

2-17 

This is the plasma oscillation resonance that will be further discussed in chapter 2.3.  

The electron mass, 𝑚𝑒  , can be substituted by the effective mass in order to account for the 

coupling to the ion core.  

Tauc-Lorentz 

Among the numerous optical models, the Tauc-Lorentz model is used for describing the 

interband transitions because it includes the density of states, which contribute to the curve 

shape [29, 36]. Initially it was developed for amorphous and crystalline materials but 

modifications of this formula can also be used to describe the interband transitions in gold 

and silver [37, 38]. 

At an interband transition with optical band gap ħωg, the imaginary part of the dielectric 

function is zero for frequencies equal or below the gap, while for frequencies above is 

expressed as: 

 
𝜀2(𝜔) =

1

𝜔
∙

𝐴𝜔0𝛤(𝜔 − 𝜔𝑔)
2

(𝜔2 − 𝜔0
2)2 + 𝛤2𝜔2

 
2-18 

with A, 𝜔0 and Γ as the amplitude, center frequency and broadening respectively. The real 

part of the dielectric function can be obtained by Kramers-Kronig equations, mathematic 

relations that connect the real with the imaginary part of a complex function [39]. 

 

2.3 Plasmonics 
A plasmon is frequently described as the quantum of plasma oscillation [40]. The 

interaction of namely the electric field of light with a metal displaces charges in the 

material. The created electron cloud oscillates under the restoring force of the positive ion 

cores at the plasma frequency, ωp. 

For different conditions plasmons can be generated in the bulk of the metal (Volume 

plasmon), in the interface between a metal and dielectric (Surface Plasmon Polariton) and 

in metal structures with sizes in the sub-wavelength limit (Localized Surface Plasmonic 

Resonances) [29, 41-48]. 

The plasma model is described by the Drude equation 2-16. The damping constant Γ, is 

defined as inversely proportional to the relaxation time of free electron gas, τ  [41] 

 
𝛤 =

1

𝜏
 

2-19 
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Combining the equations 2-5, 2-16 and 2-19, the complex dielectric function is analyzed to 

the real and imaginary components 

 
𝜀1(𝜔) = 1 −

𝜔𝑝
2𝜏2

1 + 𝜔2𝜏2
 

2-20 

 

 
𝜀2(𝜔) =

𝜔𝑝
2𝜏

𝜔(1 + 𝜔2𝜏2)
 

 

There are two frequency regions in metals, one for ω <ωp, where the metal retains its 

metallic character with a negative real part of the dielectric function (ε1 < 0). In the regime 

where frequencies are quite lower than the ωp, ε2 >>ε1 and the metal is strongly absorbing. 

At incoming light frequencies above the plasma frequency, ω>ωp, the metal acts like a 

dielectric (ε1 > 0, with ε1→1 for ω >>ωp) because the electrons cannot follow the rapid 

oscillation of the incoming field [41]. 

The dielectric constant 𝜀∞ is introduced in the Drude equation to sum up the higher energy 

contributions to the dielectric function: 

 
𝜀(𝜔) = 𝜀∞ −

𝜔𝑝
2

𝜔2 + 𝑖𝛤𝜔
 

2-21 

 

The geometrical conditions of the metal structure result in the creation of different kind of 

plasmons. In the case of a field oscillating at the plasma frequency in a homogenous metal 

media a volume plasmon is created. It is described as a longitudinal oscillation of the 

electron gas that moves in phase against the restoring force of the fixed ion background. 

In the case of an interface between a dielectric and a metal under certain conditions a 

surface plasmon polariton is created. According to boundary conditions, when the real part 

of the dielectric permittivities of the two media have opposing signs, i.e. conductor and 

insulator, the electrons of the metal oscillate in conjunction with the wave creating a surface 

wave. 

From the case of semi-infinite planar material, the focus shifts to the special case of sub-

wavelength metal particles. The plasmons resulting from this geometry are called localized 

surface plasmons. In contrast to volume and surface plasmons, the localized plasmons 

involve electrons confined in nanosized material. 

The small size of the metal introduces the quasistatic approximation 𝑎0<<λ (𝑎0 is the 

particle radius), meaning that the particle is much smaller than the wavelength of light and 

a simplified case of the particle being in an electrostatic field can be applied. Gustav Mie’s 

solutions of the Maxwell equations for an arbitrary sized sphere predict the absorption and 

scattering properties [49]. For the quasistatic limit, where no retardation effects are 

considered and the field is constant, the polarizability (α) of the sphere is 
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 α = 4𝜋𝑎0
3

𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚

 2-22 

 

𝑎0 is the particle radius, εm is the dielectric constant of the embedding medium and ε the 

metal’s complex dielectric function. The polarizability will be resonantly enhanced when 

the denominator is minimum. Provided that Im(ε) is small or non-dependent on ω, the 

formula leads to the Fröhlich condition for the existence of  the dipole surface plasmon: 

 𝑅𝑒[𝜀(𝜔)] =  −2𝜀𝑚 2-23 

There is strong connection of the plasmon resonance and the surrounding dielectric 

medium. For a Drude pure metal the localized surface resonance is at  𝜔𝜊 =
𝜔𝑝

√3
⁄   but for 

real metals like gold and silver the frequency is considerably reduced.  

 

Figure 2.4: Extinction cross section of Mie scattering for a single Ag sphere 

in vacuum (Calculated by MiePlot v4.5 @Philip Laven) 

The plasma frequency relates to the size and shape of the nanoparticle. The increasing size 

of nanoparticles causes a red-shift of the dipolar mode due to retardation and the 

appearance of the quadrupolar mode [50]. Additionally, broadening of the oscillation is 

observed that is due to intraparticle absorption effects (Figure 2.4). Furthermore, by 

breaking the spherical symmetry shape effects are introduced. An example is that of an 

ellipsoid, with its major and minor axis. The electron oscillation along these two axes results 

in two separated resonances, with the major axis resonance being red-shifted according to 

the particle aspect ratio [51]. 
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Nanoparticles can be isolated or they can be found in ensembles that result in coupled 

plasmon resonances. In the case of more than one nanoparticle, the localized modes 

electromagnetically interact with each other resulting in a variety of intricate optical 

behaviors that depend on the ensemble geometry. In simple ensemble geometry, near-field 

coupling results in blue-shifting resonance when the polarization direction light excites the 

transverse modes. Correspondingly, the resonance red-shifts when the light excites the 

longitudinal modes (Figure 2.5). Owing to this coupling the confined inter-particle spaces 

can achieve the highest field enhancement, at positions termed as “hot-spots”. 

 

Figure 2.5: Near-field coupling between metallic nanoparticles, resulting in 

blue (a) or red (b) shifting of the dipole resonance frequency. 

The significance of the dipole particle plasmon resonance is that the resonantly enhanced 

polarization leads to field-enhancement that drastically augments the absorption and 

scattering of the light in the area of the particle. This effect finds applications in a variety of 

significant fields: e.g. the exploitation of SPP to create waveguides, sensing on the surface of 

prisms with attenuated total reflection, manufacturing of sophisticated LSPR structures 

with metamaterial properties and the use of LSPRs in high sensitivity and selectivity 

sensing, with field enhancements enabling single molecule detection [8]. For further 

understanding  of the vast field of plasmonics and its applications the reader is referenced 

to in-depth literature such as [41] and [46].  

 

2.4 Vibrational spectroscopy 
In the field of linear optics, when a photon interacts with a molecule it can either 

scatter elastically, retaining its wavenumber (Rayleight scattering) [52], scatter inelastically 

resulting in photons with altered wavenumbers (Raman scattering) or it can be absorbed 

[53]. The probability of these events depends on the wavenumber of the photon and on the 

cross section of each interaction. Light at the visible or infrared region induces transitions 

to the vibrational and rotational modes of the molecule, resulting in Raman scattering or IR 
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absorption, respectively and providing crucial information about the nature of compounds. 

The possible transitions are schematically presented by the Jablonski diagram in Figure 2.6. 

 

 

Figure 2.6: Jablonski diagram of transitions in vibrational spectroscopy 

[54]. 

These vibrational-rotational transitions belong to the IR and far-IR region and are 

equivalent for the two techniques. Due to different mechanisms though, IR and Raman 

follow different selection rules which define different probabilities of the active modes for 

each technique. The selection rules can be determined from symmetry and group theory. 

The combination of both techniques would provide the complete vibrational information of 

optically active modes of a molecule [55].  

Both of the techniques are considered to be powerful analytical tools for applications in 

industry and research, in numerous fields such as pharmaceutics, life sciences and material 

physics. IR absorption is an established technique for a longer time compared to Raman 

scattering since the involved intensities are comparatively too low. But in the more recent 

years technical developments of laser light sources gave Raman a significant boost. 

Furthermore, the discovery of surface enhanced techniques made surface enhanced Raman 

scattering (SERS) more applicable as it leads to signal enhancements orders of magnitude 

stronger than the counterpart surface enhanced infrared absorption (SEIRA).  



 

16 
 

In the following part the fundamentals of the techniques and the phenomena involved in the 

surface enhancement are briefly introduced. 

 

 Raman scattering 2.4.1

The phenomenon is named after the Indian physicist C.V. Raman, who was the first 

to discover the frequency shift of scattered light, granting him a Nobel prize in 1930 [56]. 

The mechanism of Raman scattering can be described with a classical or quantum 

mechanical approach.  

This chapter follows the formalism of Vibrational Spectroscopy in Life Science by F. Siebert 

and P. Hildebrandt [57].  

A molecule can be depicted with the classical image of the ball and string model. The atoms 

are connected to each other and displace in a way that can be described with the harmonic 

oscillator equation. The degrees of freedom for non-linear molecules of N atoms are 3N-6 

(3N-5 for linear). The characteristic vibrations of the molecule are denoted as normal 

modes (k) in which some or all atoms vibrate together with the same frequency,  𝑣�̃� , but 

different amplitudes:  

 𝑣�̃� =
𝑣𝑘

𝑐
      (𝑐𝑚−1) 2-24 

Upon interaction of the light with the molecule, the electric field induces an oscillating 

dipole which subsequently produces radiation at frequencies modulated by the normal 

modes. From a quantum perspective, a photon with frequency 𝑣0̃ is scattered by the 

molecule, producing a phonon at the normal mode frequency 𝑣�̃� and a photon with 

frequency 𝑣0̃ − 𝑣�̃� (Stokes Raman scattering). In the case where a phonon is annihilated the 

resulting frequency of the scattered photon is 𝑣0̃ + 𝑣�̃�   (anti-Stokes scattering) [10].   

The induced dipole moment, μ, is proportional to the polarizability of the molecule α and 

the applied electric field  

 𝝁 = 𝜶 ∙ 𝜠 2-25 

The polarizability tensor α can be described by a 3x3 matrix 

 

 
[

𝑎𝑥𝑥 𝑎𝑥𝑦 𝑎𝑥𝑧

𝑎𝑦𝑥 𝑎𝑦𝑦 𝑎𝑦𝑧

𝑎𝑧𝑥 𝑎𝑧𝑦 𝑎𝑧𝑧

] 
2-26 

where x, y, z are the directions of the Cartesian axis. The matrix is symmetric for the case of 

non-resonant Raman.  

The selection rule for Raman scattering requires that for a certain transition the 

polarizability tensor has to change with the normal coordinates, Qk, 

 
(
𝜕𝛼𝜌,𝜎

𝜕𝑄𝑘

)0 ≠ 0 
2-27 

where ρ and σ denote molecule fixed coordinates. 
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In the quantum mechanical treatment the induced dipole amplitude is the transition 

moment amplitude for a  𝑖 → 𝑓 transition 

 [𝜇0]𝑓𝑖 = ⟨𝜓𝑓|𝜶|𝜓𝑖⟩ ∙ 𝑬0 2-28 

where 𝜓𝑓 and 𝜓𝑖 are vibrational wavefunctions . 

The polarizability tensor for a transition between the i  and  f  vibrational states in the 

ground electronic state, G, is described by the Kramers-Heisenberg-Dirac dispersion theory 

[10, 58]: 

 
[𝑎𝜌𝜎]

𝑖𝑓
=

1

ℎ 
∑ (

⟨𝑖𝐺|𝑀𝜌|𝑅𝑟⟩⟨𝑟𝑅|𝑀𝜎|𝐺𝑓⟩

𝑣𝑅𝑟 − 𝑣𝑘 − 𝑣0 + 𝑖𝛤𝑅𝑟
+

⟨𝑟𝑅|𝑀𝜎|𝐺𝑓⟩⟨𝑖𝐺|𝑀𝜌|𝑅𝑟⟩

𝑣𝑅𝑟 − 𝑣𝑘 + 𝑣0 + 𝑖𝛤𝑅𝑟
)

𝑅,𝑟

  
2-29 

𝑀𝜎 and 𝑀𝜌 refer to the electronic transition dipole moment expressed in the fixed 

coordinate system. R and r refer to the electronic and vibronic states, respectively with 𝛤𝑅𝑟 

being the damping constant of the Rr vibronic state and 𝑣𝑅𝑟  its frequency. 𝑣0 is the 

excitation photon frequency and 𝑣𝑘  is the normal mode frequency. In non-resonant 

conditions 𝑣0 is effectively smaller than the electronic transition frequency, leading to 

increased denominators and therefore low values of polarizability [58, 59].  

As it is mentioned above, the Raman scattering cross section is quite low compared to 

elastic scattering. The polarizability tensor is correlated with the vibrational 𝑖 → 𝑓 

transition cross section by [60] 

 𝜎𝑖→𝑓 ∝ (𝑣𝑜 ± 𝑣𝑘)4 ∙ ∑|𝛼𝜌,𝜎|
2

𝜌,𝜎

 2-30 

The cross section of Raman scattering is therefore inversely proportional to the fourth 

power of excitation wavelength. This rule plays a role in the choice of excitation laser line. 

Additionally, resonance Raman scattering may define in some molecules the choice of laser 

line in order to increase the cross section of the effect. The significant increase in the Raman 

signal takes place when the incident light’s frequency is close to that of an electronic 

transition. The underlying mechanism is connected to an enlargement of the induced dipole 

moment generated by the electronic-vibronic transition coupling. Resonance Raman is a 

significant part of Raman spectroscopy but falls outside of the scope of the present thesis. 

The topic is extensively studied in the cited literature [10, 58-61]. 

 

 Surface Enhanced Raman Scattering (SERS) 2.4.1.1

The typical Raman cross-section is between 10-30-10-25 cm2/molecule, a low value 

compared to other techniques, e.g. fluorescence at 10-17-10-16 cm2/molecule. With the 

introduction of surface enhanced Raman scattering (SERS), the low sensitivity due to cross-

section is counterbalanced by the surface enhancement, favoring the use of the technique in 

prominent fields such as bioanalytics [62]. 

In the 1970s, scientists noticed that the molecular Raman signal was increased in the 

proximity of metal structures [63, 64]. The proposed mechanism involves a strongly 

enhancing electromagnetic effect, deriving from the surface plasmon resonance and, in 
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special cases, a weaker enhancing chemical effect, deriving from metal-molecule charge-

transfer resonance that induces changes to the polarizability tensor. A significant 

enhancement can be added up with the choice of a molecule with molecular resonance at 

the excitation wavelength. In that case the technique is called surface enhanced resonance 

Raman scattering (SERRS) [65]. 

The exact calculation of the enhancement factor (EF) is a controversial matter, partly on 

account of the contribution of the mentioned factors above and partly for the difficulty of 

estimating parameters such as the number of excited molecules. Regardless of the 

estimations of EFs as big as 1014 or arguments pointing to 107-108, single molecule 

detection has been achieved since 1997 [8, 66, 67]. Since then, progress has been made into 

observing single molecules in structures other than colloidal solutions [68] and debates on 

actual single molecule detection have led to invention of verification techniques [69]. 

Generally the EF could be divided into (i) the maximum/local SERS EF that is assigned for 

hot-spots and (ii) an average EF for molecules generally on the metallic surface. 

The electromagnetic enhancement originates from the spatial localization of the electric 

field of light. The existence of metal at a certain spot changes the intensity of the incident 

field, |𝐸𝑖𝑛𝑐|. The generated local field intensity is proportional to the square of the electric 

field amplitude at that point, |𝐸𝐿|2. Depending on the metal, the incoming electric field 

wavelength and the geometry, the local field can be weaker or stronger by several orders of 

magnitude. The local field intensity enhancement factor can therefore be described as 

 
𝐿𝐹𝐼𝐸𝐹(𝜔𝐿) =

|𝐸𝐿|2

|𝐸𝑖𝑛𝑐|2
 

2-31 

The strongest enhancements are achieved for interspaces between metal nanoparticles 
with the incident electric field vector matching the orientation of the nanocavity and the 
according wavelength in order to couple the dipole resonances of the nanoparticles. These 
positions of maximum localized field are called ‘hot-spots’ (Figure 2.7). By placing a 
molecule in that spot the result will be the emission of scattered photons at 𝜔𝑅 . The Raman 
scattered field will be further enhanced by the metallic surface in the same way as the 
incident field.  

 

Figure 2.7: A ‘hot-spot’ created in the cavity between a dimer and the rapid 

change of enhancement factor with the distance. Adapted from [70]. 
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Through series of approximations regarding polarization dependence, angular dependence, 
molecular symmetry, and the symmetry of the metallic nanostructure as well as the 
difference between the local field frequency 𝜔𝐿 and the scattered Raman frequency 𝜔𝑅 , the 
SERS enhancement factor can be estimated by the so-called |𝐸|4 approximation [44, 71] 

 
𝐸𝐹~𝐿𝐹𝐼𝐸𝐹2(𝜔𝐿) =  

|𝐸𝐿|4

|𝐸𝑖𝑛𝑐|4
 

2-32 

The distance from the metal surface is essential to the enhancement of the molecule, may it 
be adsorbed or simply in the vicinity of the metal. For spherical colloids of radius 𝑎0 the 
decrease of EF with the distance d from the surface is  

 𝐸𝐹𝑆𝐸𝑅𝑆(𝑑) = 𝐸𝐹(0) ∙ (
𝑎0

𝑎0 + 𝑑
)12 2-33 

where EF(0) is the enhancement factor of molecules directly adsorbed on the surface. Along 
with the size, the shape of the nanostructures is another factor that influences the 
enhancement, as discussed in chapter 2.3. Those two factors are used to tailor LSPR 
absorption in the desired ranges. Effects of size were shown in Figure 2.4, while shape 
effects are presented at Figure 2.8. It is shown that for deviation from spherical shape 
multipolar modes are introduced, related to the different light polarization possibilities in 
the nanoparticle. These modes are red-shifted in comparison to a spherical structure, while 
the change of the aspect ratio, as seen for the rods in Figure 2.8, can result in simultaneous 
absorptions in the visible and infrared region. 

The experimental approach for estimating the EF is the analytical enhancement factor [66] 

 
𝐴𝐸𝐹 =

𝐼𝑆𝐸𝑅𝑆

𝐼𝑅

𝑁𝑅

𝑁𝑆𝐸𝑅𝑆

 
2-34 

where IR and ISERS are the Raman intensities of probe molecules in solution and absorbed on 

the metal surface respectively. NR and NSERS refer to the number of excited molecules.  
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Figure 2.8: Extinction (black), absorption (red), and scattering (blue) 

spectra calculated for Ag nanoparticles of different shapes. (f) shows 

extinction spectra of rectangular bars with aspect ratios of 2 (black), 3 

(red), and 4 (blue). Note that the nonspherical particles typically exhibit 

multiple, red-shifted resonance peaks. Reprinted with permission from 

[45]. 

The chosen metals for SERS applications in the Visible and NIR are traditionally the Group-

11 metals Au, Ag and Cu. Pt and Pb can provide reasonable enhancements for the ultraviolet 

region. The need, though, for broader applicability drives research on creating non-Group 

11 SERS active substrates [72]. Apart from the metal of choice, there is a variety in substrate 

structures as well. The main trends in the fabrication of SERS-active substrates are these of 

[73]: 

 metallic nanoparticles in solution (e.g. colloidal solutions) 

 planar metallic structures (e.g. nano-particle arrays on silicon substrate) 

 metallic electrodes  
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At this point it has to be mentioned that a typical Raman tensor study through polarized 

experiments cannot be performed in the same way for SERS as in typical Raman 

spectroscopy. For the case of molecules attached on a rough metal surface, the macroscopic 

SERS signal averages over excitation on many directions leading to depolarized results. In 

the case of a molecule placed in a hot-spot, the coupling of the incoming electric field to the 

dipole and the polarization modulation when rotating on the dipole axis, plays a more 

significant role in the Raman intensities than that of the molecule Raman tensor [74]. 

 

 Infrared absorption  2.4.2

In the year 1800 Sir William Herschel discovered the infrared radiation in the 

spectrum of the sunlight. That led to the foundation of infrared spectroscopy. During 1905 

an extended catalogue of IR spectra was published by Coblentz, supporting that certain 

groups of molecules have absorption at certain wavelengths, establishing IR as a fingerprint 

technique [75]. Later, the introduction of Fourier Transform technique combined with a 

Michelson interferometer increased measurement sensitivity, establishing IR as a broad 

commercial application [76]. 

When light in the infrared region interacts with matter, it is absorbed when its energy (ℎ𝑣) 

matches that of a fundamental excitation (electronic states, vibrational states, plasmons). 

Specifically in molecules, the resonant absorption of a photon with energy that matches that 

of an excited vibrational state takes place (Figure 2.6). The process can be described simply 

by: 

 ℎ𝑣 = ℎ𝑣𝑓 − ℎ𝑣𝑖  2-35 

Where h is the Planck constant, 𝑣𝑖  and 𝑣𝑓the frequencies of the initial and final states, 

respectively.  

The probability of the transition between the initial and final state is given by the transition 

dipole moment 

 [𝜇𝑞]
𝑓𝑖

= ⟨𝜓𝑓|𝝁𝒒|𝜓𝑖⟩ 2-36 

The expansion of the operator 𝝁𝒒 in Taylor series with respect to the normal coordinates 𝑄𝑘  

leads to the two conditions for an IR active transition within the harmonic approximation. 

The first is that there has to be a unit change in the quantum number, 𝑖 ≠ 𝑓, meaning that 

the transition should happen between two discrete vibrational states. Second, IR absorption 

is possible when there is a change in the dipole moment with the normal coordinate 

 
(

𝜕𝝁𝑞

𝜕𝑄𝑘
)

0

≠ 0  

 (𝑞 = 𝑥, 𝑦, 𝑧) 

2-37 

Therefore, if those conditions are met, polarized light propagating in the x direction would 

induce absorption from the vibrations that have transition dipole moment along the x axis. 
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For unpolarized light, absorbance A is proportional to the transition probabilities of all the 

axes [77]. 

 𝐴 ∝ (|𝜇𝑓𝑖|𝑥

2
+ |𝜇𝑓𝑖|𝑦

2
+ |𝜇𝑓𝑖|𝑧

2
) 2-38 

As it is already discussed, the Raman effect requires change in polarizability with the 

normal coordinate. These two discrete conditions can be derived from group theory, which 

can prove a demanding task for polyatomic molecules. The simplest case is a homonuclear 

diatomic molecule that has a center of symmetry along the bond. The rule of mutual 

exclusion states that a centrosymmetric molecule cannot be both Raman and IR active. The 

homonuclear molecule during stretching of the bond length does not induce dipole moment 

(IR inactive), whereas the volume of the electron cloud increases inducing modulation in 

the polarizability (Raman active) [10, 61, 78]. 

 

 Surface enhanced infrared absortion (SEIRA) 2.4.2.1

In 1980 Hartstein et al. discovered the enhancement of molecular layers on metal 

structures in attenuated-total-reflection setup as a result of collective electron resonances 

due to the island nature of thin metal films [79]. This realization signaled the beginning of 

SEIRA. Its mechanism remains more obscure than the SERS counterpart and is not so 

widely used due to lower enhancement factors (10-1000), even though the cross-section σ 

for infrared absorption 10-20 cm2 counterweights the lower EF. Nevertheless, it has played a 

significant role in electrochemistry [20, 59, 80] and during the recent years is gaining 

momentum in various analytical applications [81, 82], including biosensing [83].  

The types of supports that have been extensively used for SEIRA purposes are evaporated 

nano-islands, electrochemical deposited substrates and metal colloids [84]. SEIRA 

enhancements can be achieved for coinage metals as well as transition metals [85], while it 

has been demonstrated that the use of  the phonon resonance can lead to equivalent 

plasmon resonance enhancements [86]. 

The metal islands of the SEIRA substrate are mainly represented as metal ellipsoids on a 

surface covered by an adsorbed molecular layer (Figure 2.9). The incident EM field induces 

dipole oscillation (p) at the plasmonic resonance region that generates a local field stronger 

than the incident field. As only the field of the incident radiation is enhanced, the 

enhancement factor with respect to the distance from the metallic surface is not as strongly 

correlated as in the case of SERS. 

 𝐸𝐹𝑆𝐸𝐼𝑅𝐴(𝑑) = 𝐸𝐹(0) ∙ (
𝑎0

𝑎0 + 𝑑
)6 2-39 

Furthermore, the adsorbed molecules induce additional dipoles (δp) changing the optical 

properties of the metal. In that condition, the molecule’s strong perturbation at the 

vibrational frequencies in combination with the metal’s strong absorption leads to 

amplification of the absorption. These conditions summarize the electromagnetic origin of 

the enhancement [87, 88]. The chemical origin of the enhancement lies in chemical 
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interactions that increase the |
𝜕𝝁𝑞

𝜕𝑄𝑘
|

2

  and therefore the absorption. The absorption is 

proportional to   

 
𝐴 ∝ |

𝜕𝝁𝑞

𝜕𝑄𝑘
|

2

∙ |𝑬|2𝑐𝑜𝑠2𝜃 
2-40 

where θ is the angle between dipole moment derivative and the electric field. As a result of 

the chemical interactions, chemisorbed layers manifest larger enhancements than the 

physisorbed ones.  

As can be derived from the 𝑐𝑜𝑠2𝜃 in 2-40, SEIRA is strongly influenced by the orientation of 

adsorded species. The surface selection rule denotes that the vibrational modes enhanced 

are the ones with dipole moment derivative components perpendicular to the surface [89, 

90]. 

 

Figure 2.9: Electromagnetic mechanism of SEIRA. The electric field of 

incident IR light induces  a dipole p  in the metal island generating an 

enhanced local electric field around the particles. Also, the molecular 

vibrations induce an additional dipole δp and perturb the optical 

properties of the metal. 

The SEIRA enhancement can be calculated by Effective Medium Approximation (EMA) 

models where the effective optical properties are estimated for a volume that is a mixture of 

metal and matrix material. The layer inhomogeneities are smaller than the wavelength and 

the material is treated as having homogenous effective permittivity therefore the Fresnel 

equations are applicable. The main models are based on the Bruggeman and the Maxwell-

Garnet theory (MGT). Further investigation of the EMAs is outside the scope of the present 

thesis. Extensive information can be found in the cited literature [33, 87, 91]. 
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2.5 Thin metal film growth  
As discussed above, SERS and SEIRA active materials may be obtained by 

evaporated island films. For deposition of thin films, one must consider the source of the 

evaporated atoms as well as the substrates upon which they deposit. The growth of metal 

on a support surface falls under the rules of heterogenous nucleation. The nucleation 

process is driven by the minimization of Gibbs energy (ΔG) and promoted by the atom 

diffusion. A description is given by Young΄s equation: 

 cos(𝜃𝑤𝑒𝑡) =
𝛾𝑠𝑣 − 𝛾𝑓𝑠

𝛾𝑓𝑣

 2-41 

𝛾 are the interfacial surface energies of the film 𝑓, substrate 𝑠, vapor 𝑣 and 𝜃𝑤𝑒𝑡 the wetting 

angle (Figure 2.10).  

 

Figure 2.10: Heterogenous nucleation on substrate surface by vapor 

deposition. 

The Young΄s equation leads to three growth models [92-94]: 

 Layer-by-layer or Frank-van der Merwe growth, when  𝜃𝑤𝑒𝑡 ≅ 0 and 𝛾𝑠𝑣 ≥ 𝛾𝑓𝑠 + 𝛾𝑓𝑣. 

The deposit forms layers on the surface because the atoms of the deposit material 

are more strongly attracted to the substrate than to themselves. 

 Island or Volmer-Weber growth, when 𝜃𝑤𝑒𝑡 > 0 and therefore 𝛾𝑠𝑣 < 𝛾𝑓𝑠 + 𝛾𝑓𝑣 . If 𝛾𝑓𝑠 

is neglected the island growth occurs when the surface tension of the film exceeds 

that of the substrate. The deposited atoms are more strongly bound to each other 

than the substrate, tending to cluster up. 

 Layer-plus-island or Stranski-Krastanov growth. This is an in-between growth mode 

where initially  𝛾𝑠𝑣 > 𝛾𝑓𝑠 + 𝛾𝑓𝑣 promoting the formation of a wetting layer and after 

the first monolayers the system switches to island growth. 

The growth of evaporated silver on SiO2 , due to weak interaction and adsorption, 

presumably promotes the island type, V-W growth [95]. 
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2.6 Rippled silicon substrates 
The processes for producing functional nanostructures vary from chemical 

processes, cheap but low in control; top-down procedures, high in detail but time and cost 

expensive; or bottom-up processes, with intermediate values regarding control and cost.  

A bottom-up technique for manufacturing templates to be used in the creation of functional 

metallic nanostructures is low energy ion bombardment.  During this sputtering process, 

energetic ions collide with the surface driving out the material. A competition between 

roughening by ion sputtering and surface smoothing mechanisms (e.g. surface diffusion), 

leads to the formation of ripples on the surface of the target material. The description of the 

underlying mechanisms for nanopatterned templates falls out of the scope of this thesis. 

Further details on the phenomenon can be found in references [95-99]. 
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3 Experimental setup 
In the following section the experimental setup used in this work is presented. This includes 

the fabrication process, where silver nanoparticles are deposited via thermal evaporation 

on the silicon surface followed by chemical functionalization with a self-assembled 

monolayer. Likewise, the characterization techniques are presented, specifically optical 

characterization via ellipsometry, spectroscopical characterization via Raman and IR setup 

and topographic characterization via atomic force microscopy and scanning electron 

microscopy. 

3.1 Thermal evaporation 
This technique is used in order to deposit silver nanoparticles on the surface of a substrate 

of choice. The substrates used were plain silicon wafers (100) or rippled silicon substrates 

patterned by ion-beam irradiation as described in [96, 100]. 

The metal film evaporation takes place in the atmosphere of a high vacuum chamber. The 

pressure during evaporation was kept below 3x10-7 mbar with the use of a turbo pump. The 

sample is mounted on a holder placed in the middle of the chamber. The holder can move in 

xyz direction as well as tilt in the z axis to enable deposition at a preferred position and 

angle. In order to achieve high angle of deposition to the surface normal, a wedge was used, 

on which the silicon substrate was mounted. The evaporator is mounted from a lower port. 

The electrons from a heated tungsten filament are attracted to the high positive potential of 

the crucible (Mo) that contains the silver. At 1kV voltage and 7A filament current, 20mA 

emission current and resulting temperatures over 900° C melt the silver and the vapors are 

directed to the target substrate. The geometry is controlled so that the incoming beam of 

evaporated material forms an incidence angle 70° in respect to the normal of the substrate’s 

surface (Figure 3.1). 

 

Figure 3.1: Ag evaporation schematics. 
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3.2 Self-assembled monolayer 
Surface modification by adsorption of a self-assembled monolayer (SAM) is used in 

order to study the sensing applications of the substrate and additionally acts as protection 

for the nanoisland layer. Immediately following metal deposition, the samples were 

incubated in a 1 mM solution of 4-mercaptobenzonitrile (4-MBN, Sigma-Aldrich) and DMSO 

for 18 h, and subsequently washed with ethanol, pure water, and dried with N2 [101]. 

 

3.3 Ellipsometry 
The characterization of the optical properties in the UV-Vis region was performed 

with a SENTECH SE850 ellipsometer in reflectance mode with an incident angle of 70°. 

Micro-apertures were used to reduce the spot size to 250 μm. For the fitting procedure the 

SpectraRay3 and WVase software were used. 

The separate infrared-ellipsometric setup is externally attached to a Bruker Vertex 70 FT-IR 

spectrometer, and the measurement was performed in reflectance mode at an incidence 

angle of 65° and a resolution of 4 cm−1 [27]. As a reference sample an undeposited rippled 

silicon template was used. IR-ellipsometry involves a wide spot size of a few mm2 and 

therefore a homogenous sample is necessary. The setup was purged with dry air to avoid 

absorption of the IR radiation by the water vapor. 

3.4 Raman scattering spectroscopy  
The Raman setup is equipped with an argon laser (Coherent Innova 300c Ar) as well 

as a Krypton Laser (Sabre Innova Kr) that can produce distinct laser excitation lines, from 

which mainly the 514 nm and 647 nm were used. An additional diode pumped solid state 

laser with a 594 nm excitation line was used (Cobolt Mambo 100). The laser beam was 

focused onto the sample by a Nikon 20× objective with a numerical aperture of 0.35 and a 

spot size of approximately 2 μm in radius. The laser power on the sample was 1 mW.  All 

SERS spectra were normalized per mW laser power and per second of accumulation time. 

The spectrometer used is LabRam with a 1200 (1/mm) grating controlled by LabSpec 

software. It is coupled to an electrically cooled CCD Andor detector. For the spectral line 

calibration prior to measurements the 520 cm-1 silicon phonon peak was used.  

The setup of (Figure 3.2) depicts the laser beam path reflecting on the mirrors (M) and its 

polarization direction, indicated by the arrows.  For enabling polarization measurements a 

detachable polarizer (P) at the laser output and analyzer (A) can be placed at the 

spectrometer entrance. The beam is incident on the sample with a specified polarization 

direction. The scattered light collected through the objective lens passes through the 

analyzer and is guided to the detector. In order to eliminate any polarization sensitivity of 

the spectrometer, the analyzed light passes through a quarter-wave plate (λ/4) 

transforming the linear light into circularly polarized light before it enters the 

spectrometer.  
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Figure 3.2: The Raman measuring setup following the laser path. M: 

reflection mirror, P: Polarizer, A: Analyzer. The beam polarization is 

indicated by the arrows.  

3.5 Infrared spectroscopy setup 
The infrared measurements in reflectance mode were performed at a Bruker 

Hyperion 3000 FT-IR microscope with a Cassegrain objective (15×) with numerical 

aperture of 0.4 and aperture size of 160 μm. A typical measurement had 4000 scans. The 

sample spectra were referenced to flat Au substrate. Au and Ag have similar behavior in the 

infrared region and therefore can be used for reference. 

By converting the FTIR microscope there is the possibility to extract polarization 

information, which is useful in the characterization of the samples. A Bruker Hyperion 3000 

FTIR is equipped with a set of polarizer and analyzer. Additionally, an Optical Plane 

Aperture (OPA) in the form of a slit was placed in the throughput of the objective. This slit 

defines the optical plane of the incident and reflected beam which subsequently can be 

measured in parallel and cross polarized conditions. As shown in Figure 3.3, the IR beam 

that passes through the polarizer, involves the polarization direction p, parallel to the plane 

of incidence while the polarization direction s, perpendicular to the plane of incidence is 

being blocked by the polarizer. The direction p consists of two contributions, the in-plane 
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Epx and a smaller out-of-plane Epz. The origin of the small Epz contribution is due to the small 

incidence angle (16°) of the Cassegrain objective. [102]  

Both of the setups were purged with dry air to avoid absorption of IR radiation by water 

vapor. 

 

Figure 3.3: Polarization directions of the IR beam that passes through the polarizer. 

 

3.6 Topographic characterization 
The characterization of the periodicity of rippled silicon substrates and the thin metal 

films surface morphology was performed by two basic topographic techniques: 

 Atomic force microscopy (AFM) in non-contact mode at a XE-100 atomic force 

microscope (Park Systems Corp., Suwon, Korea) 

 Scanning electron microscopy (SEM) at a Hitachi SU8030 SEM with cold field 

emitter gun. The images were taken with the upper inlens detector at an 

accelerating voltage of 3 kV and a beam current of 100 pA. 

Image analysis was performed with ImageJ [103] and Gwyddion [104] software, including 

the Fourier transformation analysis. 
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3.7 Enhancement factor calculations 

SERS 

The calculations of the enhancement factor are done according to Ly et al [105].  

The Raman Enhancement Factor (REF) is determined by 3-1, 

 
𝑅𝐸𝐹 =

𝐼𝑆𝐸𝑅𝑆

𝐼𝑅

𝑁𝑅

𝑁𝑆𝐸𝑅𝑆

=
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅

𝑐𝑅𝑉

𝛤𝑆𝐸𝑅𝑆𝐴
 

3-1 

where IR and ISERS are the Raman intensities of probe molecules in solution and absorbed on 

the Ag surface respectively. NR and NSERS refer to the number of molecules in the focus of the 

laser beam. NR equals to the concentration of molecules of the solution, cR=100 mM, times 

the illuminated volume, NSERS equals to the surface concentration ΓSERS, times the 

illuminated area, A.  

The irradiated volume V can be approximated by a cylinder of radius r and height h, while 

the radius of the focused beam is estimated by McFarland et al. to be r=2 μm for the x20 

objective independent of the wavelength [106]. The height of the cylinder can be 

approximated by the depth of focus of a Gaussian beam:  

 ℎ = 2𝑟2
𝜋

𝜆
 3-2 

For ΓSERS the largest packing density of benzenethiol (BT), 6.8∙1014 molecules/cm2 [107] was 

used. The surface area probed by the measurement can be estimated from the SEM pictures. 

The population and average distribution of the size of nanoparticles is measured by ImageJ. 

The surface area (AREAL) is calculated by considering silver hemi-ellipsoids and relate it to 

the area of the SEM picture (AGEOMETRIC). In this way an analogy with the roughness factor 

𝑅𝐹 =
𝐴𝑅𝐸𝐴𝐿

𝐴𝐺𝐸𝑂𝑀𝐸𝑇𝑅𝐼𝐶
   [108] has been generated.  Therefore, the interacting illuminating area A, 

from 3-1, is expressed as 𝐴 = 𝑅𝐹 ∙ 𝜋𝑟2.  

The choice of calculating the surface area of the hemi-ellipsoids instead of the flat surface 

area calculated by the SEM picture is done in order to avoid over-estimation of the EF. For 

example, analysis of an SEM area (Figure 6.8) gives flat area coverage at 50%, while 

calculating the silver surface of the ellipsoids, the real area coverage amounts to 60%. On 

the other hand using the largest packing density of BT could lead to underestimating the EF. 

As it can be seen, the estimation of EF withholds many presumptions and should be 

considered with caution [109].  

In chapter 6.2, a comparison of the EF of anisotropic substrates with that of a roughened 

silver electrode is made, in order to compare the efficiency of the substrates with that of a 

typical SERS substrate. Nanostructured electrodes are extensively used for electrochemical 

and spectroelectrochemical studies with moderately good SERS properties. For the silver 

electrode the surface roughness factor is determined by BET measurements to be ca. 20 

[105]. For comparison, the roughness factor of the evaporated nanoparticles in the 

measured SERS active areas varies between approximate values of 0.6 and 1. 
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SEIRA 

Anοther important step is the evaluation of the molecular signal enhancement by the 

substrate in the IR region. In collaboration with Christoph Kratz (ISAS), a method to 

estimate and compare the enhancement of metal island films from the IR-ellipsometric data 

was found. Specifically, the parameters of the three main 4-MBN peaks at 1476, 1584, 2229 

cm-1 were extracted by ellipsometric modelling of an 4-MBN monolayer on a flat gold 

surface. A model was built consisting of the layers Si/native SiO2/4-MBN monolayer. The 4-

MBN layer was represented by a combination of three harmonic oscillators to account for 

the three main peaks, with their already specified parameters and the dielectric constant 𝜀∞ 

as a model parameter. The theoretically simulated tanΨ graph was then compared to the 

experimental data, providing the ratio of the enhancement of the 4-MBN peaks by the 

existence of silver. The software used was the Sentech SpectraRay3. 
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Part B: Results 
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4 Enhancement substrates 
The following chapter presents the fabrication process of SERS and SEIRA substrates 

via silver evaporation on plain and rippled silicon as well as the ellipsometric models that 

were used to optically characterize them. 

 Silver deposition on plain silicon 4.1.1

There are a great number of factors that influence the island growth of deposited 

silver via deposition on the surface of Si (100) with native oxide. These factors are e.g. the 

beam flux, angle of incidence, annealing or heating of the substrate during deposition, 

degradation due to atmospheric tarnishing. Below is given an overview of the effects of 

some of those factors on the silver films. 

Deposition characteristics 

The morphological evolution of silver nano-islands is strongly connected to factors such as 

the deposition rate and temperature. It is necessary to have control over the deposition rate 

that defines as well the growth curve. As discussed in 2.5, deposited silver grows on SiO2 

according to V-W growth, where the silver atoms selectively coalesce with each other 

forming islands. The incoming flux defines the nucleation and diffusion of the atoms on the 

surface. 

Figure 4.1 shows the dependence of thickness and growth rate on the deposition time. The 

thickness was estimated using UV-Vis ellipsometry and a simple Si/SiO2/Ag model in 

Spectra Ray 3. As expected the Ag layer thickness (black squares) increases over time but 

with a declining growth rate (blue triangles). The film growth process is mediated by 

Ostwald ripening where atoms of smaller clusters transfer to larger clusters, via vapor 

phase and surface diffusion [110]. After an initial rapid growth in nanoparticle size, the 

growth rate slows down while coarsening between the nanoparticles takes place [111]. The 

nanoparticle coarsening involves their growth also in the lateral direction, leading to 

formation of islands. The islands interconnect at increasing deposition time, resembling 

fractal geometry, and eventually forming a continuous film, which should in turn lead to a 

linear relation of the thickness over the deposition time [92, 112]. The last area was not 

observed in Figure 4.1, suggesting that the film is not fully closed yet.  
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Figure 4.1: Ag layer thickness (black squares) and growth rate (blue 

triangles) as a function of deposition time.  

Figure 4.2 shows the topography of a thick layer of approximate nominal thickness of 40 

nm. The film is not entirely closed and the surface presents intense roughness. It has been 

reported that at room temperature it is difficult to grow continuous silver films of tens of 

nanometers and the film coalescence happens at hundredths of nanometers [113]. 

Nevertheless, in this area the film is already percolated. The percolation takes place when 

the isolated islands coalesce with each other resulting in an increase in electrical 

conductivity and a rapid change in the optical values, e.g. the effective dielectric function 

[112, 114]. 

 

Figure 4.2: SEM image of evaporated Ag layer of nominal thickness 40 nm. 

 

Annealing 

In various preparation methods there is a thermal treatment step that involves the heating 

of the sample. Temperature is another important factor that controls the kinetics of the film 

growth. The effect is different when the annealing takes place during deposition, after the 

deposition without breaking the vacuum or after exposing the sample in atmospheric air. In 

general, high temperature leads to increased surface mobility of atoms and results in 

agglomeration of the islands [115]. 
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Figure 4.3 shows the AFM topographic image of a deposited silver layer exposed in ambient 

air (left) and then annealed in 300° for 1 hour (middle). The increase of the nanoisland size 

is pronounced, from an average of 100 nm for the unannealed sample to 250 nm for the 

post-annealed sample, with a quasi-spherical shape. The increase of the particle size, 

changes the plasmonic response of the sample. In Figure 4.3, right, is shown the red-shifting 

of the imaginary part of the pseudodielectric function after the annealing procedure. 

During exposure in ambient air the atmospheric oxygen is chemisorbed on the Ag 

nanoparticles, decreasing the surface energy. The annealing takes place after the growth 

process has ended, where the clusters are already formed. The main mechanism is not the 

diffusion of adatoms on the surface but the reshaping of the clusters in order to achieve 

minimal surface energy, which leads to spherical shape [95].  

Regarding the deposition of Ag on rippled silicon substrates, the annealing-induced 

spherical shape would contradict the effort of producing anisotropic nanoparticles with 

aspect ratio. Therefore, the depositions were performed at room temperature. 

 

Figure 4.3:  AFM topography of Ag nano-islands before (left) and after 

(middle) annealing for 1 hour at 300°. Right, is the corresponding 

imaginary part of the pseudodielectric function. 

 

Time degradation 

Compared to gold, which is inert, silver has the disadvantage of atmospheric tarnishing. The 

effect is quite influential for nanoparticles due to their high surface-to-volume ratio, where 

the nanoparticle size and distribution impacts the oxidation rate. Oates et al. have shown 

that for similarly produced samples left in ambient air, the tarnishing is due to oxidation 

rather than sulfidation [116]. Atomic oxygen combines with silver forming an AgO layer and 

catalyzes the recombination of more oxygen creating AgO2  [117].  

 For sensing purposed devices it is important to define the extent of oxydation as it will in 

turn define the shelf-life of the product. It is well known that self-assembled monolayers can 

be used to protect silver from tarnishing [118]. Qi et al. report that benzenethiol layer 

protected the silver nanoparticles for more than ten days [119].  In this case the SAM has 

the dual role of protection and chemical functionalization for sensing purposes.  
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Measurements on the present samples (Figure 4.4) have shown a minor red shift of the 

resonance after ten days and a definitely oxidized state after two months of exposure to 

ambient air. To avoid signal deterioration due to oxidation, all measurements were 

performed to samples no older than two weeks.  

 

Figure 4.4: Optical response due to time degradation of Ag nanoparticles after 4-MBN adsorption. 

 

 

 Silver deposition on rippled silicon 4.1.2

Controlled silver deposition on silicon templates is one possibility for tailoring 

plasmonic properties. An additional possibility for tuning the plasmonic properties can be 

achieved with the surface modification of the supporting template, i.e. the use of a rippled 

silicon template. The metal deposition on plain silicon results in isotropic properties in the 

xy plane. With the use of rippled silicon instead, the plasmonic response differs in the x and 

y axes, creating optically anisotropic substrates. 

The rippled surface is created by the bombardment of Ar+ ions on an epi-polished Si (100) 

substrate. Mukesh and Keller have concluded that the optimal ion incident angle is at 67° 

with respect to the surface normal (schematics in Figure 4.5) [95, 96]. The templates used 

in this study were bombarded by ion flux in the range of 1017-1018 cm-2 and kinetic energies 

of 500 eV and 800 eV resulting in ripple periodicity of 45 nm and 30 nm, respectively. 

The fabrication of rippled silicon substrates has been extensively studied by the Ion induced 

Nanostructures group of Dr. Stefan Facsko, Helmholtz-Zentrum Dresden-Rossendorf. The 

templates used in the present work were fabricated in the same lab with the collaboration 

of Benjamin Schreiber. 
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Figure 4.5: Left, AFM topography of a rippled substrate. The Fourier 

transform, inset, illustrates the strong periodicity. The colored arrows note 

the direction of the incoming ion beam and the Ag evaporation. Right, the 

ripple amplitude along a line scan. The ripple periodicity is 25 nm. 

Figure 4.5, left, shows the rippled surface pattern as a result of ion beam bombardment on 

silicon. The AFM-derived periodicity is 25 nm, while the ripple height is around 2 nm 

(Figure 4.5, right). The Fast Fourier Transformation shown in the inset of Figure 4.5 

displays the periodicity and ripple quality. The bright spots represent the characteristic 

spatial frequency and the direction of the spots stands for the direction of the wave vector 

of the periodic structure.  

Extensive experiments by Dr. Ranjan Mukesh [95] concluded that the silver vapor 

deposition scheme producing better quality self-aligned nanoarrays is for deposition angle 

at 70°, with respect to the surface normal and direction opposite to that of the incoming ion 

beam that formed the ripples (schematics in Figure 4.5, left).  The silver atoms nucleate on 

the ridges of the ripples and clustering is observed. Depending on the deposition rate and 

time, the nanoparticles, initially spherical (Figure 4.6, left) will grow and coalesce along the 

ridge forming aligned arrays of nanoparticles with various aspect ratios (Figure 4.6, right).  

 

Figure 4.6: SEM images depicting the growth of silver on ripples with 

periodicity 25 nm. The nominal thickness is 8 nm (left) and 16 nm (right).  
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Due to the preferential growth of the metal particles along the ripples, there are two optical 

axes created: one perpendicular (⊥) and one parallel (∥) to the ripples. Along these axes the 

optical resonances differ according to the different nanoparticle sizes (Figure 4.7, left). The 

perpendicular direction has a resonance at lower wavelengths while the one parallel to the 

ripples direction presents a red-shifted resonance, attributed to the increased nanoparticle 

length in this direction (Figure 4.7, right). Extended discussion on the optical properties of 

these structures takes place in chapter 6.1.  

Ripples with lower periodicity exhibit better ripple quality compared to the larger 

periodicity ripples of 40-50 nm that present increased roughness. Nevertheless, 

depositions with varying ripple periodicity and deposition time allow concluding that for 

samples with pronounced optical anisotropy, larger ripple periodicity is preferred. This can 

be attributed to the fact that during the nanoparticle growth, at a certain point the height 

and width will exceed the limited ridge area and grow above the ripples. Therefore at a 

template with smaller ripple periodicity the deposited silver will grow over the ripples and 

start coalescing in all directions, before the resonance in the direction along the ripples has 

reached the infrared region, therefore limiting the optical anisotropy range. 

 

Figure 4.7: Left, imaginary part of the pseudodielectric function 

corresponding to the excitation direction perpendicular (blue solid line) 

and parallel (black dashed line) to the ripples. Right, SEM image of the 

corresponding topography. 

 

 

 

 

 



 

41 
 

4.2 Optical properties 
Ellipsometry in the present work is used as a tool for determination of the silver layer 

thickness, important for the deposition control. Additionally, a simple measurement of 

ellipsometry can give an indication for the wavelength of the plasmonic resonances via the 

pseudodielectic function (see Eq.2-12). This provides a quick estimation of the sample 

suitability for Raman and IR purposes and the choice of excitation. Nevertheless, proper 

modelling is necessary for better thickness estimation as well as for extracting the effective 

dielectric function of the layer in order to further study the optical properties. The optical 

properties of similar structures have been thoroughly investigated with the use of 

ellipsometry by Oates et al. [38, 120]. However, a complete optical investigation is outside 

the scope of this work. In this chapter are presented the basic models used for extracting 

information from silver deposited on plain and rippled silicon.   

Silver on plain silicon 

A common approach to the modeling of metal island films is the effective medium 

approximation, Maxwell-Garnet for low coverage and Bruggeman for close-to-percolation 

layers [29, 121]. Alternatively, Oates et al. [38] proposed the use of an anisotropic layer 

model consisting of oscillators for improved fitting of Ag island films.  

According to that approach, the fitting quality of an isotropic versus a uniaxial model for 

silver nanoisland layers of different thicknesses was compared. The isotropic model  

consisted of the layers Si/SiO2(2 nm)/Ag. The Ag layer was modeled with a Lorentz 

oscillator accounting for the localized plasmon resonance that is converted to a Drude 

oscillator for increased thickness. A Tauc-Lorentz oscillator accounts for the interband 

transition. The energy of the Tauc-Lorentz is set at 3.8 eV corresponding to the interband 

transition 4d-5s [122]. The uniaxial model considers a different dielectric function for the 

in-plane and out-of-plane direction. The in-plane layer is modelled by a Tauc-Lorentz and 

Lorentz oscillator (occasionally a second Lorentz) for small thickness and with a Tauc-

Lorentz and a Drude oscillator for larger thickness. The out-of-plane direction (z axis) is 

treated as bulk silver, approximated by a model with a Drude and a Tauc-Lorentz oscillator. 

Corrected to account for the differences from bulk silver, the broadening parameter of the 

Drude oscillator increases due to the increased surface scattering. Accordingly, the 

amplitude parameter decreases to account for the decreased effective electron density [38, 

123]. An extra Lorentz oscillator with small amplitude is added to account for the “bump” 

observed at 3.6 eV, visible in Figure 4.8 for thickness of 29 nm and above.  

Table 1 compares the resulting fit values of thickness and the corresponding mean squared 

error (MSE) of the two models for different samples. Both of the models perform better 

with increasing thickness. The uniaxial model has generally lower MSE values than the 

isotropic, indicating improved fitting with the treatment of in-plane and out-of-plane layers 

individually. 
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Deposition time 
(mins) 

Model Thickness (nm) MSE 

5 Isotropic 7.4± 0.04 33 
Uniaxial 7.29± 0.019 21 

10 Isotropic 10.2± 0.11 43 
Uniaxial 11.7± 0.14 14 

20 Isotropic 16.67± 0.12 32 
Uniaxial 18.47± 0.08 19 

45 Isotropic 28.2± 0.13 23 
Uniaxial 29.46± 0.06 11 

60 Isotropic 35± 0.17 12 
Uniaxial 32± 0.18 7 

120 Isotropic 70± 0.44 14 
Uniaxial 76± 2.1 10 

Table 1: Fitted thickness and corresponding MSE of the isotropic and uniaxial model for 

different thickness samples. 

Figure 4.8 presents the fitting results of the uniaxial model. Figure 4.8 (left) shows the 

experimental and fitted Ψ and Δ values. The interband transition is expressed as the 

pronounced feature at Ψ-Δ graph visible at 3.8 eV. As the thickness increases, a volume 

plasmon is generated close to the plasma energy of silver, following the bulk plasmon 

condition of ε1=0. Figure 4.8 (middle) shows the real, 𝜀𝑥𝑦1 , and imaginary, 𝜀𝑥𝑦2 , part of the 

dielectric function of the in-plane layer. The localized surface plasmonic resonance 

represented by a Lorentz oscillator, red-shifts with increasing thickness. For thickness 

above 29 nm a better agreement is found with a Drude oscillator, since the central 

frequency of a potential Lorentz oscillator is outside of the investigated energy range. 

Figure 4.8 (right) shows the real, 𝜀𝑧1 , and imaginary, 𝜀𝑧2 , part of the dielectric function of 

the out-of-plane layer. As already discussed, it consists of a Drude and a Tauc-Lorentz 

oscillator with modified values to account for the differences from the bulk silver. 

A surface plasmon polariton is generated at the interface of two materials at the condition 

that interface is between a dielectric and a metal, therefore the ε1 <0. As it is seen in Figure 

4.8, the real part of the dielectric function for the in-plane layer exhibits a metallic behavior 

in the form of a Drude for energies under 3.8 eV and thicknesses over 29 nm. This coincides 

with the appearance of a “tip” at 3.6 eV, presumably a surface plasmon polariton resonance. 

Oates et al. have demonstrated the strong dependence of this resonance on the angle of 

incidence [29].   

Figure 4.9, shows details of Figure 4.8, i.e. the dielectric functions of the in-plane and out-of-

plane layers of a thin (7 nm) and a thick (32 nm) silver layer. Here, one can see in detail the 

transition of the in-plane layer from (a) Lorentz oscillator to (c) Drude model.  Also can be 

seen the decrease of the Drude broadening on the out-of-plane layer from (b) thinner to (d) 

thicker sample accounting to the increased electron mean free path (Eq. 2-19).      
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Figure 4.8: (left) experimental and fitted Ψ and Δ values with the 

corresponding (middle) εxy and (right) εz model layers of the uniaxial 

model for different Ag layer thicknesses. The arrow at 3.6 eV points to the 

surface plasmon polariton. 
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Figure 4.9: (a) εxy and (b) εz of a 7 nm Ag layer and (c) εxy , (d) εz of a 32 nm layer. 

The presented results aim to discuss the uniaxial modelling approach and compare it with 

other approaches of optical modeling of metal island films.  The fitting was performed for 

the angle of incidence of 70°. A more precise evaluation would require ellipsometric 

measurements of variable angles of incidence. 

Silver on rippled silicon 

Fitting for thickness determination of an optically anisotropic sample is lacking purpose 

since the different probing directions correspond to different effective thicknesses. Instead, 

to describe the thickness of such samples the nominal thickness is used, as it has been 

estimated from the deposition rate and time.  

However, some degree of modeling was performed in order to extract the optical 

resonances responsible for the surface enhanced properties and to study their behavior. 

The ellipsometric data are modeled to extract the effective dielectric function, ε(ω)=ε1(ω)-

iε2(ω) of the Ag island film by using a procedure similar to the one used in the modeling of 

silver on plain silicon. A biaxial model consisting of the optical layers Si/SiO2(3 nm)/Ag was 

used to extract the effective functions of the Ag island film for the two separate probing 

directions, perpendicular and parallel to the ripples axes. The out-of-plane direction is 

treated in a similar way as in silver on plain silicon (see above). The in-plane layer was 

approximated by a Brendel Oscillator model, which is in essence a harmonic oscillator 

broadened by a Gaussian distribution [124]. The fitting procedure was performed by PD Dr. 
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Hinrichs at the In-Situ spectroscopy group of ISAS Berlin. Results and details on the subject 

are presented in chapter 6.1.  
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5 Self-assembled monolayer 
A self-assembled monolayer (SAM) is a one-molecule thick layer comprised of highly-

ordered monomers attached on a surface. The applications of SAMs have been increasing in 

the past decades spreading in a wide variety of fields, e.g. in organic electronics [125], 

photolithography [126], as protective coatings against corrosion and oxidation [127]. An 

important application of SAMs is in bioanalytics, where they chemically functionalize 

surfaces to allow the adsorption of e.g. proteins, DNA and antibodies [128]. Combined with 

metal island substrates, the increased sensitivity due to surface enhancement, acquires the 

additional selectivity due to the SAM, resulting in an efficient sensing device by SERS and 

SEIRA [129]. 

In the presented work the chosen SAM is 4-mercaptobenzonitrile (4-MBN). The monomer is 

comprised of a thiol head group that binds covalently to the metal, an organic-tail of a 

benzene ring and a terminal group of a triple CN bond (Figure 5.1). As an organo-thiol 

molecule, 4-MBN has high affinity to coinage metals [130]. The distance between the S and 

N atom is measured to be 7.3 Å  (Avogardro, open-source molecular builder and 

visualization tool, [131]). The IR absorption peak of the CN bond does not overlap with the 

water bonds absorption, enabling the detection of the molecule even in IR setups without 

air purging and thereby maintaining the focus on potential simultaneous Raman and IR 

sensing devices. 4-MBN, similar to other aromatic nitriles, is also an important vibrational 

Stark effect reporter. The CN stretching mode frequency is shifted by changes of the electric 

field, thereby providing information on the electrostatic environment [101].  

For the SAM formation the metal surface has to be incubated for several hours in a 

homogenous solution of the monomer in an organic solvent (Chapter 3.2). The head group 

binds to the surface and the van der Waals interactions of the organic tail groups bring the 

monomers together and promote organization. The molecular layer forms a tilt angle to the 

surface normal depending on factors such as the substrate, metal-S bond, the chemical 

environment of the solution. In literature, for thiophenol on Ag a tilt angle value of 24-27° 

was reported [132, 133]. 

 

Figure 5.1: 4-mercaptobenzonitrile (4-MBN) molecule. 

Figure 5.2 shows the calculated vibrational frequencies of an unbound 4-MBN molecule 

[134, 135]. The vibrational frequencies are shifted and the relative intensities altered 

compared to experimental measurements on the surface-bound molecule due to the 
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attachement of the molecule on the surface and the inherent error of the quantum 

mechanical approach. The peaks are assigned to normal mode vibrations of the benzene 

ring, except for the intense peak at 2317 cm-1 that is the stretching of the CN triple bond. 

Experimentally, this peak is observed around 2230 cm-1. Figure 5.3 shows the Raman 

spectrum of unbound 4-MBN in powder form (above) and the SERS spectrum of the 

adsorbed 4-MBN monolayer on silver nano-islands (below). The CN related peak which is 

the strongest in the theoritical calculations and  the unbound mode, has less intensity 

compared to the other peaks in the adsorbed 4-MBN. This is related to surface enhancement 

effects deriving from the orientation and local symmetry of  the adsorbed molecule on the 

surface [136].  

UV-Vis absorption measurements revealed that the electronically excitated states of the 

molecule are in the UV region, therefore the Raman scattering is in non-resonant mode. 

 

Figure 5.2: Calculated IR and Raman active vibrational frequencies. 

 

Figure 5.3: Raman spectra of unbound 4-MBN (above) and 4-MBN 

adsorbed on silver islands (below). 
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6 Optical characterization of anisotropic nanoparticle arrays 
Chapter 6 presents comprehensive results regarding the optical properties, surface 

enhanced Raman scattering and infrared absorption responses of the anisotropic 

nanoparticle arrays. Polarization dependent measurements were used in order to bring out 

the optical anisotropic properties of the substrates. 

6.1 Ellipsometry supported by computational electromagnetic 

calculations 

The following part is a study of the optical properties of anisotropic Ag nanoparticle 

arrays by performing a qualitative comparison between experimental and theoretical 

results. Spectroscopic ellipsometry was used along with numerical calculations using finite-

difference time-domain (FDTD) method and rigorous coupled wave analysis (RCWA) to 

reveal trends in the optical and geometrical properties of the nanoparticle arrays. 

Background 

Ellipsometry, as a polarization-dependent non-destructive technique, measures quantities 

highly important for the optical characterization of anisotropic photonic and plasmonic 

material surfaces. By using optical models for the spectra interpretation, detailed layer or 

structure information can be extracted. However, the complexity of the modeling scales 

with the complexity of the sample structure [137].  

Computational calculations that solve the full vectorial Maxwell equations provide a 

quantitative description of optical properties and may guide the design of optical devices. 

Rigorous coupled wave analysis (RCWA) and finite-difference time-domain (FDTD) are 

common used methods for modeling periodic optical structures with predefined material 

refractive and absorption indices n and k. RCWA is a widely used frequency-domain method 

that describes two-dimensional periodic structures providing fast and accurate results in 

the far-field regime using Fourier harmonics, although approaches were recently developed 

to address the near-field limit as well [138-140]. On the other hand, the optical properties of 

complex systems in the near-field limit can be more effectively treated by mesh-based 

FDTD. FDTD is a time-domain method for solving the Maxwell equations that allows for 

accurate calculations of the electromagnetic field even for arbitrary structures but it is time 

and resource-demanding [141]. Under certain conditions FDTD methods can be applied for 

the calculation of far-field responses [142, 143]. 

Combining interpretation of ellipsometric spectra with the mentioned Maxwell equation 

solving methods is therefore expected to improve the evaluations by relating known 

structural parameters with optical properties leading to advanced characterization of 

nanostructures. There have been a few approaches investigating the use of numerical 

calculations in ellipsometric analyses [142, 144, 145]. In this work, ellipsometry together 

with FDTD and RCWA calculations were employed in oder to analyze trends of the optical 

properties of arrays of anisotropic Ag nanoparticles. A first approach of numerical modeling 

for these structures was presented in [146]. 
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Methods and results 

Silicon(100) surface was patterned by ion beam irradiation following procedures described 

previously by Oates et al and Keller et al [96, 100]. The irradiation induces surface effects 

resulting in a rippled nanostructured surface with controlled ripple periodicity. The rippled 

substrate was placed in a high vacuum chamber and Ag was deposited by thermal 

evaporation at an oblique angle of 70° with respect to the surface normal. The pressure 

during deposition was 3 × 10−7 mbar.  

The optical properties were measured with a rotating analyzer ellipsometer (SENTECH 

SE850) at 70° angle of incidence. The ellipsometric data are modeled to extract the effective 

dielectric function [147]. An optical layer model air/ 18 nm Ag island film/ 3 nm SiO2/ Si 

was used. A biaxial model was used to extract the effective functions of the Ag island film for 

the two separate probing directions along the x and y axes. The out-of-plane direction (z 

axis) of the dielectric function is treated as a layer with equal silver and air fraction [38, 

123]. The in-plane components of the dielectric function were described in the frame of a 

Brendel Oscillator model [124] .  

For the numerical methods [148], a statistics-based x/y-periodic Ag ellipsoid model (Figure 

6.1) of the sample was built based on the mathematical average of the nanoparticles size, as 

estimated from SEM topographic information. The model also included the structural tilt of 

the rippled substrate that has been already described for this type of samples [38, 98]. The 

n and k data for silver were taken from Rakic [149]. All optical calculations, i.e. FDTD for the 

near-field and RCWA for the far-field limit, were performed using the commercially 

available RSoft Photonic Component Design Suite 2015. 

 

Figure 6.1: Statistics-based x/y-periodic Ag ellipsoid model of the sample. 

The size of the nanoparticles is 26 and 45 nm at the x and y directions, 

respectively. Reprinted with permission from [150]. 

During evaporation at oblique angle, Ag grows preferentially along the ripples forming 

arrays of nanorods. The pre-patterned silicon substrate has ripple periodicity of 40 nm and 

the nominal thickness of the Ag layer is 18 nm. Statistics for the nanoparticles were 

calculated by an SEM image with dimensions 2125 nm x 1593 nm (detail of the sample in 
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Figure 6.2, left). The nanoparticles cover about 50% of the total surface area. The 

nanoparticle size distribution reveals an arithmetic mean of length values of 26 nm for the 

short axis and 45 nm for the long axis, corresponding to an aspect ratio of 1.7 (Figure 6.2, 

right). The length distribution in the y direction is broader that in the x direction. This is 

attributed to the ripples that hinder the particle growth along the x axis.  

 

Figure 6.2: Left, SEM image showing Ag nanoparticles deposited along the 

silicon substrate ripples. The particle long axis of the islands is aligned 

parallel to the ripples. Right, particle size distribution for the x and y 

directions. Reprinted with permission from [150]. 

 

Contrary to top-down fabrication methods such as electron beam lithography, that create 

highly uniform but time- and cost-demanding structures [151], our sample is relatively 

time- and cost-effective albeit at the expense of a broader particle size dispersion. Fourier 

transformation converts the image from the spatial domain to the k-space [152]. The 2D-

FFT shown in Figure 6.3, depicts two bright spots representing the spatial frequency of the 

periodic structure, along the x axis. The halo-like area accounts for the non-uniformity due 

to varying nanoparticle size. The restriction at the x axis that is induced by the ripples 

inserts a limitation to the nanoparticle length in that direction. Whereas such a restriction 

does not exist along the y axis, resulting in an array of anisotropically shaped nanoparticles.  
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Figure 6.3: Fourier transformation of the SEM image showing increased 

periodicity at the x axis.  

After confirming structural anisotropy, ellipsometric measurements were performed with 

the incident plane across and along the ripples in order to examine the optical anisotropy of 

the sample. The raw data at a specific incidence angle, Psi and Delta, can be directly 

converted into the pseudo-absorption index <k> (Figure 6.4, left) describing the absorption 

of the sample as a whole. In order to extract the values of the silver layer alone, a model has 

to be used. The measured values were fitted with the model described in the Methods 

section. The MSE of the fitting was 3.03.  The optical resonance for the x direction shows a 

peak at lower wavelengths while the resonance along the ripples (y direction) is red-shifted 

and more intense. Figure 6.4, right, shows the absorption index k presenting maxima at 468 

nm and 667 nm for the x and y axis, respectively. 
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Figure 6.4: Left, ellipsometrically determined pseudo-absorption index for 

70° angle of incidence of the sample for the two orthogonal directions, 

across (⊥) and along the ripples (//). Right, absorption index of the 

nanoparticle layer as determined from the described model. The maximum 

absorption appears at 468 nm and 667 nm for the x and y axis, 

respectively. Reprinted with permission from [150]. 

For the numerical calculations, an arithmetic mean-based periodic model was generated 

(Figure 6.1) from the experimentally determined surface topology (Figure 6.2), using ripple 

periodicity of 40 nm, SiO2 layer of 3 nm thickness, ellipsoid height of 18 nm, particle 

coverage of 49.3%, ellipsoid aspect ratio 1.7, and x and y separation of the nearest 

neighbors of 9 nm and 11 nm, respectively. 

FDTD near-field simulations show the two localized dipolar plasmon resonances, the 

physical origin of the two peaks seen in the measurements (Figure 6.5). Both |E|x and |E|y 

are normalized to maximum of |E|x. The dipole in the y direction is stronger due to the 

geometry of elongated ellipsoids along the ripples and couples better to the incident E-field 

(Einc). As a result, a stronger and broader far-field peak is obtained in the y direction and a 

smaller and narrower peak in the x direction, in line with the experimental data (Figure 

6.4). 
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Figure 6.5: Near-field simulations showing the amplitude of the total near-

field under periodic boundary conditions (z-direction cut through the unit 

cell) at the kx (left) and ky (right) maxima. Reprinted with permission from 

ref. [146].  

Figure 6.6 shows the results of the far-field RCWA calculations, indicating how the 

electromagnetic coupling between the adjacent ellipsoids affects the absorption for x- and 

y- polarized E-field at normal incidence (left and right, respectively). In order to tune the 

nearest neighbors’ coupling strength, the separation distance between the ellipsoids was 

varied in one direction leaving the other direction unchanged. Increasing the distances 

(higher separation) reduces the coupling, i.e. the overlap of the near-field hot spots shown 

in Figure 6.5. Here can be defined a strong coupling regime for about 3 nm separation 

distance, and a weak coupling regime for 45 nm separation distance.  

The statistics-based periodic three-dimensional model (Figure 6.1) predicts a peak position 

in the x direction that is slightly red-shifted, at 498 nm, compared to the measured one at 

468 nm taken from Figure 6.4, right. The red shift is maintained even in the weak coupling 

regime, at 45 nm separation distance. This finding suggests that the experimental dipolar 

plasmonic resonances in the x direction are decoupled. However, the decoupling could 

result from the asymmetric distribution of particle shape anisotropy shown in Figure 6.2 

and consist of both localized, single particle plasmonic effects and weak or absent mutual 

electromagnetic coupling interactions. For a statistically-based periodic model it remains a 

challenge to distinguish the two contributions. The case is different for the y direction, 

where coupling effects are rather likely [153, 154]. Here, a better agreement between the 

statistics-based model calculations and experiments is obtained since the measured peak 

position almost coincides with the simulated one (667 and 673 nm, respectively).  
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Figure 6.6: Far-field simulations (cascaded and normalized) of the 

absorption for x- (left) and y-polarized (right) normal incident field. The 

legend indicates the ellipsoid separation distance in the x- and y- direction. 

Measured maxima of k (taken from Fig. 4) are marked in the plots. 

Reprinted with permission from [150]. 

 

Conclusions  

Optical data of anisotropic Ag nanoparticle arrays obtained by ellipsometry were studied 

and qualitatively interpreted by calculations of near- and far- field responses. The prepared 

silver nanoparticle arrays are described by a periodic model of Ag ellipsoids with two 

optical axes, the perpendicular (x) and parallel (y) to the ripples direction. From the 

comparison of experimental and simulated data some trends in the dependence of optical 

properties on the array structure can be concluded. Optical resonances in x and y directions 

can be attributed to localized plasmons with dipolar character, with the one in the parallel 

to ripples direction being stronger. The far- field calculations by RCWA compared to the 

ellipsometric data reveal that the resonances in the x direction are decoupled while the 

resonances in the y direction, at the dipole long axis, being in good agreement with the 

calculated data, contain presumably coupling effects. This work shows that the optical 

response measured by ellipsometry and interpreted by means of numerical modeling is 

sensitive to geometrical properties of the prepared nanoparticle arrays. A quantitative 

discussion requires a comprehensive theoretical and model optimization study and is an 

important issue for future work.   
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6.2  Raman scattering  
The following part presents the case where the anisotropic resonances of silver 

nanoparticle arrays are used for surface enhanced Raman scattering. The enhancement 

factors exhibited are high and the resonances induce a polarization dependent SERS profile 

which extends up to NIR excitation wavelengths. The polarized dependent behavior and its 

applications are presented in detail. 

Current status and limitations  

Progress in analytical science relies upon highly specific detection of target molecules at 

very low quantities. Surface-enhanced Raman scattering (SERS) [63, 155] has become a 

well-established technique in this field as it improves the detection limit and is capable of 

probing very small amounts of molecules bound to plasmonic noble metal nanostructures 

[156]. SERS sensors exploit the large enhancements rising from the nanostructures. They 

come in a variety of structures including roughened electrodes, evaporated Ag nanorods, or 

colloid nanoparticles and they can even be embedded in microfluidic devices [157]. They 

are used to detect various analytes like bacteria, viruses, DNA, with glucose being a popular 

target molecule [158].  

 While SERS spectra of different molecules generally differ sufficiently to identify a certain 

target molecule, a considerable challenge remains for the quantitative analysis of specific 

molecular targets in the presence of related molecules. Here, the inherent specificity of a 

single SER experiment may not be sufficient and the analytical platform has to be expanded 

by combining different detection methods with complementary information on the same 

sample. Higher target specificity can be achieved, for example, when SERS analysis is 

performed using more than one laser excitation line. Using resonance Raman (RR) 

spectroscopy, this approach has been shown to be especially useful in the field of 

bioanalytics as multiple laser excitations can yield complementary information on different 

parts of the biomolecule displaying energetically separated electronic transitions [159-

161]. To transfer the underlying principles to SERS spectroscopy requires the use of SERS-

active support materials that exhibit plasmon resonances at different energies. Ideally, 

these energies should match electronic excitation energies of the adsorbate to selectively 

probe different chromophores by combining SERS and molecular RR effects (= SERR, i.e. 

surface enhanced resonance Raman). 

Another analytical problem is to achieve selective detection of surface bound molecules 

only. This issue becomes especially important in organic solvents that exhibit intrinsically 

high Raman signals. Here even by using a confocal Raman setup, solution molecules may 

substantially interfere with the signals of the analyte. In this respect polarization-sensitive 

SER substrates have shown to significantly improve the discrimination between adsorbed 

and solubilized molecules [162]. 

An elegant solution to address these issues is based on anisotropic nanoparticles since here 

two different plasmonic resonance modes can be turned on and off by changing the exciting 

laser line and/or the polarization angle. A variety of fabrication techniques for generating 
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anisotropic nanoparticle platforms have been developed in the past [163, 164]. Top-down 

physical approaches such as arrays patterned by high resolution electron beam lithography 

provide precise control of the material nanostructure to dimensions of less than a 

nanometer [151, 165, 166]. However, the technique is time-demanding and expensive. 

Some of the earlier SERS substrates [167-170] were fabricated using evaporation of metals 

onto insulator surfaces resulting in self assembled nanoparticles. This technique represents 

a compromise between expense and simplicity, while providing reasonable control over the 

metallic nanostructure and good SERS enhancement [91, 164, 171-173]. 

Anisotropic nanostructures formed by metal evaporation can be further controlled by 

deposition onto substrate templates [98, 100, 174]. Rippled template surfaces generated by 

oblique-incidence low-energy ion beam sputtering are promising candidates, offering the 

potential to fabricate arrays of nanowires and nanorods [100, 175]. These arrays show 

strong optical anisotropy arising from the differences in the localized plasmon resonances 

of the particles in orthogonal directions in coupling between the particle plasmon 

resonances in orthogonal directions [38, 176, 177]. These resonances are the type 

leveraged to enhance Raman scattering cross-sections. 

A number of groups have employed anisotropic materials as polarization-sensitive SERS 

substrates [106, 178-181], however, only a few of them applied multiple excitation 

wavelengths. For gold nanowire arrays, a cos2θ-dependence of the Raman scattering 

intensity was demonstrated, with the angle θ defined by the polarization vector of the 

exciting laser and the axis perpendicular to the wires [179, 182]. This relationship directly 

follows the absorption of the light in the film as determined by far-field measurements. 

Fazio et al. performed an analysis based on the Raman tensor of the molecule in the exciting 

field [179]. In a similar study, D’Andrea et al. compared the enhancement of the SER signal 

at two different excitation wavelengths [178], but with the absorbance at one direction 

constantly larger than in the orthogonal direction. The observed properties of the 

polarization studies on anisotropic materials have their basis on the behavior of dimers and 

trimers. Etchegoin et al. [74] have studied the polarized SERS properties of metal 

nanoparticle dimers and trimers. They demonstrated that the cos2θ-dependence is based on 

the direction of the dimer axis and is not related to the Raman tensor of the molecules. 

These theoretical approaches have been verified by numerous experiments on dimers that 

show the cos2θ relation, while in a trimer the polarized properties are more complex due to 

the coupling between the three particles [180, 183, 184].  

Although the dependence of the SERS enhancement on the plasmon resonance frequency 

has been well documented, it has not been conclusively investigated in a polarized SERS 

experiment. In the studies on rippled substrates with two excitation wavelengths, so far 

mainly nanowires were employed.  

In this work is demonstrated the simultaneous polarization- and wavelength-dependence of 

the SERS signal of the molecular adsorbate on the plasmon resonances of Ag nanoparticle 

arrays on rippled substrates. A cos2θ and sin2θ signal dependence is observed respectively, 

according to the wavelength of the exciting laser and the polarization. The dielectric 

function of the film is determined using spectroscopic ellipsometry showing unambiguously 
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that the SERS enhancement correlates with the direction of the Ag nanorods. Optimization 

of these properties aims for at increasing specificity in detection of target molecules. 

 

Experimental details 

The periodicity of the rippled substrate was 40 nm. The evaporation was at an oblique angle 

of 70 degrees with respect to the surface normal. The surface morphology was 

characterized by scanning electron microscopy. Image analysis was performed with ImageJ. 

The optical properties were measured with a SENTECH SE850 ellipsometer. The 

ellipsometry data are modelled to extract the effective dielectric function of the Ag film, 

using a procedure similar to that outlined in chapter 6.1 [38].  

For the Raman measurements the 514 nm laser line of an Argon laser (Coherent Innova 

300c Ar) and the 647 nm line of Krypton Laser (Sabre Innova Kr) were used. The laser 

power on the sample was 1.0 mW. The laser beam was focused onto the sample by a Nikon 

20× objective with a numerical aperture of 0.35 and a spot size of approximately 2 μm in 

radius. All SERS spectra were normalized per mW laser power and per second of 

accumulation time. In all experiments, analyzer and polarizer were set in parallel 

polarization position. The effects of polarizer and analyzer configurations are shown in 

‘Parallel and cross-polarized configuration’ part, below. 

The Raman setup is equipped with a polarizer at the laser output. The beam is incident on 

the sample with a specified polarization direction, while the sample is mounted on a 

rotating stage. The scattered light is collected through the objective lens and guided to the 

detector. The light passes through an analyzer, positioned in a parallel polarization 

configuration Figure 6.7 depicts the setup and the direction of the laser polarization in 

relation to the sample geometry. θ is denoted as the angle between the polarization of the 

laser beam and the axis perpendicular to the ripples. 
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Figure 6.7: The Raman setup for polarized measurements. θ is defined as 

the angle between the laser polarization direction and the axis 

perpendicular to the ripples (⊥). Reprinted with permission from [146]. 

Results and discussion  

The Ag islands grow preferentially along the ripples as demonstrated by scanning electron 

microscopy (SEM) in Figure 6.8. The resultant anisotropic distribution of nanoparticles and 

nanorods covers around 50% of the surface area. The dimensions vary between 150 nm to 

20 nm for the long axis, with average length at 45 nm, and between 40nm (in the case of the 

longer particles) down to 20 nm  for the short axis, with an average length of 26 nm. These 

results show aspect ratios ranging from 6:1 to 1:1 with an average ratio of 1.7.  

 

Figure 6.8: SEM image showing silver nanoparticles aligned along 

nanoripples on silicon. The long axis of the islands is aligned along the 

ripples. Reprinted with permission from [146]. 
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Figure 6.9 shows the imaginary part ε2
eff of the effective dielectric function parallel (∥) and 

perpendicular (⊥) to the long axis of the ripples. The ellipsometry data were analyzed using 

a three layer model outlined in methods part in 6.1. In the quantity ε2
eff, plasmon peaks can 

be observed corresponding to the effective direction-dependent absorption of the Ag 

nanoparticle film. In the perpendicular direction, the plasmon resonance peak is centered at 

514 nm. Parallel to the ripples, the plasmon resonance is substantially red-shifted to ca. 745 

nm. The insets are corresponding to the (normalized) near-field calculations showing the 

two localized dipolar plasmon resonances. 

 

Figure 6.9: Optical resonances for the directions ⊥ (blue), with dipole 

excitation on the short axis, and ∥ (dashed black), with dipole excitation on 

the long axis.  The vertical lines indicate the positions of the 514 nm and 

647 nm excitation wavelengths used in the SER experiments. Reprinted 

with permission from [146].   

 

Parallel and cross-polarized configuration 

The analyzer was inserted in parallel polarization position in order to refine the scattered 

light and emphasize on the directional enhancement properties.  

In theory [74], the signal in a backscattering configuration is proportional to cos4θ for a 

parallel polarized setup and cos2θ×sin2θ for the cross-polarized setup for which there are 

no observations experimentally except in Fazio et al [179]. 

 Figure 6.10 shows the absolute height of the 1079 cm-1 peak for the parallel and cross 

polarized configuration at 514 nm excitation. The behavior of the parallel polarized peak 

was decided to be described as cos2θ and not as cos4θ, as expected theoretically. The plot of 

those functions is similar and it would need a larger number of experimental angular 

positions to effectively distinguish between those trends. 
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Figure 6.11, left, shows the behavior on a similar sample, of the peak 1587 cm-1, at 

excitation 514 nm, without the use of an analyzer for a 45° measuring step.  While Figure 

6.11, right, shows the same peak for a parallel polarized configuration, the counts on the left 

figure are increased by a factor of two compared to the right graph, since all the scattered 

light is collected. The behavior in both cases follows a cos2θ function. 

 

Figure 6.10: Normalized intensity of the 1079 cm-1 band of 4-MBN as 

function of θ obtained with 514 nm excitation. Top data (blue squares) 

stand for parallel polarized configuration and bottom data (green circles) 

stand for the cross polarized configuration. 

 

Figure 6.11: Normalized intensity of the 1587 cm-1 band of 4-MBN as 

function of θ obtained with 514 nm excitation without the use of analyzer 

(left), and analyzer set in parallel polarized position (right). 
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Multiple excitation wavelengths 

Accordingly, for investigating the range of anisotropic properties in SERS spectroscopy, the 

excitation lines at 514 nm and 647 nm, close to the maxima of the two plasmon resonances, 

were employed. Additionally, a 758 nm excitation was employed. As a probe molecule 4-

mercaptobenzonitrile (4-MBN) was chosen as it forms compact self-assembled monolayers 

on Ag and thus ensures a complete and defined coverage of the metal surface (Figure 6.12, 

left). Furthermore, electronic transitions of 4-MBN are at much higher energies than the 

plasmon resonances, such that any interference of molecular resonance enhancement with 

the SER effect is avoided.  

Figure 6.12 shows the SERS spectra of 4-MBN obtained at 647 nm excitation with 

polarization direction along the islands long axis, i.e. parallel to the ripple direction. The 

most prominent bands are observed at 1079, 1182, and 1587 cm-1 and originate from 

modes of the substituted benzene ring, while the peak at 2238 cm-1 is due to the C≡N 

stretching mode.  

The average Raman enhancement factor (REF) was calculated for both laser wavelengths 

for the intensity of the peak at 1587 cm-1 (Details in 3.7). For 514 nm excitation a value of 

REF= 1.5·103 is obtained, whereas for the 647 nm line an enhancement of 2·104 was 

determined. These enhancement factors were compared with the ones obtained using an 

electrochemically roughened electrode as SERS support. Here REF values of 7·102 and 2·103 

were measured for 514 nm and 647 nm excitation respectively. It is thus concluded that the 

optical enhancement at 514 nm of the anisotropic rippled substrate is comparable to the 

electrode, but for the 647 nm excitation the rippled substrate performs better from the 

electrode by an order of magnitude.  

 

Figure 6.12: SERS spectra of 4-MBN obtained with 647 nm excitation on 

anisotropic sample with polarization direction along the islands long axis. 

Reprinted with permission from [146]. 

Subsequently, SERS spectra at the two laser energies were measured as a function of θ, 

which is defined as the angle between the laser polarization direction and the axis 

perpendicular to the ripples (⊥). These SERS spectra were obtained upon sample rotation in 
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steps of 30°. The intensity scale of each spectrum was normalized to the same laser power 

and accumulation time and the resultant normalized intensities of the 1079 cm-1 band were 

plotted as a function of θ (Figure 6.13). 

 

Figure 6.13: Normalized intensity of the 1079 cm-1 band of 4-MBN as 

function of θ obtained with 514 nm (green triangles) and the 647 nm (red 

squares) excitation. The respective solid lines correspond to fits of a 

cos2(θ) (green) and sin2(θ) (red) function to the data. Reprinted with 

permission from [146]. 

 Excitation at 514 nm is close to the surface plasmon resonance in the direction 

perpendicular to the ripples (⊥) (Figure 6.9). Thus, optimum enhancement is expected at θ 

= 0°, 180°, and 360°, which is in fact observed (Figure 6.13).  Conversely, absorption parallel 

(∥) to the ripples is significantly weaker, corresponding to weaker SERS intensities at θ = 

90° and 270°. Likewise, at 647 nm excitation, the plasmon resonance is significantly 

stronger in the direction parallel to the ripples (∥) (Figure 6.9). Thus, under these 

conditions maximum SERS intensities are observed at θ = 90° and 270° whereas minima are 

noted for θ = 0°, 180° and 360°. Consequently, the intensity data at 514 nm and 647 nm 

excitation (Figure 6.13) can be well described by a cos2θ and sin2θ function, respectively. 

The adjusted R-square values were determined to be 0.67 and 0.91 for 514 and 647 nm 

excitation, respectively, and the phase difference between the two curves is 97°±9. Within 

the experimental error this value agrees very well with the expected phase shift of 90° for 

island films with ideally perpendicular oriented plasmon resonances. However, a small 

deviation from the theoretical value could also arise from the non-perfect sample geometry 

[38]. 

In order to confirm that this behavior is consistent throughout the spectral range and that  

it can be indeed leveraged for multiple laser excitation experiments, the procedure was 

reproduced at a sample with the parallel  to the ripples resonance (∥) being in the NIR 

(Figure 6.14). Figure 6.15 shows an identical behavior to Figure 6.13, where during 
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polarization rotation the signal of the 514 nm excitation follows a cos2θ function, matching 

the perpendicular to ripples resonance. Respectively the signal of the 785 nm excitation 

follows a sin2θ, maximizing when the polarization is parallel to the ripples direction, 

exciting the longitudinal resonance. 

 

Figure 6.14: Left, optical resonances for the directions ⊥ (blue), with dipole 

excitation on the short axis, and ∥ (dashed black), with dipole excitation on 

the long axis.  The vertical lines indicate the position of the 514 nm and 785 

nm excitation wavelength used in the SER experiments. Right, SEM image 

of the corresponding geometry. 

Figure 6.15: Normalized intensity of the 1079 cm-1 band of 4-MBN as 

function of θ obtained with 514 nm (green triangles) and the 785 nm 

(brown squares) excitation. The respective solid lines correspond to fits of 

a cos2(θ) (green) and sin2(θ) (brown) function to the data. 
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The observed cos2θ-dependence of the SERS intensity is in line with the expected and 

experimental behavior of dimers [74, 180] and with previous results for rippled substrates 

and nanowire-array systems [179, 181, 185] although in these studies only a single 

excitation wavelength was employed. D’Andrea et al. [178]  has used polarized SERS 

enhancement at multiple excitation wavelengths before, but did not observe a reverse of the 

SERS signal for parallel and perpendicular directions, due to the resonance perpendicular to 

the nanowires being constantly larger. 

Application 

The polarization-dependence of the enhancement can be exploited for analytical 

applications when the substrate is in contact with a solution phase, since it facilitates the 

discrimination of Raman scattering from the solution compared to the SER signals from the 

adsorbed species. This is particularly true if the solvent exhibits an intense Raman spectrum 

such as many organic solvents. 

 An instructive example is given for 4-MBN adsorbed on rippled silicon with deposited Ag 

substrates in contact with cyclohexane excited by 514 nm wavelength (Figure 6.17, left). As 

a reference measurement the beam was focused on the surface of clean silicon placed in a 

cyclohexane solution. The spectrum (Figure 6.16, above) shows a prominent peak at 800 

cm-1 being assigned to the C-C stretching mode of cyclohexane. Figure 6.16, bottom shows 

the spectrum of 4-MBN adsorbed on Ag, placed in cyclohexane. There is a substantial 

enhancement of the cyclohexane peaks by a factor of ~7.  

Figure 6.17, right, shows the intensities as a function of θ of the 4-MBN peak 1587 cm-1 and 

the cyclohexane 800 cm-1 peak.  The intensity of the solvent band remains largely 

independent of θ, while the 4-MBN signal displays essentially the same polarization 

dependence as found for the Ag/4-MBN/air interface (Figure 6.13). Thus, variation of the 

polarization angle allows for distinguishing between adsorbed and bulk species. 
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Figure 6.16: Top: Cyclohexane solution signal on Silicon surface for 514 nm 

excitation. Bottom: Cyclohexane solution and adsorbed 4-MBN signal of 

anisotropic Ag nanoparticles on rippled silicon surface for 514 nm 

excitation. 

 

Figure 6.17: Left, Schematics of the Ag nanoparticles substrate with the 

adsorbed 4-MBN placed in the cyclohexane solution. Right, normalized 

intensities of the 1587 cm-1 SER band of adsorbed 4-MBN and the 800 cm-1 

Raman band of cyclohexane as a function of θ, obtained with 514 nm 

excitation. 
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Conclusions 

In conclusion, it is shown that SERS enhancement in optical anisotropic substrates can be 

controlled by varying substrate orientation (excitation beam polarization) and Raman 

excitation wavelengths. Upon rotation of the sample, optimum enhancement conditions can 

be established for resonant excitation of the parallel and perpendicular plasmon modes of 

the support material. Polarization and wavelength dependencies for the anisotropic 

substrates provide signal enhancement in a wide spectral range on a single substrate. This 

may open novel possibilities in (bio)chemical analytics and sensing, since the use of 

multiple laser excitation with polarization modulation is likely to increase the specificity of 

target detection. Whereas in this fundamental study, the interference with the molecular 

resonance enhancement of the adsorbate was intentionally avoided, the combination of 

molecular electronic resonance and plasmon enhancement (RR + SER = SERR) will 

substantially increase the Raman intensity of the adsorbate. This effect is of particular 

interest for the analytics of molecular mixtures of compounds that exhibit electronic 

transitions close to one of the plasmon resonances. Multiple laser excitation under optimum 

polarization conditions would then enhance the contrast compared to the optically 

transparent molecules. In addition, the well-defined polarization dependence of the SER 

intensity allows enhancement of the contrast between the signals from the adsorbed target 

molecules and those of the solution species. This feature is of potential interest for sensing 

in the environmental and medical field. 

 

 



 

67 
 

6.3 Infrared absorption 
The following part demonstrates the polarization dependent surface enhanced infrared 

absorption properties of silver nano-islands and anisotropic silver nanoparticle arrays. The 

progression of the resonances from the visible to the IR range and their effect on the 

enhancement was measured with FTIR (polarized) microscopy along with IR ellipsometry, 

to affirm the polarization dependence of the substrate and its ability to be utilized for dual 

SERS and SEIRA measurements. 

Background 

SEIRA absorption has received less attention due to lower enhancement factors, that 

average around 10-100 [186]. Nevertheless, SEIRA does not face fluorescence issues. Also, 

when comparing an equally active IR and Raman mode, the corresponding cross-section of 

IR absorption is higher than Raman scattering, counterbalancing in certain cases the much 

higher SERS enhancement factors [81]. The enhancement resulting from the metallic 

support allows the ultra-fast detection of signals, enabling the real-time study of biological 

interaction mechanisms in in-situ experiments, detection of the molecule adsorption on the 

surface and its conformation [187, 188]. The contribution of SEIRA in electrochemistry has 

been crucial, e.g. the combination of SEIRA with cyclic voltammetry has helped in the study 

of redox states, molecular structure and reaction mechanisms of immobilized proteins [80, 

189].  

Pioneers of the field, the Osawa group worked mainly with evaporated metal islands 

observing maximum enhancement close to the percolation threshold [190]. Often used are 

various combinations of SEIRA with Attenuated Total Reflection (ATR) prisms [81], while 

another common SEIRA substrate is that of an electrochemically roughened electrode [20]. 

While an electrode is based on the large surface area as a binding site, there are also 

substrates with defined structures, i.e. nanoantennas, that claim high enhancement factors 

in hot-spots between the nanogaps of the antenna tips [12, 191]. These structures are 

fabricated with electron beam lithography and their tunable length is defining the range of 

the resonant peak in the IR region. Recently it has been shown that the nanoantenna 

resonant tuning can be scaled up for use in THz, presenting one order of magnitude 

enhancement [192]. In certain cases the use of Fano resonances is employed for the further 

increase of the enhancement, leading to lower than attomolar sensitivity [193].  

The present chapter presents the application of SEIRA for 4-MBN adsorbed on evaporated 

silver islands as well as arranged Ag NP arrays. The main technique used for studying the 

SEIRA effect was FTIR reflection spectroscopy. Additionally, IR ellipsometry and 

polarization dependent IR microscopy have been used. Due to the increasing complexity of 

plasmonic structures [194], metamaterials [195] and solid-liquid interfaces [196], these 

techniques will prove increasingly useful in the future due to their sensitivity in measuring 

optical properties of thin layers with polarization dependency and increased lateral 

resolution. Polarized FTIR microscopy offers lateral resolution down to the diffraction limit. 

However, the low angle of incidence reduces the sensitivity especially for the study of thin 

films. The detection limit in some cases can be increased by the use of grazing angle of 

incidence or ATR techniques. Hinrichs et al. adapted a commercial polarized FTIR 

microscopy setup into measuring the ellipsometric values Ψ and Δ, opening a path for a 
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versatile setup that can perform both FTIR and ellipsometric measurements [102]. IR 

ellipsometry can improve the typically low sensitivity of IR, allowing the determination of 

nanometer scale thickness of molecular layers additionally to their molecular fingerprint 

[197]. Polarized FTIR spectroscopy and IR ellipsometry can provide information about the 

in-plane and out-of-plane optical properties of a structure, resonance response in various 

directions, determine tilt angles of organic layers as well as their thickness even in in-situ 

conditions [198].  

The combination of surface enhancement with advancements in measuring techniques and 

sample handling, e.g. microfluidic cells [187, 199], is due to increase the interest in and 

impact of SEIRA for in-situ and ex-situ studies of biochemical interactions. 

SEIRA on Ag nano-islands 

The main method used for investigation of the surface enhancement in the IR region was by 

obtaining FTIR spectra in reflectance mode. Figure 6.18 shows the morphology and the 

imaginary part of the pseudodielectric function of Ag nano-islands, which exhibit SEIRA 

according to the FTIR spectrum presented in Figure 6.19.  

 

Figure 6.18: Morphology and imaginary part of pseudodielectic function of Ag nano-islands. 

 

Figure 6.19: Corresponding SEIRA reflectance spectrum of 4-MBN adsorbed on Ag nano-islands. 
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Nanoparticles with average diameter of 50 nm and thickness of 30 nm induce a resonance 

peaking in the NIR range, at around 800 nm wavelength. The tail of the resonance extends 

to the mid-infrared, enhancing the vibrational signal of the molecule adsorbed on the metal 

surface. Specifically, the stretching of the nitrile group is identified at 2226 cm-1, the 

benzene ring stretching at 1585 cm-1, ring stretching combined with deformation at 1478 

cm-1 and ring breathing at 1017 cm-1 (Figure 6.19)[199]. The peak around 1075 cm-1 is 

identified as a phonon of SiO2 [200].  

The control of the evaporation process can lead to smaller isolated nanoparticles or bigger, 

interconnected nano-islands, which exhibit red-shifted resonances and enhance further in 

the IR. Osawa claims that the greatest enhancement is achieved when the islands are 

densely packed but not touching [87]. Therefore, SEIRA efficiency can be tuned according to 

the sample preparation method. 

 

 

IR Ellipsometry 

Silver was deposited by evaporation under oblique angle on rippled silicon templates. The 

Ag nanoparticles grow preferentially along the ripples, introducing optical anisotropy in 

two orthogonal directions, perpendicular (⊥) and parallel (⫽) to the ripple direction. SEM 

pictures in Figure 6.20 (a, b, c) show the morphology of the surface for increasing Ag 

deposition. The scale bar stands for 500 nm and the red bar declares the direction parallel 

to the ripples. It is observed that the Ag nanorods increase their length and width (Figure 

6.20, a), maintaining the parallel to the ripples axis preferred direction (Figure 6.20, b). At 

increased thickness they grow even above the ripples and aggregate with neighboring 

nanoislands (Figure 6.20, c). The nominal thicknesses for samples a, b and c are 10 nm, 24 

nm and 30 nm respectively. Figure 6.20 (d, e, f ) show the imaginary part of the 

pseudodielectric function, <ε2>, of the corresponding samples measured by UV-Vis 

ellipsometry. Both of the resonances are initially in the visible region, while they red-shift at 

increased Ag thickness, ending up being both in the IR region. The resonance parallel to 

ripples red-shifts more drastically with increasing deposition compared to the one in the 

perpendicular direction. Figure 6.20 (g, h, i) show the tanΨ for the respective samples, 

obtained by IR ellipsometry. The lines have been vertically translated slightly in order to 

facilitate comparison. The measured region corresponds to the range of 1500 nm to 10 μm 

and provides a quantitative view of the resonance advance in the IR. Note that the y axes 

values of (d,e,f) and (g,h,i) groups, Figure 6.20, are in <ε2> and tanΨ, respectively, as <ε2> 

offers a clearer overview of the resonances in the visible range. The graphs reveal a 

consistent extension of the resonances for the two optical orthogonal axes, parallel and 

perpendicular to the ripples, from the visible to the IR region. Those resonances are the 

origin of the molecular vibration enhancement in the fingerprint region, as it is shown in 

more detail in Figure 6.21.  
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Figure 6.20: (a,b,c) SEM pictures of Ag NPs growing along the ripple axis (red bar) for increasing 

Ag deposition. (d,e,f) Pseudodielectric functions of the two optical axes (⊥& ⫽) for the samples 

corresponding to the SEM pictures. (g,h,i) tanΨ at the IR region of the corresponding samples. 
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Figure 6.21: (a,b,c) tanΨ of the two optical axes (⊥& ⫽) at the 4-MBN “fingerprint” region for the 

samples corresponding to the ones shown in Figure 6.20. 

Figure 6.21 focuses on the spectral region of the molecular vibration, in order to 

demonstrate the effect of the plasmonic resonances on the enhancement of the signal. 

Figure 6.21 (a) appears flat and with low intensity compared to samples (b) and (c) where 

the resonance introduces a tilt in the curve and increase of the peak signal. 

 

Sample EF ⊥ direction EF ⫽ direction 

a 20 34 

b 13 100 

c 156 170 

Table 2: Enhancement factors estimated for the 2226 cm-1 4-MBN peak in IR. 

Table 2 presents the calculated enhancement factors of the 2226 cm-1 4-MBN peak (CN 

stretching). The calculation method is described in 3.7. The enhancement of the 4-MBN 

peaks follows the trend of the advancing resonances in the IR region. In the case of sample 

(a), even without a visible plasmonic resonance, the peak is by 20 to 34 times enhanced 

compared to peaks of 4-MBN monolayer on silicon. This enhancement can be a result of a 

very small resonance tail extending to the mid-IR. The increased absorption coefficient of 

the metal adds up to the weaker molecular absorption leading to signal enhancement [90, 

188]. 

Part of the enhancement may also be a result of the orientation angle of the SAM on the Ag 

surface. The values of the 4-MBN vibrations for the EF calculations were extracted from the 

SAM adsorbed on a gold surface. The tilt angle of thiophenol SAM on gold surface with 

respect to the surface normal is 49°, while the tilt of thiophenol on silver is estimated at 24° 

by Frey et al.  [132]. The increased vertical tilt of 4-MBN on silver provides improved 

coupling of the dipole moment of the nitrile function with the electric field at the surface 

normal and increases the enhancement due to the surface selection rules [101, 128, 132].  

Sample (b) brings forth the effect of the substrates’ anisotropy. As it is seen in Figure 6.21, b 

for the direction parallel to the ripples (red line), the 4-MBN peaks are placed on the edge of 
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the resonance and therefore being enhanced. On the contrary, perpendicular to the ripples 

(black line) there is only limited enhancement. This sample is an example of tuning for 

combined SERS and SEIRA activity. It presents a 100-fold enhancement of the IR absorption 

signal while the orthogonal direction bears a resonance in the visible range that is 

enhancing the Raman scattered signal. Additionally, the direction parallel to ripples, with 

the red-shifted resonance, can provide SERS at NIR excitation. The SERS signal for 

excitation wavelengths is shown in Figure 6.15. 

Sample (c) though, has both of the resonances in the IR region leading to a great 

enhancement of the 4-MBN peaks for both excitation directions. The CN peak is enhanced 

by a factor of 170 compared to the peak without the existence of the Ag layer. The 

resonances introduce a distortion of the molecular bands. This asymmetry in the detected 

vibrational band, frequently named Fano-type profile, appears in the onset of percolation of 

metal island films [201]. The underlying mechanism includes a plasmonic resonance in the 

IR that introduces a broad continuum-like resonance interfering with a narrow discrete 

resonance, such as a molecular vibration [202].  Significant efforts have been performed in 

tuning the length of plasmonic gold nanoantennas in order to tune the Fano intensity, 

achieving lower than attomolar detection [193]. The connection of morphology with the 

band shape and the enhancement is further discussed in Chapter 7. 

 

 

Polarized FTIR microscopy 

While IR ellipsometry provides information on how the sample surface changes the 

polarization of light, the measuring spot is a few mm2. In the case that increased spatial 

resolution is needed FTIR microscopy can be employed. For maintaining the ability to 

collect polarization information the IR microscope was modified as described in the 

experimental setup section, 3.5.  As a counter-effect though, the increased spatial resolution 

in combination with the slit (OPA) and polarizer leads to decreased photon flux, raising the 

measuring time to 40.000 scans. The spot size is about 160μm. The lateral resolution 

potentially can go down to 40 μm of spot size with sufficient signal-to-noise ratio [102]. 

 

Figure 6.22: Polarization direction for sample rotation by 0° and 90° to the ripple direction. 

Measurements were performed for two samples, an unrippled and a rippled silicon 

substrate with a gradient of thickness (details on the deposition of a gradient substrate are 

given in Chapter 7). The measured area has an average thickness of ∼30 nm. One set of 
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measurements was the measurement of p- and s- polarization for the sample at 0° in 

reference to the ripple direction. The second was the measurement of p- and s- for the 

sample rotated by 90° to the ripple direction (Figure 6.22). Therefore the 0°-p and 90°-s 

orientations excite the direction along the ripples, while the 0°-s and 90°-p excite across the 

ripples. 

 

Figure 6.23: Polarized IR spectra for sample positions 0° and 90° of unrippled (left) and 

rippled (right) substrate. 

 

Figure 6.23 shows the polarized IR spectra for the unrippled (left) and the rippled (right) 

samples. At the unrippled sample (Figure 6.23, left) the 4-MBN peaks, 1582cm-1 1476 cm-1, 

have non-noticeable signal differences at the two polarizations. On the opposite, the band at 

1243 cm-1 (left figure) and 1234 cm-1 (right figure) exhibits different signal intensity due to 

polarization direction. This band is associated with the layer of SiO2 under the metal 

overlayer and is assumed to have the same origin as the Berreman mode [203, 204].    

 In the case of the rippled sample, as it is visible from Figure 6.23 (right), the 4-MBN peaks 

do not have the same height. This is a result of the anisotropy of the sample between the x 

and y axis. When the sample is at 0° position the p direction excites along the ripples where 

the nanorods are extending while the s polarization direction excites across the ripples and 

the signal difference is seemingly connected to the amount of deposited silver in the two 

directions. As it has been discussed in part 6.1, the direction parallel to the ripples bears a 

stronger, red-shifted resonance and therefore a stronger enhancement.  Table 3 presents 

the calculated ratios of the peak heights for the two samples and the polarization sets in 

reference to the ripple direction. The ratio of the signal difference of 4-MBN peaks between 

the two polarization directions at the rippled sample amounts to 1.6. Of particular interest 

is the area associated with the SiO2 band, having the same intensity ratio to the adjacent 4-

MBN peak band. The connection of the molecular band intensity with the SiO2 related band 

has been noted by Kratz et al. [199] and found to be dependent on the metal overlayer. The 

present results support these findings, that also introduce the possibility of using the SiO2 

related area as an internal calibration peak.    
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Figure 6.24: Polarized IR spectra for sample positions 0° and 90° of unrippled (left) and rippled 

(right) substrate. The spectra are coupled to show excitation at the same direction. 

A different perspective in Figure 6.24 presents the data paired for excitation at the same 

direction (0°-p & 90°-s or 0°-s & 90°p). Figure 6.24 (left) shows that for an unrippled 

sample the signals are identical.  Interestingly, in Figure 6.24 (right) the excitation direction 

across the ripples (0°-s & 90°p) shows difference, in the signal height, of the SiO2 band. The 

results of Chapter 6.1 were pointing to a decoupling of the resonances in the direction 

across the ripples. A similar effect that has been noticed as well in ellipsometric 

measurements performed by Oates [38]. The current results support the explanation that 

the effect is due to the screening of the field by the shape of the underlying ripples.  

 

Conclusions 

The present chapter demonstrates the capacity of Ag nanoparticles evaporated on plain and 

rippled silicon to enhance the IR absorption signals of adsorbed molecules. Polarization 

measurements performed by a FTIR microscope exhibit the acquisition of polarization 

sensitive information in the IR with increased lateral resolution. The polarization 

dependence of the band due to the SiO2 can be used as an intrinsic reference for sample 

orientation.  

IR ellipsometry was performed in order to demonstrate the polarization dependent 

properties of the anisotropic silver nanoparticle arrays. The SEIRA effect can be isolated to 

one excitation direction or be active in both directions according to the plasmonic 

resonance tuning. The anisotropic resonances can work in synergy to provide both SERS 

Sample peak 1590 cm-1 1486 cm-1 SiO2 (1250cm-1) Error 
Unrippled 0° p/s 1 1.2 1.1 ±0.1 
 90° s/p 1.1 1.2 1.1 ±0.1 
Rippled 0° p/s 1.4 1.5 1.6 ±0.1 
 90° s/p 1.3 1.6 1.5 ±0.1 

Table 3: Ratio of the peak heights for the two polarization directions. 
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and SEIRA enhancements in the orthogonal directions (Figure 6.14, Figure 6.15 and Figure 

6.21).  

The signal enhancement was estimated to be 170 times larger than without the existence of 

the metal support, which is in accordance with reported values of SEIRA enhancement 

factors [186]. Of special interest is the area between 1000 and 1300 wavenumbers which is 

associated with the appearance of the localized field enhancement due to the SiO2 and the 

Fano-shaped profiles. Kratz et al. noted that the enhancement of this area is following the 

similar enhancement to the 4-MBN bands and is not dependent on the existence of SAM, 

suggesting its use as a tool of a priori characterization of the enhancement [199]. 

Additionally, there are efforts in the tuning of anisotropic structures in order to achieve 

optimum enhancement by leveraging Fano-type signals [12, 204]. These conditions open up 

possibilities in the rational sample design where coupling of the resonances with the native 

oxide can bring forward increased sensitivity in IR detection of surface layers.  
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7 Gradient thickness silver islands as unified SERS and SEIRA 

substrates 
The following chapter presents an alternative method developed to provide substrates 

with dual SERS and SEIRA properties. The substrates are in the form of gradient thickness 

of silver evaporated on plain and rippled silicon. Morphological, optical and vibrational 

spectroscopic characterization was performed in order to investigate the surface enhancing 

properties. 

Motivation 

The aim of the present thesis is to develop a new anisotropic plasmonic film fabrication 

method in order to combine SERS and SEIRA spectroscopy on a single substrate. The 

ultimate objective is that SERS and SEIRA can be measured at the same position by simply 

changing the polarization of the probe beam. The previous chapters elaborated on the 

experimental evidence that the substrates have indeed this capability. Even though Raman 

and IR are considered complementary methods [61], there is a gap in unified equipment 

that can perform dual measurements without the need to move the sample. The few 

exceptions of combinatorial existing devices include FT Raman and IR measurements with 

Raman excitation in the IR regime (FT-Raman Series RFT-6000 by Jasco Inc.™). Sarua et al. 

have used a custom built setup for the study of thermal rise in semiconductors combining 

the high spatial resolution of Raman while being able to measure temperatures of materials 

that lack phonons in the examined range [205].  

Analytical techniques are rapidly evolving in terms of detection limits as well as automated 

measuring procedures. The efficiency of combinatorial chemistry and materials science 

depends on the development of substrates that can maximize the amount of information for 

a variety of measuring techniques [206]. In the field of sensing there have been a number of 

combinatorial studies investigating the optimized structure for SERS enhancement [207], or 

the kinetics of SAMs via dip-pen nanolithography [208, 209], structural characterization 

and numerical methods studies in order to gain insight on the sensor response[150, 210], 

and combining SERS and SEIRA with electrochemical methods [80, 211]. 

In the previous chapters, the approach for a unified SERS and SEIRA substrate was based on 

optical anisotropy, where the resonance peaks in the visible range in one excitation 

direction can be used for surface enhanced Raman and subsequently the resonance in the 

orthogonal direction peaks in the IR range providing surface enhanced IR properties. The 

present chapter introduces an alternative solution to a unified SERS and SEIRA substrate, in 

the form of an evaporated silver layer with gradient thickness. The varying nanostructure 

along the sample provides numerous sites with optical and morphological properties that 

promote the corresponding surface enhancement of the analyte. These optimal sites can be 

used for combinatorial studies of Raman scattering and IR absorption as well as studies on 

optical and structural properties highlighting a versatile substrate for analytical purposes. 

The significant advantage of such a substrate is that there is no need for creating optimized 

samples, reducing reproducibility problems. Even though the concept of a gradient reagent 

concentration has been used in sensing materials for the realization of optical sensor arrays 
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[210] so far only a few studies have been performed on gradients of the metal plasmonic 

support. These studies examined separately the optical and structural  attributes of 

gradient thickness silver layers contributing to the SERS signal [171, 212] or gradient 

thickness gold layer contributing to SEIRA [199].  

Experimental details  

The deposition of Ag in a vacuum chamber by thermal evaporation has a Gaussian profile. 

By placing a substrate further from the center of the evaporation cone, the deposition rate 

radially drops resulting in a sample with gradient thickness of the metal layer. Depending 

on the positioning of the substrate, the layer thickness can form a steep or more moderate 

slope allowing control over the morphology and subsequently the spectroscopic properties.  

Following silver deposition on 10x10 mm2 silicon substrates, 4-MBN was adsorbed on the 

surface according to the described procedure in 3.2. Subsequently the samples were 

scanned along the thickness gradient with various combinatorial techniques: Spectroscopic 

ellipsometry was used to extract the optical values and determine the thickness of the layer 

at each position. IR reflectance spectroscopy was applied for detecting surface enhanced IR 

absorption. SER spectroscopy with various excitation wavelengths was performed 

complementary to SEM imaging to correlate the topography of the layers with their 

enhancement properties. The measuring steps were alternating between 0.5 and 0.2 mm. As 

seen in Figure 7.1, every measuring technique has a different spot size, which is the limiting 

factor of the combinatorial methods resolution. The Raman measurement has a diameter of 

4 μm while the ellipsometer spot diameter with the use of micro-spots is 250 μm.  

Therefore the optical information obtained by ellipsometry is averaging over a number of 

areas with slightly different morphology.  

 

Figure 7.1: Spot-sizes of the combinatorial techniques used. The spots’ 

diameters range from  250 μm for ellipsometry, 160 μm for IR to around 4 

μm for Raman and SEM. 
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Gradient thickness Ag layer on plain silicon 

Figure 7.2 (a) shows SEM images depicting the Ag growth at increasing deposition rate 

positions of the gradient film. The isolated nanoparticles in position 5 mm cover 20% of the 

area with an average size of 16 nm. In positions 5.5-6 mm the particle density increases to 

53 % and 59 % of the area, correspondingly, with average size of 25 nm. Moving further 

along the line scan the density of the nanoparticles increases and they gradually start 

coalescing, lose their sphericity and form a percolated network of metal nano-islands. 

Figure 7.2 (b) shows the imaginary part of the pseudodielectric function of the 

corresponding positions. At position 4 mm only silicon is present, while at position 5 the 

interband transition and plasmonic resonance due to the silver nanoparticles appear. 

Moving along the sample, the increase of the thickness of silver results in a broadened red-

shifted resonance due to the increase of size and shape distribution of the nanoparticles and 

the decrease of interparticle distances. Figure 7.2 (c) gives an outlook of the resonance 

progression in the infrared region. The resonance at position 6 mm peaks in the visible 

region with part of the curve extending to the infrared. As the amount of deposited silver 

increases and fills the interspace gaps, the reflectance increases and the resonance moves to 

the mid-IR. With increasing volume filling factor there is a point after the percolation 

threshold where the behavior of the curve exhibits Drude contributions, as can be seen in 

Figure 10.1 (appendix). At that certain point the deposited silver behaves like a bulk 

material and becomes conductive. 

Until position 8 mm of the presented sample, there is no shift to a solely Drude behavior as 

supported by Figure 10.2, appendix. The real part of the pseudodielectric function for the 

increasing thickness positions drops to negative values for a limited wavelength range 

while for the furthest presented position, 8 mm, it is negative for the visible and near-

infrared and shows an upwards trend when moving to the infrared region. 
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Figure 7.2: (a) SEM pictures along the gradient thickness depicting the 

growth of silver islands. (b) imaginary part of the pseudodielectric function 

showing the progression of the plasmon resonance for increasing thickness 

in the UV-Visible. (c)  IR range measured by reflectance IR. The blue and 

red coloring corresponds to the positions that exhibit maximum SERS and 

maximum SEIRA signals for 4-MBN. 

IR reflectance measurements as well as Raman scattering with an excitation wavelength of 

647 nm were performed. Figure 7.3 presents the SERS and SEIRA signal height of the CN 

peak for positions with increasing deposition. As expected the SERS enhancement rises at 

an earlier position, reaching a maximum and then followed by the rise of the SEIRA 

enhancement upon moving to positions of increased deposition.  

The positions corresponding to the SERS and SEIRA maxima are colored in Figure 7.2 with 

blue and red lines, correspondingly.  Position at 5.5 mm, gives the best SERS signal 

corresponding to 53% area coverage and average nanoparticle diameter of 25 nm. Position 

8 mm, with the best SEIRA signal has 77% area coverage and consists of silver islands of 

varying shapes and sizes. The SERS signal remains at the same levels for a distance of 1 mm 

and does not drop to zero until the edge of the sample. Similarly, the SEIRA signal increases 
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at a certain position and then remains at the same levels. This behavior is explained by 

observing that until the last position on the sample, the dielectric function is not that of a 

bulk metal (Figure 10.2, appendix). 

 

Figure 7.3: SERS and SEIRA signal of the CN peak for increasing thickness 

positions on the line scan. 

Examining a sample placed in a different position in the emission cone a different signal 

profile is observed (Figure 7.4 (a)). In this case the SERS and SEIRA signals raise and drop in 

a distance of 2 mm, while their maxima are by 1 mm apart (versus the 2.5 mm maxima 

distance of the previous sample). Comparing the signal profiles of the samples leads to the 

suggestion that the substrate can have either defined separate areas of optimized SERS and 

SEIRA enhancement or can have a broader area where those features overlap. This ability is 

related to the steepness of the gradient, i.e. the deposition profile, and can be controlled by 

the positioning of the substrate during the evaporation process. The sample can be placed 

off center and at different depths from the evaporation cone. This results in a broad or 

narrow distribution of the evaporation rate and subsequently the amount of deposited 

material on the surface. Nevertheless, the difference in the steepness of the gradient does 

not appear to influence the maximum signal intensities for the different samples, that 

appear in the same range.  

The surface enhancement properties are an interplay between the film nanostructure, its 

thickness and plasmonic resonance, which are all influenced by the deposition rate [114, 

171, 213, 214]. Figure 7.4 (b) shows the fitted thickness of the positions on the sample, with 

the SERS and SEIRA active regions inside the highlighted section. The data have been 

modelled according to the model presented in 4.2. The mean squared error (MSE) is also 

indicated in the graph to give an estimation of the fitting quality. The positions of best SERS 

(2.4 mm) and SEIRA (3.4 mm) signals correspond to thicknesses of 12.5 nm and 21 nm, 

respectively. The data around this area are harder to fit, as can be seen from the increased 

MSE, since the area transits from isolated nanoparticles to semi-connected islands. At 

position 4 mm the Lorentzian of the in-plane layer is converted to a Drude function, 

signifying the transition from the dielectric to the metallic behavior. This change in the 
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model leads to the decrease of the MSE value and can also be verified by the negative 

declining value of the real part of the pseudodielectric function, in Figure 10.3 of the 

appendix [215].  

 Wei et al. have divided the growth zones into three sections according to their conductivity: 

the dielectric zone comprised by isolated nanoparticles, the transition zone of semi-

connected islands showing super-linear deviation from Ohm’s law and the metallic zone of a 

closed surface [114]. The SERS signal is diminished after the percolation threshold due to 

the formation of free charge carriers [212]. On the other hand, the SEIRA signal continues to 

have (decreasing) activity even beyond the percolation threshold, in accordance with 

findings of Kratz and Fahsold et al. [199, 216]. Heaps et al. mention that greater 

enhancements are achieved at the onset of percolation threshold with the bands assuming 

an asymmetrical (Fano-like) shape [201].  

It is clear that the zone of percolation is a zone with diffused properties that cannot be 

precisely defined and quantified leading to diverse reports on the points of onset in certain 

behaviors. Nevertheless, the area around the percolation threshold with its complex optical 

and electrical properties is of special interest for various applications. Substrates that 

exploit these area properties have been proposed as dispersion-tunable devices for possible 

photovoltaic and metamaterial uses [217, 218]. Furthermore in these devices the increase 

of dipolar and multipolar interaction leads to a distortion of the resonance with the 

resulting asymmetric-line shape being used in IR detection [219, 220]. 
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Figure 7.4: (a) The profile of SERS and SEIRA CN peak signal along the 

gradient thickness. (b) Fitted thickness of the Ag layer and the MSE of the 

fits according to Vis-ellipsometry measurements. 

 

SERS with multiple excitation wavelength  

The enhancement of an analyte is important for deciding the applicability of a substrate as 

sensing support. In chapter 6.2 the SERS enhancement of Ag nanoparticles on a Si rippled 

substrate was shown to be superior to that of an electrochemically roughened electrode. In 

chapter 6.3 enhancement factors for the IR regime were calculated with the use of IR-

ellipsometry, showing satisfying enhancements up to a factor of 170. In the present chapter 

a Raman scattering line scan with different excitation wavelengths was performed in order 

to examine the signal profile across the different areas and determine the maximum 

enhancement factors that the certain substrate can provide. 
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Figure 7.5:  SERS CN vibration signal normalized to the signal in solution at 

different excitation wavelengths. 

Figure 7.5 shows the SERS signal integral of the CN vibration normalized to that of a 100 

mM 4-MBN solution in DMSO, in order to correct for the excitation wavelength dependency 

and detector sensitivity. Additionally, Table 4 presents the determined enhancement factors 

of the different excitation wavelengths. The EFs were calculated according to the method 

described in chapter 3.7, the calculation details are shown in 10.1.2, appendix.  

According to Table 4, enhancements of 104 are achieved at excitation wavelengths 594 nm 

and 647 nm. The 4-MBN benzene ring mode at 1587 cm-1 exhibits greater enhancement 

than the CN vibration at 2238 cm-1. As already demonstrated in Figure 5.3, the Raman signal 

of the CN vibration is stronger than that of the benzene ring mode in unbound 4-MBN. But 

the adsorption of the monolayer on the silver surface introduces surface enhancement 

effects that lead to relative weaker CN signal. Those effects are a combination of factors 

regarding the orientation of the molecule on the surface, the proximity of the respective 

vibration from the binding site and local symmetries of the vibrations according to their 

binding on Ag  [136]. 

Another point of interest is that the EF at the 647 nm excitation is not greater than at the 

594 nm, even though the plasmonic resonance is stronger at the longer wavelength. SERS is 

a near-field effect, deriving from hot-spot interactions. The near-field excitation is 

wavelength-dependent, i.e. different excitation wavelength results in different dipole 

interactions [221]. Depending on the local geometry, the connection of plasmonic resonance 

and EF may not always be linear. Especially in evaporated metal islands, which manifest 

fractal geometry [114].  
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Excitation  
wavelength (nm) 

1587 cm-1 peak   

EF 
2238 cm-1 peak  

EF 

413 1.4102 0.4102 

514 1.9103 0.9103 

594 1.4104 1104 

647 1.3104 0.7104 
 

Table 4: SERS enhancement factors for different excitation wavelengths of 

the 1587 cm-1 and 2238 cm-1  vibrations of 4-MBN adsorbed on evaporated 

Ag nanoparticles. 

 

Gradient thickness Ag layer on rippled silicon 

In order to study possible template effects on the performance of the gradient thickness 

samples, the experiment was repeated with the use of rippled silicon instead of plain silicon 

as a support.  

The ripple periodicity was 50 nm. The measuring steps for the ellipsometric and IR 

measurements were 0.5 mm and for the Raman measurements 0.25 mm, with excitation 

wavelength at 647 nm. The direction of the excitation was parallel to the ripples. 

Figure 7.6 (a) shows the growth of the Ag nanoparticles for positions of increasing 

deposition rate. The nanoparticles grow preferentially along the ripples forming nanorods. 

The periodicity along the ripples is confirmed by the Fourier transform diagrams (Figure 

7.6 (b)). Positions 4.5 and 5, where the nanorods are well-ordered, show two distinct spots 

at the x axis of the FFT. Moving further along the gradient, the nanorods outgrow the ripples 

and start coalescing, gradually resembling the morphology of a metal island network. The 

loss of periodicity is illustrated in the corresponding FFT pictures, where the spots convert 

into rings. Similar to Figure 7.2, Figure 7.6 (c) shows the progression of the imaginary part 

of the pseudodielectric function from low coverage positions with pronounced silicon 

absorption to the rise of a strong resonance that red-shifts moving to positions with 

increased coverage. Figure 7.6 (d) shows the corresponding evolution of the resonance in 

the infrared region. 

Figure 7.7 presents the comparison of the SERS and SEIRA CN peak signal at positions with 

increasing deposition. The sample was deposited at identical conditions as the plain silicon 

sample presented in Figure 7.3, where a similar signal profile is observed. The SERS signal 

appears and reaches its maximum earlier than the SEIRA signal with their maxima having a 

distance of 2 mm. The fact that the SERS and SEIRA signals do not vanish until the last 

position illustrates a low gradient slope. A different profile of a rippled silicon substrate is 

shown in Figure 10.4, appendix. The corresponding SEM of the position with the highest 
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SERS signal (outlined in blue color) reveals a position that retains a degree of periodicity. 

The nanorods are of sizes 32 nm at the short axis and 42 at the long axis resulting in a 1.3 

ratio and the area coverage of the metal is 63%. Accordingly, at the maximum SEIRA signal 

position, the island coverage is at 75% of the surface, forming a network of semi-connected 

islands. Even in this position there are hints of underlying periodicity as it is denoted by the 

elongated diffused elliptic area at the x direction of the FFT. 

The presented results suggest that a gradient silver layer deposited on a rippled silicon 

substrate exhibits similar performance in terms of signal enhancement and signal profile 

across the sample with that of a plain silicon substrate. Therefore, an unnecessary step in 

the sample fabrication of a unified SERS and SEIRA substrate can be removed, reducing cost 

and preparation time. Nevertheless, the rippled silicon sample exhibits morphological and 

optical anisotropic properties that are useful for polarization-dependent experiments as 

demonstrated in Chapters 6.2 and 6.3. Therefore, the type of enhancement substrate can be 

chosen according to the needs of each study. 
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Figure 7.6: (a) SEM pictures along the gradient thickness depicting the 

growth of silver islands along with (b) the corresponding Fourier 

transformations.   (c) The imaginary part of the pseudodielectric function 

showing the progression of the plasmon resonance for increasing thickness 

in the UV-Visible and (d)  IR range measured by reflectance IR. The blue 

and red coloring corresponds to the positions that exhibit maximum SERS 

and maximum SEIRA signals for the molecule 4-MBN. 
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Figure 7.7: SERS and SEIRA signal of the CN peak for increasing thickness 

positions on the line scan. 

Conclusions 

In the present chapter, substrates with silver layer of gradient thickness that exhibit areas 

inducing Raman or IR surface enhancement were studied. The corresponding enhancement 

is connected to the nanostructure and the optical properties of the metal layer, exhibiting 

maximum SERS signals at thicknesses around 12.5 nm and maximum SEIRA signals close to 

the percolation threshold at around 21 nm. The use of a pre-patterned silicon substrate 

does not add up to the enhancement benefits, thus removing extra preparation steps unless 

there is the need for polarization dependent separation in the experiment. 

The slope of the gradient can be controlled by the deposition process allowing the design of 

substrates with tailored surface enhancement properties. The need for reproducible, 

optimized structures is dismissed, as a line scan along the sample reveals areas where the 

analyte signal has a maximum enhancement in Raman scattering or IR absorption as well as 

overlapping areas with moderate enhancement for both effects. An additional advantage of 

this versatile platform is that, due to preparation, the chemical and physical treatment in 

every sample area is identical, in comparison to experiments using separate samples for 

each technique, reducing uncertainties and introducing better statistics for series of 

measurements.  

With their considerable enhancement performance, the gradient silver island substrates are 

a strong candidate as sensing platforms unifying the two complementary techniques of 

Raman and IR on a single device. 
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8 Conclusions and outlook 
Plasmonic substrates allowing simultaneous surface enhanced Raman scattering and 

infrared absorption were investigated in the present thesis. Their optical and morphological 

properties along with their fabrication methods were thoroughly studied with respect to 

their potential sensor applications. The novelty of the developed anisotropic nanoparticle 

arrays is the ability to provide complementary vibrational information of target analytes on 

a single spot. 

The substrates are based on silver nanoparticles formed by evaporation on silicon. Two 

cases are investigated: silver deposited on plain silicon surface and silver deposited on pre-

patterned, rippled silicon surface. The main focus of the research was the latter case, where 

the evaporation of silver on rippled silicon, at oblique angle of 70° with respect to the 

surface normal, leads to the formation of nanoparticle arrays. The rippled silicon was 

fabricated by bombardment of Ar+ ions on polished Si (100) at 67° with respect to the 

surface normal. The deposited silver grows along the ripples forming arrays of nanorods, 

due to the ripples hindering the growth at the perpendicular direction. The structural 

anisotropy introduces optical anisotropy. According to near-field calculations, two localized 

plasmonic resonances in orthogonal directions are the physical origins of the resonances 

measured by ellipsometry. The direction across the ripples, at the short dipole axis, exhibits 

a smaller and narrower resonance while the direction along the ripples, at the long dipole 

axis, exhibits a red-shifted stronger and broader resonance. Far-field calculations point to 

decoupled resonances in the direction across the ripples and presumably coupling effects 

between resonances due to the elongation of the particles in the direction along the ripples. 

Ellipsometry was used to describe the optical activity of such substrates through the 

pseudodielectric function or by applying a model to extract the dielectric function of the 

silver layer. A biaxial model was used in order to extract the effective functions of the Ag 

nanoparticle arrays for the two separate probing directions along the x- and y- axes. The 

out-of-plane direction (z-axis) of the dielectric function is treated as a layer with equal 

silver and air fraction and the in-plane components of the dielectric function were 

described in the frame of a Brendel Oscillator model. 

The deposition parameters control the morphology and the tuning of the resonances in the 

visible and IR range. It was concluded that ripple periodicity of 40-50 nm, even though it 

has increased surface roughness, is wide enough to guide the simultaneous growth along 

and across the ripples. For a nominal thickness of 18 nm of Ag, both resonances are in the 

visible range and can be leveraged for SERS purposes. Specifically, by using different 

excitation wavelengths corresponding to the resonance peaks and by changing the 

incoming polarization angle, the signal of the self-assembled monolayer (4-MBN) follows an 

alternating sinusoidal profile. The vibrational signal modulates according to the excitation 

of the resonances at the respective wavelength and polarization angle. This SERS behavior 

has been confirmed as well with NIR excitation sources exciting red-shifted resonances. The 

polarization dependence has been applied in order to distinguish between the Raman signal 

of surface-attached 4-MBN and that of the surrounding solution of cyclohexane, 
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demonstrating sensing potentiality. The SERS enhancement factors were calculated to be in 

the range of 104. 

The red-shift of the plasmonic resonances from the visible to the infrared range induces 

surface enhanced infrared absorption. The orthogonal directions, along and across the 

ripples were studied separately with IR ellipsometry, showing enhancement of the 4-MBN 

signals. Depending on the position of the resonances, the vibrational peaks are enhanced 

due to the tail of the resonance or by resonances red-shifted up to the MIR range leading to 

enhancement factors of 170 and Fano-shaped peak profiles.  For nominal silver thickness of 

24 nm, the plasmonic resonance at the direction across the ripples is confined to the visible 

range and at the direction along the ripples appears at the NIR, extending to the mid-IR. 

This configuration allowed for the dual detection of SERS and SEIRA, and in principle can be 

used for detection at a single spot by alternating the excitation wavelength and polarization.  

In addition to developing an optimized substrate exhibiting SERS and SEIRA at orthogonal 

directions, an alternative solution for combining these properties is presented in the form 

of a gradient thickness substrate. Moving along the surface of a gradient thickness substrate 

the morphology exhibits isolated nanoparticles that increase in density, gradually 

coalescing, losing their sphericity and forming a percolated network of metal nano-islands. 

Therefore gradient substrates exhibit SERS and SEIRA properties at separate or partially 

overlapping areas along the sample surface. The proximity of those optimal positions can be 

controlled by the deposition parameters.  

The presented unified SERS and SEIRA substrates, anisotropic nanoparticle arrays and 

gradient thickness nano-islands are versatile substrates in the cross-section of rationally 

designed sensing devices and cost-effectiveness. They provide complete vibrational 

information of an analyte and promote combinatorial use of the two techniques. The 

polarization dependency of the anisotropic substrates is an additional advantage in 

increasing the selectivity and specificity in biosensing applications.  

A subsequent study on the present subject would be the application of substrates in in-situ 

environments and monitoring of real-time reactions. The investigated analyte, 4-MBN, is a 

non-resonant molecule. The sensitivity level would substantially increase with the use of a 

resonant molecule (surface enhanced resonance Raman). In combination with the 

wavelength and polarization dependencies, that enable multiple laser excitation 

experiments, the anisotropic substrates have the potential to discriminate between analytes 

or different areas of analytes in molecular mixtures. Adding up to sensing and molecule-

specific analytics is the ability to differentiate between adsorbed and solution species, 

useful for investigations of surface chemistry.  

Of particular interest for future studies would as well be the investigation on anisotropic 

nanoparticle arrays deposited on doped silicon and subsequently the possibility of this 

substrate being used in cyclic voltammetry as a new option for electroanalysis. As well 

interesting would be the investigation of the substrates with optical scanning probe 

techniques such as scanning near-field optical microscopy (SNOM) and tip-enhanced Raman 

scattering (TERS).  
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Finally, the techniques used in this work were those of linear optical spectroscopy. In 

addition to this field, there is a great potential in the non-linear spectroscopic techniques 

(e.g. coherent anti-Stokes Raman scattering, hyper-Raman scattering) combined with 

plasmonic nanostructures. The different selection rules and mechanisms can provide 

additional information on molecular vibrations, interface properties and help us observe 

ultrafast processes with great sensitivity. 
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10  Appendix 

 Supplementary graphs to Chapter 7 10.1.1

 

Figure 10.1: IR reflectance measurement of bulk evaporated Ag layer 

exhibiting Drude behavior. 

 

Figure 10.2: Real part of the pseudodielectric function of positions with 

increasing Ag thickness, as shown in Figure 7.2. 
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Figure 10.3: Real (black line) and imaginary part (blue line) of the 

pseudodielectric function of a thick Ag layer. 

 

Figure 10.4: Absolute height of SERS and SEIRA signal of the CN peak for 

increasing thickness positions on the line scan of a gradient Ag layer on 

rippled silicon substrate. 

 EF calculation of Chapter 7 10.1.2

The enhancement factor calculation was based on position with thickness 14 nm and 

particle diameter 35 nm, as estimated by SEM. The calculation of the surface area of half-

spheroids leads to the calculation of RF=0.9. 
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