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Abstract 

An electrochemical detection method based on long range surface plasmon waveguides is 

proposed and demonstrated in this integrated article thesis.  This dissertation uses CYTOP 

gold (Au) waveguides supporting long range surface plasmon polaritons (LRSPPs) in 

conjunction with grating couplers as well as Au waveguides embedded on a one-

dimensional photonic crystal (1DPC) supporting Bloch LRSPPs integrated grating 

couplers.  

Grating couplers for Au stripe waveguides embedded in Cytop are demonstrated and 

analyzed. Grating couplers are used in a broadside coupling scheme where a laser beam 

incident on a stripe of Au on Cytop. The use of gratings for excitation of LRSPPs simplifies 

optical alignment and does not require high-quality input and output edge facets. Over a 

broad operating wavelength range, optical experiments are performed to demonstrate 

coupling loss and determine the efficiency of grating coupling using both a cleaved bow-

tie PM fiber and a lensed PM fiber. The coupling loss and grating coupling efficiency of 

both types of fibers are also calculated numerically.   

Fluoropolymers with refractive indices close to water, such as CYTOP, are widely used to 

make waveguide biosensors today. Due to its low glass transition temperature, CYTOP 

presents limitations to fabrication processes. A truncated 1D photonic crystal may replace 

a low-index polymer cladding such as CYTOP to support Bloch LRSPPs within the 

bandgap of the 1DPC over limited wavenumbers and wavelength range.  

As a result of the high sensitivity of Au stripe Bloch LRSPP waveguide biosensors and 

their compatibility with high levels of integration, microelectrode systems that can be 
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integrated with such optical biosensors are examined. A chip bearing a Au LRSPP 

waveguide that can also function as a working electrode (WE), a Pt counter electrode (CE), 

and Pt/Cu electrical contact pads, is used to demonstrate the electrochemical performance 

of LRSPPs waveguides. The cyclic voltammetry measurements were performed at 

different scan rates and concentrations of potassium ferricyanide as the redox species on 

Au LRSPPs waveguides. By fitting our experimental data to the Randles-Sevcik equation, 

we find the diffusion coefficient of potassium ferricyanide. The results from CV 

measurements obtained from chips are compared with commercial macroscopic electrodes. 

The CV measurements are also compared with theoretical results computed using the 

Butler-Volmer equation to determine the rate constant of the redox species at zero 

potential. 

A waveguide containing a stripe of Au that propagates infrared surface plasmon polaritons 

(SPPs), acting simultaneously as an electrode in a three-electrode electrochemical cell is 

also examined. Under SPP excitation, cyclic voltammetry was measured as a function of 

incident optical power and wavelength (1350 nm). In oxidation and reduction reactions, 

energetic electrons are separated from energetic holes. Under SPP excitation, redox current 

densities increase by 10×. With the SPP power, the oxidation, reduction, and equilibrium 

potentials drop by as much as 2× and separate in correlation with the photon energy. 

According to electrochemical impedance spectroscopy, charge transfer resistance dropped 

by almost 2× under SPP excitation. During SPP excitation, the temperature of the working 

electrode is monitored in situ and independent control experiments are performed to isolate 

thermal effects. Measurements of chronoamperometry with SPPs modulated at 600 Hz 

yield a rapid current response modulated at the same frequency, ruling out thermally 



iv 

enhanced mass transport. The observation is attributed to the opening of optically 

controlled non-equilibrium redox channels associated with the energetic carrier transfer to 

the redox species. During CV and chronoamperometry measurements, convolutional 

voltammetry is performed by monitoring the SPP output power versus the applied voltage. 

Using both experimental and theoretical methods, we demonstrate that the SPP output 

power is proportional to the electrochemical current convolution. A SPP voltammogram 

confirms that signal changes are mainly caused by differences in refractive index between 

reduced and oxidized forms of redox species. In addition, we demonstrate that energetic 

carriers resulted from SPP absorption significantly improved electrochemical sensitivity. 

As a complementary electrochemical technique, convolutional voltammetry is useful since 

the signal is related directly to the concentration of electroactive species on the working 

electrode (WE) and independent of the scan rate. As a probe of electrochemistry taking 

place in waveguides, surface plasmon polaritons (SPPs) propagating along one are 

sensitive. In such a waveguide, the optical output power is proportional to the time 

convolution of the electrochemical current density, eliminating the need to calculate the 

latter a posteriori via numerical integration. It is demonstrated that a waveguide WE 

provide an optical response that can be experimentally validated by chronoamperometry 

and cyclic voltammetry measurements under SPP excitation for a few potassium 

ferricyanide (redox species) concentrations in potassium nitrate (electrolyte) and various 

scan rates. Cyclic voltammetry measurements taken under increasing SPP power produce 

a regime where SPPs no longer act solely as the probe, but also act as a pump, producing 

energetic electrons and holes via their absorption in the WE. The energetic carriers enhance 
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(10×) redox current densities as well as the convolution signal measured directly as the 

optical output power over time. 
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Chapter 1.  

Introduction 

1.1 Biosensing and Biosensors 

Analyzing biomolecules is required in many fields ranging from food safety inspection to 

medical diagnostics [1,2,3]. Many labelled detection methods have been used to detect 

biomolecules. These labeled detections techniques include enzyme-linked immunosorbent 

assay (ELISA) [4,5], colorimetric and fluorescence detection [6,7,8], polymerase chain 

reaction (PCR) [9,10], radioactive isotopes (radio-immunoassays) [11], vibrational 

spectroscopy (e.g., infrared and Raman spectroscopy) [12] and some other techniques 

[13,14]. All these labelled techniques create liabilities due to the use of labels. An example 

of a liability created by labelling is interference of the fluorophore with binding kinetics, 

and changes in fluorescence dynamics depending on specific dye–protein interactions after 

being exposed to analytes [15].  Such liabilities can be eliminated by using label-free 

methods, as have been employed to detect biomolecules using mass spectrometry (MS) 

[16], quartz crystal microbalance (QCM) [17], surface plasmon resonance (SPR) [18], 

localized surface plasmon resonance (LSPR) [19], long-range surface plasmon polaritons 

(LRSPPs) [20], and anomalous reflection of gold [21]. 

A biosensor is a device that is used to measure biological or chemical reactions by 

generating signals (electrical, thermal, optical) proportional to the concentration of an 

analyte [2,22]. A biosensor has a recognition element (e.g., enzymes, nucleic acids, cells, 

and micro-organisms or antibodies) to capture the analyte of interest in the sample 

selectively. In addition, a transducer converts the biorecognition event to a quantitative 
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signal [23]. Depending on the underlying transducer technology, one can identify four 

different types of biosensors: electrochemical [24,25], piezoelectric [26,27], thermal [28], 

and optical [29,30]. 

The most common type of biosensor is electrochemical [30]. Electrodes have an essential 

role as solid support for the immobilization of biomolecules and electron transfer to/from 

the redox species. As the result of certain electroactive species undergoing a redox reaction 

in the system, a voltage or a current is generated. One of the critical aspects of the 

electrochemical biosensor is using enzymes as predominant recognition elements due to 

their specific binding capabilities and biocatalytic activity [31,32]. In this sensing method, 

different electrochemical detection techniques such as amperometric, potentiometric, and 

conductometric devices are used [33]. 

A piezoelectric sensor uses the piezoelectric effect to measure quantities of interest such 

as pressure, force, or acceleration. The Quartz Crystal Microbalance (QCM) is the most 

well-known type of piezoelectric sensor [34]. In this sensor, the resonant frequency of a 

quartz crystal is measured to deduce changes in the surface mass concentration. QCM is 

used in gaseous, vacuum and fluidic environments [35]. 

Thermometric biosensors use thermometry or measurement of temperature. The most 

known version of such a system is a thermometer [28]. The principle in thermometric 

devices is based on heat measurement using sensitive thermistors [36]. Thermometric 

biosensors use the fundamental property of biological reactions such as absorption or 

evolution of heat. They are also utilized as a part of enzyme-linked immunoassay (ELISA). 

This new method is known as thermometric ELISA (TELISA) [37,38]. 
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Optical biosensors measure an optical quantity or attribute such as absorption, 

fluorescence, luminescence, reflectance, Raman scattering, or refractive index [39-41]. 

Optical biosensors can provide highly sensitive, direct, real-time, and label-free detection 

of many biological and chemical substances [42].  Optical biosensors operate in label-based 

or label-free mode [42]. In label-based sensors, a label is used, and then an optical signal 

is produced by a colorimetric, fluorescent, or luminescent method. In label-free devices, 

the detected signal is generated directly by the interaction of the analyzed material with the 

transducer [42]. There are different varieties of optical biosensors, such as optrode fibre 

optics, evanescent-wave waveguides, flow immunosensors, and surface plasmon 

resonance (SPR).  

Surface plasmon polaritons (SPPs) are propagating modes at the interface between a metal 

and a dielectric medium, and biosensors based on SPPs are among the most studied and 

used devices because of the small mode area and large surface fields [43]. These features 

make them very sensitive to changes in the refractive index near the metallic surface. 

However, propagation losses associated with the absorption of light in the metal is a 

limitation, but this problem can be addressed using symmetric structures based on a thin 

metal layer to support long-range SPPs (LRSPPs).  The existence of LRSPPs requires that 

both the upper and lower claddings have a similar refractive index. Sensing in an aqueous 

environment limits the choice of lower cladding materials, e.g., to polymers such as Teflon 

or Cytop, which leads to limitations in the fabrication of devices, especially in terms of 

thermal excursions during processing. An alternative approach consists of using a one-

dimensional photonic crystal (1DPC) [43]. A 1DPC can be used on one of the sides of a 

thin metal layer and they can mimic the optical properties of the medium on the other side 
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over a limited wavelength range. The modes supported in such a structure are called Bloch 

LRSPPs.  

LRSPP waveguides consisting of Au stripes can be integrated with input and output grating 

couplers. Grating couplers enable broadside (top) coupling with good efficiency and a low 

level of background light. The scheme simplifies optical alignments and does not require 

high-quality input and output edge facets. Chips bearing a Au LRSPP waveguide, along 

with a Pt electrode and Pt/Cu electrical contact pads, are used in this thesis. The gold 

LRSPP waveguides also operate as working electrodes, and the Pt stripes as counter 

electrodes. This chip structure provides a platform for the integration of optical (LRSPP) 

biosensors with electrochemical sensors. The high sensitivity of Au stripe LRSPP 

waveguide biosensors in addition to suitability for high levels of integration make them a 

good choice for multi-modal sensing strategies useful in disease detection. A combination 

of electrochemical probes with plasmonic structures is of interest to investigating light-

induced hot-carrier electrochemical reactions. This thesis investigates LRSPPs and their 

role in electrochemical detection. 

1.2 Thesis scope and outline 

This thesis aims to demonstrate the characterization of optical and electrochemical 

biosensors based on Bloch LRSPPs. Gold waveguides both on CYTOP and a one-

dimensional photonic crystal (1DPC) supporting Bloch LRSPPs are used in this 

dissertation. Each chapter is presented as a scientific article with an introductory section. 

The dissertation is organized as follows:  

Chapter 2 presents a comprehensive review of Bloch long-range surface plasmon 

polaritons (LRSPPs) and plasmonic hot-carrier catalysis. First, the surface plasmon theory 
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is explained, followed by a summary of surface plasmon resonance (SPR) and previous 

works in that area. A discussion about LRSPPs, Bloch waveguides, grating couplers, and 

microelectrodes is also provided in this chapter.  

Chapter 3 reports fabrication and analysis of grating couplers for Au stripe waveguides 

embedded in Cytop. Grating couplers are used extensively throughout the thesis. Optical 

experiments are performed to illustrate coupling loss and determine the grating coupling 

efficiencies using a cleaved bow-tie PM fiber and a lensed PM fiber over a broad operating 

wavelength range. A numerical calculation is also made to find coupling loss and grating 

coupling efficiencies for both types of fibers.  

Chapter 4 investigates lithographically-defined and evaporated Au and Pt microelectrodes 

on a 1DPC substrate for electrochemical detection applications. This study demonstrates 

the need to “burn-in” (current anneal) microelectrodes before electrochemical 

measurements. Cyclic voltammetry (CV) measurements at various scan rates and 

concentrations of potassium ferricyanide as the redox species are performed. The diffusion 

coefficient of potassium ferricyanide is obtained by fitting our experimental data to the 

Randles–Sevcik equation. The results from CV measurements obtained from chips are 

compared with commercial macroscopic electrodes. CV measurements are compared with 

theoretical results computed using the Butler-Volmer equation while extracting the rate 

constant at zero potential of our redox species. 

Chapter 5 reports plasmonic catalysis in electrochemistry with surface plasmon 

waveguides and infrared light. It is shown in this study that redox current densities increase 

by 10× under plasmonic excitation. Oxidation, reduction, and equilibrium potentials also 

drop by as much as 2× beyond a clear threshold with optical power. Redox potentials drop 
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beyond threshold with increasing photon energy, i.e., exhibiting optical control of redox 

potentials. 

Chapter 6 investigates the convolutional voltammetry. Convolutional voltammetry is 

performed by monitoring the SPP output power versus the applied voltage as cyclic 

voltammetry (CV) and chronoamperometry measurements are taken. Experimentally and 

theoretically, we demonstrate that the SPP output power is proportional to the convolution 

of the electrochemical current. It is confirmed by SPP voltammograms that signal changes 

are due mostly to changes in refractive index between reduced and oxidized forms of redox 

species. Furthermore, we show that energetic carriers resulting from SPP absorption 

significantly improve the sensitivity of electrochemical detection. 

1.3 Copyright permissions  

1.3.1 Chapter 3 

The article in this chapter is presented in full and is reprinted with the permission of the 

Optical Society of America. 
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surface plasmon waveguides embedded in a fluoropolymer” Applied Optics, 2994-3002 

(58), 2019.  

1.3.2 Chapter 4 
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Z. Hirbodvash, O. Krupin, H. Northfield, A. Olivieri, E. A. Baranova, P. Berini, “Infrared 
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the transfer of energetic carriers” Science Advances, eabm9303 (8), 2022. 
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The article in this chapter is presented in full and is reprinted with the permission of ACS. 

Z. Hirbodvash, E. A. Baranova, P. Berini, “Real-time convolutional voltammetry 

enhanced by energetic (hot) electrons and holes on a surface plasmon waveguide 

electrode” Analytical Chemistry, 13145–13152 (94), 2022. 
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Chapter 2.  

Background and Literature Review 

2.1 Plasmonic 

2.1.1 Electromagnetics of Metals 

A classical theory based on Maxwell's equations describes the interactions of 

electromagnetic waves with metals at frequencies up to the visible spectrum. Metals were 

traditionally used for circuitry and guiding microwaves or far-infrared EM waves. Metals 

can be considered perfect electric conductors (PEC) in these applications since the 

conduction electrons cancel out the external charge field, effectively preventing a wave's 

propagation through the metal. Field penetration increases as frequencies increase toward 

the near-infrared and visible portions of the spectrum, which results in increased absorption 

and dissipation. Metals exhibit complex, frequency-dependent dielectric functions in this 

region of the spectrum. The metal permittivity can be described by various models. In the 

following, two well-known models, Drude-Sommerfeld and Drude Lorentz models are 

explained. 

2.1.2 The plasma models 

The permittivity of metals at optical frequencies can be described in a very simple way. 

Metals can be modelled to a first-order approximation as a plasma (free electron gas). 

Electromagnetic waves produce electron oscillations with respect to a lattice of positive 

ions. An oscillation can be described by its frequency, and interaction with the lattice by 
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the collision frequency which is inversely proportional to the relaxation time of the free 

electrons. In this model, the free electrons constitute a cold plasma.  

The expression for the dielectric function of a plasma is expressed using the Drude-

Sommerfeld model [44]: 

                                                         𝜀(𝜔) = 1 − 
𝜔𝑝

2

𝜔2+𝑖𝛾𝜔
                                                                (1)    

where 𝜔𝑝  is the plasma frequency, 𝛾 is collision frequency which is proportional to the 

inverse value of relaxation time of the electrons (𝜏 = 1 𝛾⁄ ) [45], and 𝜀(𝜔) is relative 

permittivity. The plasma frequency is given by 

                                                      𝜔𝑝 = √
𝑛𝑒𝑒2 

𝑚∗𝜀0
                                                                 (2) 

in which 𝑛𝑒 is electron density, 𝑒 is the electron charge, 𝑚∗ is the effective electronic mass 

and 𝜀0 is the permittivity of free space. The plasma frequency occurs in the visible range 

for most metals. 

The frequency dependent dielectric function of a plasma has real and imaginary 

components: 

                                                      𝑅𝑒 {𝜀(𝜔)} = 1 − 
𝜔𝑝

2

𝜔2+𝛾2                                               (3)                                              

                                                           𝐼𝑚 {𝜀(𝜔)} =  
𝛾𝜔𝑝

2

𝛾(𝜔2+𝛾2)
                                                        (4)                                  

The plasma (free electron gas) behaves as a metal if 𝜔𝑝 > 𝜔. Permittivity is mostly real, 

and the medium acts as an undamped free-electron plasma. 

For 𝜔𝑝 ≤ 𝜔, corresponding to short visible wavelengths and the ultraviolet region for most 

metals, the free electron gas model does not match the observed permittivity behavior, due 

to the existence of vertical (inter-band) electron transitions in the metal – in this case the 
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Drude-Sommerfeld model needs a correction. Inter-band electron transitions increase the 

imaginary component of the permittivity dramatically [44]. Terms are added to the Drude-

Sommerfeld model to improve the accuracy of the dielectric function [46,47]: 

                                                    𝜀(𝜔) = 𝜀∞ −  
𝜔𝑝

2

𝜔2+𝑖𝛾𝜔
+ 𝜀𝑖𝑛𝑡(𝜔)                                              (5)   

where 𝜀∞ is a material specific polarization correction factor and 𝜀𝑖𝑛𝑡(𝜔) is a fitted 

permittivity which corrects for the inter-band transitions, described as [46,47]: 

                                                         𝜀𝑖𝑛𝑡(𝜔) = 1 −
𝜔̃𝑝

2

(𝜔°
2−𝜔2)−𝑖𝛾𝜔

                                         (6)                            

where 𝜔̃𝑝 is analogous to 𝜔𝑝 in the Drude-Sommerfeld model. This model is called the 

Drude-Lorentz model.  

Because of the complex optical response of metals, the optical permittivity functions of 

metals are usually derived from experimentally determined values [47,48]. Fig. 1. shows 

the real and imaginary parts of gold's optical permittivity based on the Drude-

Sommerfeld and Drude-Lorentz formulas and experimental data all from reference [49]. 

Most of the metals at optical frequencies show plasma behavior: for gold 𝜔𝑝 =

13.8 × 1015/𝑠, 𝛾 = 1.075 × 1014/𝑠  such that gold appears metallic throughout most of 
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the visible and all the infra-red spectral regions, approaching a perfect electric conductor 

at long wavelengths beyond about 10 µm. 

Fig. 1. (a) Real and (b)imaginary parts of the permittivity of gold in the optical regime. 

Black dots correspond to the experimental data. The red and blue lines are fits to the Drude-

Sommerfeld and Drude-Lorentz formulas. Reproduced with permission [49]. 

2.1.3 Surface Plasmon Polaritons (SPPs) 

Electromagnetic (EM) waves in the visible and near-infrared ranges, under the right 

circumstances, can couple to electron oscillations on the surface. Appropriate excitation 

leads to an induced quantized oscillations referred to as surface plasmons. Hence, surface 

plasmons (SPs) at metal surfaces are resonant collective electron oscillations that are 

coupled to an evanescent light field [44,49-51]. Plasma oscillations of a conduction 

electron gas on the surface of metallic structures can couple with incident light to form 

surface plasmon polaritons (SPPs). The two main groups of SPPs are propagating surface 
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plasmon polaritons (PSPP) and localized surface plasmon polaritons (LSPP). LSPP refers 

to surface plasmons that exist on the surface of a nanostructure such as nanoparticles.  

The electromagnetic excitation propagating at the planar interface between a dielectric and 

a conductor, evanescently confined in the perpendicular direction, is known as a 

propagating SPP [44,49-51]. In Fig. 2, the SPP in the interface of a metal and dielectric is 

illustrated.  

Fig. 2. Coupled excitation between EM fields (curved lines) and electron surface charge 

density (+ and -) forming surface plasmon polaritons propagating at a metal-dielectric 

interface. 

As is depicted in Fig. 2, the coupled excitation involves EM fields that induce a coherent 

oscillation of surface charges indicated by the “+” and “-” signs - the curved arrows indicate 

the associated electric fields. The SPP will propagate along the interface in the x-direction 

with a complex propagation constant 𝐾𝑠𝑝𝑝 implying an exponential decay with propagation 

due to absorption. 

According to the boundary conditions, the electric displacement field (𝐷𝑧) has to be 

continuous across the boundary such that 𝜀𝑚𝐸𝑧,𝑚 = 𝜀𝑑𝐸𝑧,𝑑, where 𝜀𝑑 is the relative 

permittivity of the dielectric, 𝜀𝑚 is the real part of the relative permittivity of the metal, and 

𝐸𝑧 is the electrical field in both regions. Since 𝜀𝑚 ≠ 𝜀𝑑, there is a discontinuity at the 
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surface in the electric field, resulting in surface charges at the interface. The real 

permittivity of plasma metals at these frequencies is negative, while the permittivity of 

dielectrics is positive, resulting in a change in direction of the electric field across the 

interface, which implies the propagation of an optical wave coupled to electron oscillations 

as diagrammed. The EM portion within the dielectric is called a polariton and the surface 

electron oscillation a plasmon, so the mode is termed a surface plasmon polariton. TE 

polarized waves (s-polarized) have no E field component perpendicular to the surface, thus 

cannot induce significant polarization, so only TM (p-polarized) modes can propagate. 

Solving the vector wave equations for a planar interface between semi-infinite metal and 

dielectric media (single interface) yields the dispersion equation for propagating SPPs as 

follows [53]: 

                                                                    𝐾𝑠𝑝 =
𝜔

𝑐
√

𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
                                                         (7)   

in which 𝜔 is the optical angular frequency, and 𝑐 is the speed of light in free space. Based 

on the Drude-Sommerfeld model,  𝜀𝑚 can be expressed as in Eq. (3). For visible and near-

infrared light, 𝛾 ≪ 𝜔𝑝, so the Eq. (3) is often simplified to: 

                                                       𝜀𝑚 = 1 −  
𝜔𝑝

2

𝜔2
                                                             (8)   

The dispersion curve of the propagating SPP can be plotted by inserting Eq. (8) in Eq (7), 

as shown in Fig. 3. SPPs behave like free space photons at low frequencies, but their 

dispersion curves move increasingly to the right of the light line as frequency increases. At 

the surface plasma frequency, 𝜔
𝐿= 

𝜔𝑃
√2

, 𝐾𝑠𝑝 reaches an asymptotic limit. The dispersion 

curve bends to the right of the light line, so the SPP has greater momentum than incident 

light, which means it cannot be excited directly by light. Usually, a prism or a grating 
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coupler is used to add extra momentum to the incident light. By using these mechanisms, 

the momentum mismatch is compensated, allowing light to couple into propagating SPPs 

that travel along with the dielectric-metal interface.  

Fig. 3. A dispersion plot of a SP mode shows the problem of momentum mismatch between 

illuminated light (blue line) and SP modes (orange line). It is necessary to overcome 

momentum mismatch in order to couple the light and SP modes together, with the SP mode 

lying always beyond the light line, having higher momentum (𝐾𝑠𝑝) than a free space photon 

(𝑘0) of the same frequency. In order to provide additional momentum, one can use the 

evanescent wave produced in TIR, 𝑘 = 𝑘0 n sinα (red line). 

Fig. 4(a) illustrates a 1D electric field profile for the single-interface SPP where there is a 

semi-infinite metal of permittivity 𝜀𝑚 and a dielectric of permittivity 𝜀𝑑1 [46]. The z-

component of the electric field in a single-interface SPP peaks at the interface and decays 

exponentially on each side. A single-interface SPP propagates along the surface until its 

energy is dissipated via absorption in the metal (resistive loss) or scattered. This leads to a 

propagation length of the order of 10 to 100 µm for plasmonic material around visible and 
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near-infrared wavelengths. Most common plasmonic metals over the visible and near-

infrared ranges are Al, Ag, Au and Cu [55]. 

 Fig. 4. 1D electric field profiles for: (a) Single-interface SPP; (b) coupled SPP modes on 

a thin metal layer. 

Fig. 4(b) illustrates a finite thickness metal slab with dielectrics on both sides. Here, the 

two SPPs become bound coupled modes (sometimes referred to as mixed modes or 

supermodes). They are described by symmetric (𝑠𝑏) or asymmetric (𝑎𝑏) transverse electric 

field profiles as sketched.  

An interesting condition occurs for the modes on the metal slab if the permittivity of the 

surrounding dielectrics (lower-cladding and upper-cladding) are equal (𝜀𝑑1 = 𝜀𝑑2), and 

both claddings are lossless (dielectric) [56]. The symmetric mode has decreasing 

attenuation with decreasing metal thickness as the electric field within the metal will be 

increasingly expelled. Conversely, the asymmetric mode will have increased confinement 
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in the metal with decreasing thickness and thus increasing attenuation. The symmetric 

mode is known as a long-range surface plasmon polariton (LRSPP). LRSPP modes have 

lower attenuation (at least one to two orders of magnitude) than their single interface and 

asymmetric counterparts. The lowered attenuation allows for longer propagation lengths 

and much longer interaction lengths in sensor applications. 

2.1.4 2D plasmon waveguides  

Fig. 4(b) shows a slab of thickness t surrounded by a lower and upper cladding in 1D 

(infinite in x and y directions, finite in z). However, the metal slab can be limited to a width 

w, forming a metal stripe. Such a situation is depicted in Fig. 5. 

Fig. 5.  Metal stripe of finite width (infinite in x, propagation in y).  The substrate and 

cladding are not necessarily the same, but 𝜀𝑑1 = 𝜀𝑑2  is required for LRSPP propagation. 

As shown in Fig. 4(b), the slab waveguide, has two fundamental modes (𝑎𝑏 and 𝑠𝑏). These 

two fundamental modes are either asymmetric or symmetric about the x-axis. Fig. 5 shows 

the additional horizontal confinement. As a result of the width limitation, lateral 

confinement occurs, dramatically changing the modal solutions. This horizontal 

confinement adds modes to the system that can be symmetric or asymmetric about the z-

axis. This leads to having four fundamental modes in the case of metal stripe, including 
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one that is symmetric about both the x and z axes (referred to as the 𝑠𝑠𝑏
°  mode). This 

symmetric mode has the lowest attenuation and is referred to as the LRSPP mode of the 

stripe waveguide [57]. This metal stripe structure facilitated the fabrication of passive 

integrated optical structures such as straight waveguides, bends, splitters, and Mach-

Zehnder interferometers for sensing applications [58].  

The lateral confinement changes the modal solutions dramatically, and modal analysis 

requires the use of numerical methods. Numerical methods for modal calculations include 

the method of lines (MoL) [59], the finite element method (FEM) [60] or the finite 

difference method (FDM) [61]. If the permittivity of the lower cladding equals the upper 

cladding, a long-range mode can be supported like the metal slab case. If the incident beam 

profile overlaps the symmetric LRSPP profile, a high coupling efficiency can be achieved. 

2.1.5 Excitation Techniques of Surface Plasmon Polaritons 

To excite SPPs, both energy and momentum (phase matching) conservation must be 

fulfilled. Phase matching requires that the propagation constants of the input light (𝑘 =
𝜔

𝑐
) 

be equal to the propagation constant of the SPP (𝐾𝑠𝑝). Fig. 3. shows that 𝐾𝑠𝑝 is always 

larger than k for single-interface SPPs, so the direct excitation of SPPs is not possible. 

The most common technique to excite SPPs is via prism coupling where the attenuated 

total reflection (ATR) condition is indicative of SPP excitation at the metal dielectric 

interface. The Otto configuration is one prism-coupling method used to excite single-

interface SPPs [56] where a dielectric gap is placed between the prism and the metal 

surface. The Kretschmann–Raether configuration for exciting single-interface SPPs is 

more convenient as the metal film is deposited directly onto the base of the prism (Fig. 6) 
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[56]. A prism-coupled system based on the Kretschmann-Raether configuration is the most 

common method of exciting SPPs in Surface Plasmon Resonance (SPR) sensors [64-66].  

Fig. 6. Excitation of surface plasmon using Otto (left) and Kretschmann (right) 

configurations . Reproduced with permission [67]. M: Metal, L: Laser, and D: Detector 

In the Kretschmann geometry, the momentum matching condition for the excitation of 

SPPs on the metal film is described as: 

                                           𝑘𝑥 = (
2𝜋

𝜆
) 𝑛𝑝 sin 𝜃 = 𝑅𝑒{𝐾𝑠𝑝}                                   (9)                         

where 𝑘𝑥  is the wavenumber of the incident light at incident angle 𝜃 which can coupled 

into SPPs, and 𝑛𝑝 is the refractive index of the prism. 

Conventional SPR biosensors based on the Kretschmann-Raether configuration use a glass 

prism to excite surface plasmons. An immobilized bio-recognition element is coated on the 

metal surface as shown in Fig. 7. Plasmon excitation occurs at a specific angle termed the 

SPR angle. At this angle, the incident light is coupled to SPPs which leads to a decrease in 

the intensity of the reflected beam. The refractive index of the sensing solution and the 

presence of an adlayer at the metal/solution interface determine the SPR angle. 

Biochemical reactions change the thickness of the adlayer which changes the SPR angle 

required to maintain excitation of SPPs. Changing the refractive index of the dielectric 

medium on the other side of the metal film, or forming an adlayer thereon, will result in 
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significant changes in the SPP coupling angle (Eq. (9), as 𝐾𝑠𝑝 is altered). Plotting the 

intensity vs. the incident angle over time produces a sensorgram from which binding 

kinetics can be extracted [68,69]. 

Fig. 7. Schematic view of the SPR immunoassay technique. Reproduced with permission 

[69]. 

Wavelength interrogation is also possible, where the excitation of propagating SPPs is 

revealed as the appearance of a dip in the reflectance spectrum, for a fixed angle of 

incidence. The spectral width of this dip is typically ∼50 nm full width at half-maximum 

(FWHM) for Au films [70], and it is accompanied by an apparent phase change near the 

minimum of the resonance for the reflected light. SPR biosensors conventionally exploit 

single-interface SPPs which have a high attenuation and broad resonance conditions.  

LRSPP excitation can be done either by a prism coupled system based on attenuated total 

reflection (ATR) or in an end-fibre coupling scheme (butt coupling) using a TM polarized 

laser beam [71,72]. 
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In a prism-coupled system, the incident angle can be changed beyond the critical angle and 

the reflected power is monitored using a photodetector as shown in Fig. 8.  

Fig. 8. Prism coupling technique for exciting LRSPPs. 

The wavenumber of the incident beam is equal to the wavenumber of the propagating 

LRSPP mode at a certain angle, and a drop in the reflected power is observed (similar to 

the Kretschmann-Raether configuration for single-interface SPPs). In this configuration a 

thin metal slab is bounded by two dielectric (insulator) layers forming an insulator-metal-

insulator (IMI) structure that can support LRSPPs. Although prism coupling is simple, it 

can be somewhat bulky and often impractical. 

 

Another method of exciting SPPs and LRSPPs is with grating couplers. Fig. 9 shows a 

grating, formed of either periodic bumps or trenches, with a period of 𝛬. Grating couplers 

must be designed to satisfy the momentum conservation condition [68]: 

                                           𝛬 = 𝑚𝜆°(𝑛𝑒𝑓𝑓 − 𝑛𝑐 sin 𝜃)                                                  (10)                         
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Where m is the (integer) order of the grating, 𝑛𝑒𝑓𝑓 is the average effective index of the 

LRSPP mode propagating along the waveguide with the grating, 𝜆0 is the free-space 

operating wavelength, 𝑛𝑐 is the refractive index of the medium from which the beam is 

incident, and 𝜃 is the angle of incidence. 

 

 

 

 

 

Fig. 9. Example of a grating coupler for SPPs as a step-in-height metal pattern. 

Fig. 9 shows periodicity in the metal pattern, but the grating can be patterned as another 

material such as a dielectric. These couplers work by scattering incoming light with 

propagation constant 𝑘 at incident angle 𝜃 into SPPs. The component of the scattered light 

which matches the propagation constant of the SPP (𝐾𝑠𝑝) will couple that energy into the 

waveguide. The phase matching condition is described as follows:  

                                                                    𝐾𝑠𝑝 = 𝑘 sin 𝜃  ±   𝑚 
2𝜋

𝛬
                                           (11)                         

where m is an integer, The grating coupler can be designed to excite a specific mode of 

interest. Grating couplers are easy to align and excite but the coupling efficiency is limited 

due to the nature of the structure.  
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2.2 Bloch long-range surface plasmon polaritons (Bloch LRSPPs) 

For waveguide structures as shown in Fig. 4(b), the mode propagates in the y direction with 

a complex propagation constant, 𝛾 = 𝛼 + 𝑖𝛽, where α is the attenuation constant and β is 

the phase constant. The mode power attenuation (MPA) in dB/m computed from 

attenuation constant 𝛼 is [45]: 

                                                                     𝑀𝑃𝐴 = 20 𝛼 log10 𝑒                                        (12)                                

The mode power is reduced by a factor of 1/e in a distance from the launch point defined 

as the propagation length of the mode (𝐿𝑒) [45]: 

                                                                                          𝐿𝑒 =
1

2𝛼
                                                   (13)                         

 

The coupling efficiency can be obtained by estimating the overlap factor C of the LRSPP 

mode (𝑠𝑠𝑏
° ) with the source field. The overlap factor is: 

                                                            𝐶 =
∬ 𝐸𝑧1.𝐸𝑧2

∗  𝑑𝐴

√(∬ 𝐸𝑧1.𝐸𝑧1
∗  𝑑𝐴)(∬ 𝐸𝑧2.𝐸𝑧2

∗  𝑑𝐴)

                             (14)                                          

which is computed from the transverse spatial distribution of the main transverse electric-

field component of the LRSPP, 𝐸𝑧1, and the source field, 𝐸𝑧2. 

The mode power coupling efficiency is given by |𝐶|2 if there is no discontinuity in the 

materials at the coupling plane. The mode power coupling loss (𝐶𝑝𝑙) is expressed in dB: 

  

                                                       𝐶𝑝𝑙 =  −20 log10|𝐶|                                                   (15)                                           

In biosensing applications, the choice of bottom cladding material depends on the bulk 

refractive index of the target sensing fluid. Most sensing fluids in biosensor applications 

are aqueous in nature - clean buffers carrying analyte or patient samples (urine, blood) 

diluted in buffer, for example. Thus, the choice of bottom cladding or substrate should be 
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limited to materials that have a refractive index close to water, such as Cytop [73] and 

Teflon [74]. An alternative method is using a truncated one-dimensional photonic crystal 

(1DPC) [43].  1DPC can be used as a lower cladding, and it can mimic the optical properties 

of the medium on the other side of the metal stripe or slab over a limited range of 

wavenumber and wavelength. Such a mode supported in this structure is called a Bloch 

LRSPP. 

Fig. 10(a) shows the structure of interest. The 1DPC is formed on a Si substrate and covered 

by an optically infinite Cytop layer. In this structure, a 5 µm wide, 35 nm-thick Au (𝑛𝐴𝑢 =

0.448 + 𝑖9.228) stripe is deposited on top of a 0.5 nm-thick Cr layer (𝑛𝐶𝑟 = 4.467 +

𝑖4.519)  for adhesion purposes, on top of a truncated 1DPC, defined as a SiO2/Ta2O5  

multilayer stack constructed of N = 12 periods, 𝑑SiO2
= 625 nm (𝑛SiO2

= 1.447) and 

𝑑Ta2O5
= 209 nm (𝑛Ta2O5

= 2.069). Each layer was chosen for its thickness to tailor the 

field decay in the stack and minimize losses from light tunnelling into the Si substrate. In 

the stack, a top capping layer of SiO2 of thickness 𝑑first = 462 nm, was selected to obtain 

an SPP supported by the stack at 𝜆0 = 1310 nm of the same wavenumber as an SPP 

supported by the corresponding Au/Cytop system [43]. The dispersion diagram is shown 

in Fig. 10 (b). The dispersion diagram shows  Bloch LRSPP guided by a gold stripe on a 

truncated 1DPC (solid green) and the LRSPP guided by a gold stripe buried in Cytop (solid 

red). 𝑘𝑆𝑃 is defined as Eq. (16):   
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      𝑘𝑆𝑃=
𝜔0

𝑐
√

𝜀𝐶𝑦𝑡𝑜𝑝𝜀𝐴𝑢

𝜀𝐶𝑦𝑡𝑜𝑝+ 𝜀𝐴𝑢
= (6.4846 + 𝑖8.3428 × 10−3)µ𝑚−1                    (16) 

 Fig. 10. Dispersion diagram of the Bloch LRSPP guided by a gold stripe on a truncated 

1DPC (solid green) compared to the LRSPP guided by a gold stripe buried in Cytop. 

Reproduced with permission [43]. 

 It is possible to observe the opening of a photonic bandgap in an ideal dielectric structure, 

whose position and width are determined by the system's material and geometric 

properties. Considering the finite number of periods (N = 12), a high reflectivity spectral 

region (a stopband) is expected [43], which models the ideal bandgap. Also, the presence 

of a truncated layer creates a defect mode within the stopband, which is well-located near 

the surface, namely at the interface between the Au and SiO2 layers. The dispersion relation 

of both LRSPPs (Cytop embedded, red; and Bloch LRSPP, green) is nearly identical 

around the target wavelength (𝜆0 = 1310 nm) [43]. 

The dispersion diagram depends critically on the design of the unit cell as well as the design 

of the cap layer (i.e., the SiO2 layer of thickness 𝑑𝑓𝑖𝑟𝑠𝑡). It is crucial to know the refractive 

index of the materials used when fabricating a design for maximum reliability. There is a 

possibility that the refractive index characteristic of amorphous materials may cause the 

(b) 
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wavelength to shift. In Fig. 10, the blue hatched region represents the energy range in which 

the working point would fluctuate assuming a variation of ±10% in the optical thickness 

of each layer [43]. As shown in the blue hatched region, the mode power attenuation (MPA) 

of the Bloch LRSPP shows very little deviation from the LRSPP in the corresponding 

Cytop structure, with values ranging from 11 to 12 dB/mm. In Fig. 10, the gray shaded 

region corresponds to the area below the light line of Cytop but outside the photonic 

bandgap.  

Fig. 11 shows the perpendicular (Ey) field amplitude squared profiles of the modes, 

computed by the FDE (Finite Difference Eigenmode) method, for the LRSPP on the 

corresponding structure (Cytop embedded) and for the Bloch LRSPP on the truncated 

1DPC. MPAs of 6.8 and 11 dB/mm are calculated for each, leading to propagation lengths 

of LCytop = 638 µ𝑚 and L1DPC = 389 µ𝑚. 

Fig. 11. Profiles of the amplitude squared of the perpendicular electric field (Ey) for: (a) 

and (b) the LRSPP on a stripe of Au buried in Cytop; and (c) and (d) the Bloch LRSPP on 

a Au stripe on a 1DPC with a Cytop upper cladding. Reproduced with permission[43]. 

 

The slightly larger field fraction in the gold stripe on the 1DPC structure accounts for the 

difference in propagation losses between the modes. Similarly, the field distribution within 

the Cytop upper cladding is similar in both cases, while the distribution within the 1DPC 
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exhibits oscillatory behavior corresponding to the Bloch LRSPP propagating in the plane 

of a truncated 1DPC within the stopband. These modes display comparable lateral extent, 

indicating a similar confinement level and enabling bending in plane, leading to Bloch 

LRSPP integrated optical structures, such as S-bends, Y-junctions, couplers, and 

MachZehnder interferometers, comparable to these operating with LRSPPs [56]. The 

vertical extend of the modes is also comparable, so Bloch LRSPPs should exhibit similar 

sensing performance to LRSPPs waveguides [75,76].  

Fig. 12 schematically illustrates an excitation scheme consisting of illuminating a Au 

grating coupler on a Au stripe with a p-polarized Gaussian beam launched using an aligned 

optical fiber. 

 

Fig. 12. 3D sketch of the metal stripe waveguide with a grating coupler, illustrating an 

excitation arrangement. Reproduced with permission [43]. 

Such an excitation scheme has the advantage of not requiring a high-quality input facet, as 

well as simpler optical alignments in comparison to butt-coupling. However, the coupling 

efficiency is typically lower in such a scheme. The grating design selected consists of 16 

rectangular ridges of dimensions W and H disposed over a period of Λ. The grating was 

modeled in the frequency domain with the 2D FEM using software available commercially, 

and the coupling efficiency was calculated by capturing the power carried by the Bloch 
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LRSPP far away from the grating region (150 µm to the left) to eliminate the effects of 

spatial transients, as described in [77].  

The coupling efficiency was maximized by optimizing the dimensions using a 2D model, 

H = 150 nm, W = 450 nm, and  = 1000 nm for t = 35 nm. A coupling efficiency of 16 % 

(coupling loss of 8 dB) is expected at 𝜆0 = 1310 nm over about 70 nm of bandwidth [43]. 

Using a full model, optimization of 3D grating designs is expected to further improve the 

coupling efficiency. Some modifications to the grating coupler design were implemented 

in the some of the works related to this thesis (Chapters 4, 5 and 6). 

2.3 Principle of Plasmonic Sensors 

There are two basic types of plasmon excitation techniques as discussed in sub-section 

2.1.5, and correspondingly two types of biosensors: Kretschmann (prism coupling) and 

grating coupling [78-80]. Regardless of the excitation technique and sensor types, there are 

four primary optical interrogation methods that can be applied to both configurations. 

Firstly, phase interrogation, where a phase shift in the collected light indicates a change in 

refractive index, with the wavelength and angle of collection remaining constant. Secondly, 

there is angular interrogation, in which a single wavelength (monochromatic) laser is used 

and the shift in angle of SPP coupling is measured indicating refractive index changes. 

Thirdly, spectral interrogation uses a broadband source or tunable laser for plasmon 

excitation and a shift in the resonant wavelength of the reflectance/transmittance spectrum 

to examine the change in refractive index. Fourthly, intensity interrogation is a method that 

measures the change in transmitted and reflected light intensity, while maintaining constant 

the wavelength and the angle at which the signal is collected [78].  
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Structures for sensing applications can be characterized by parameters such as bulk 

sensitivity, surface sensitivity, and figure of merit (FOM). Bulk sensitivity is defined as a 

change in measurand, e.g., a resonant wavelength 𝜆𝑟𝑒𝑠 vs. the change in refractive of the 

bounding medium (e.g., 𝜕𝑟𝑒𝑠 𝜕𝑛𝑐⁄ ). By changing the refractive index of the bounding 

medium from nominal value to another, step by step, one can calculate the bulk sensitivity 

[78]. 

With the change in thickness of an adlayer, which develops at the interface between the 

metal and the bounding medium, the surface sensitivity determines how the measurand 

shifts. The metal surface in biosensing experiments is in contact with a sensing solution 

(bounding medium) and is functionalized chemically to react selectively with a target 

analyte. As analyte attaches, an adlayer of a higher refractive index than the sensing 

solution forms, causing a shift in measurand. The surface sensitivity can be defined as the 

shift in the measurand, e.g., a resonance wavelength 𝜆𝑟𝑒𝑠, as a function of adlayer thickness 

a at the metallic/solution interface (e.g., 𝜕𝑟𝑒𝑠 𝜕𝑎⁄ ). However, the overall sensing 

performance of a system also depends on the spectral width of a resonance. The narrower 

the resonance, the more accurate the measurement of small shifts in the resonance 

wavelength caused by changes in the bounding medium's refractive index. In general, the 

FOM is defined as the ratio of the resonance wavelength shift to the refractive index change 

(bulk sensitivity) divided by the resonance spectral width and is used to evaluate the overall 

quality of a sensor [78].  

In this thesis, we focus on studying LRSPPs and their role in electrochemical detection.  In 

recent years, many theoretical and experimental studies have been carried out as 

researchers have designed and tested SPPs, LSPPs, and LRSPPs in conjugation with 
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electrochemical approaches for a variety of applications, especially sensing. The following 

section reviews some of these studies. 

2.4 Electrochemical surface plasmon resonance 

Electrochemical surface plasmon resonance (EC-SPR) records optical faradaic processes 

by monitoring the change in refractive index that happens with a change in redox state at 

the electrode surface in electrochemical Kretschmann SPR systems [81]. EC-SPR is an 

important application of SPR to study local electrochemical reactions on the surface of the 

electrode.  

Cyclic voltammetry (CV) is a powerful electrochemical technique that investigates the 

reduction and oxidation processes of molecular species. The following section explains 

cyclic voltammetry [82].  

2.4.1 Cyclic voltammetry 

Electrochemical methods, such as cyclic voltammetry (CV), are widely used to study 

molecular reduction and oxidation processes. CV is also useful for studying chemical 

reactions initiated by electron transfer, such as catalysis. The traces in Fig. 13 are called 

voltammograms or cyclic voltammograms [83]. Here, the x-axis represents a parameter 

imposed on the system, the applied potential (V), and the y-axis represents the response 

(measurand), the resulting current (C). CV data are commonly reported using two 

conventions, but sign convention used to obtain and plot the data is rarely stated. As shown 

in Fig. 13, the potential axis gives a clue to the convention used. 
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Fig. 13. Schematic voltammograms. To report CV data, US and IUPAC conventions are 

commonly used. The data reported in the two conventions appears rotated by 180° . 

Reproduced with permission [83]. 

During a CV experiment, the potential is varied linearly at a rate of a few millivolts per 

second. This parameter is called the scan rate and it is one of the most important parameters 

in cyclic voltammetry. Fig. 14(a) shows the relation between time and an applied potential 

with the potential plotted on the x-axis to see the relationship with the corresponding 

voltage voltammogram of Fig. 14(b). 

Fig. 14 (a) Applied potential as a function of time for a generic cyclic voltammetry 

experiment, with the initial, switching, and end potentials represented. Reproduced with 

permission [83]. (b) Voltammogram of a reversible reaction.  

(a) (b) 
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In Fig. 14, the potential is swept positively in the forward scan from the starting potential 

𝐸1 to the switching potential 𝐸2. This is termed the anodic trace. The scan direction is then 

reversed, and the potential is swept positively back to 𝐸1, called a cathodic trace. 

Taking into account the equilibrium between oxidized and reduced species, the Nernst 

equation (Eq. 17) describes this equilibrium [83]. 

                                     𝐸 = 𝐸° +
𝑅𝑇 

𝑛𝐹
ln

(𝑂𝑋)

(𝑅𝑒𝑑)
=𝐸° + 2.3026 log10

(𝑂𝑋)

(𝑅𝑒𝑑)
                              (17) 

The Nernst equation defines the potential of an electrochemical cell (E) as the standard 

potential of a species (𝐸°) and the relative activities of the oxidized (Ox) and reduced (Red) 

analyte in the system at equilibrium. F is Faraday's constant, R is the universal gas constant, 

n is the number of electrons transferred in the reaction, and T is the temperature. 

The formal potential is specific to the experimental conditions and is often determined by 

the 𝐸1
2⁄ value (average potential between points f and c in Fig. 14(b)). In response to a 

change in the concentration of a species in solution or a change in electrode potential, the 

Nernst equation provides a powerful way to predict how a system will respond. When E = 

𝐸° = 𝐸1
2⁄  is applied to a system, the Nernst equation predicts that oxidized form will be 

reduced to the reduced form until concentration of both reduction and oxidation species 

equal, and equilibrium will be achieved. As an alternative, when the potential is scanned 

during the CV experiment, the concentration of the species in solution near the electrode 

changes over time based on the Nernst equation. 

The reduction of oxidized to reduced form locally at the electrode occurs when a solution 

of oxidized species is scanned to negative potentials, resulting in a current measurement 

and depletion of oxidized species at the electrode surface. Fig. 14(b) presents the resultant 

cyclic voltammogram. 
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When the potential is scanned negatively, the oxidized species is steadily depleted near the 

electrode as it is reduced to reduced form. At point c of Fig. 14(b), where the peak anodic 

current (𝑖𝑝𝑐) is observed, the current is determined by the delivery of additional oxidized 

species via diffusion from the bulk solution. During the scan, the diffusion layer continues 

to grow at the surface of the electrode containing the reduced species. As a result, mass 

transport of the oxidized species slows. Therefore, upon scanning to more negative 

potentials, the diffusion rate of the oxidized  species from the bulk solution to the electrode 

surface slows down, resulting in a decrease in current (c → d, Fig. 14(b)). When the 

switching potential is reached, the scan direction is reversed, and the potential is scanned 

in the negative (cathodic) direction. The concentration of oxidized species at the electrode 

surface decreased, while the concentration of reduced species at the electrode surface 

increases, satisfying the Nernst equation. As the applied potential becomes more positive, 

the reduced species present at the electrode surface is oxidized. Following the Nernst 

equation, 𝐸 = 𝐸1
2⁄ , the concentration of oxidized and reduced species at the electrode 

surface is equal at points b and e (Fig. 14(b)). These two points correspond to the middle 

potential between the two observed peaks (c and f), which provides a straightforward way 

to estimate the 𝐸° for a reversible electron transfer. Due to the diffusion of analyte to and 

from the electrode, the two peaks are separated. 

When the electrode reaction is controlled by diffusion, the plot of peak currents (anodic 

and cathodic), 𝑖𝑝, vs. the square root of the scan rate (ϑ) must satisfy the Randle-Sevcik 

equation [83]: 

                                             𝑖𝑝= 0.4463 𝑛𝐹𝐴𝐶 (
𝑛 𝐹𝜗𝐷

𝑅𝑇
)

1/2

                                                (18) 
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where ip is the peak oxidative current, n is the number of electrons transferred per redox 

event, A is the electrode area (m2), D is the diffusion coefficient (m2/s), C is the 

concentration of the redox species (mol/m3),  is the scan rate (V/s), R is the gas constant 

(J/(mol·K)), T is the temperature (K), and F is the Faraday constant (C/mol). 

2.4.2 Electrochemical surface plasmon resonance – EC-SPR 

One of the earliest comprehensive studies of SPR with CV was reported in reference [84]. 

In this work, EC-SPR analysis led to a new way to measure convolution voltammetry 

directly without the need for numerical integration of the current response.  

According to reference [84], the EC-SPR signal is proportional to the electrochemical 

current density measured by conventional electrochemical methods. Based on the 

following equation, the SPR signal is a convolution of currents: 

           ∆𝜃(𝑡) = 𝐵(𝛼𝑅𝐷𝑅
−1/2

−  𝛼0𝐷0
−1/2

) (𝑛𝐹𝜋
1

2)−1  × ∫ 𝑖(𝑡′)
𝑡

0
 (𝑡 − 𝑡′)−1/2 𝑑𝑡′            (19) 

where ∆𝜃 =  𝜃(𝑡) − 𝜃0 measures the changes in SPR resonance (coupling) angle, the 

constant 𝐵 (deg/RIU) represents the sensitivity of the SPR angle to changes in the bulk 

index of refraction (bulk sensitivity), which can be calibrated for a given SPR setup and 

reaction species, 𝑛 is number of electrons transferred per reaction, 𝐹 (C/mol) is the 

Faraday constant, 𝐷0 (𝑚2/𝑠) and  𝐷𝑅  are the diffusion coefficients of the reaction species, 

and 𝜃0 = 𝐵(𝛼0𝐶0
0 + 𝛼𝑅𝐶𝑅

0)  is the SPR angle at 𝑡 = 0. 

All experiments done in this article [84] utilized a prism based SPR imaging setup as 

illustrated in Fig. 15(A). This experiment utilized a BK7 triangle prism with a collimated 

red LED (wavelength 670 nm) as the light source and a high-speed CCD camera as the 

detector. As the SPR sensing surface, a gold-coated microscope coverslip was placed on 

the prism using index match fluid. Using the top opening of the electrochemical cell, a 
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platinum wire counter electrode and an Ag/AgCl reference electrode were inserted into the 

electrochemical cell [84]. 

 

Fig. 15. (A) Illustration of the SPR setup. (B) SPR images in 11.78 mM 𝑅𝑢 (𝑁𝐻3)6
3+ 

dissolved in phosphate buffer (0.5 M pH 7) at -0.1 and -0.3 V (vs. Ag/AgCl reference 

electrode) and their differences. Bare Au and SAM-coated areas used for data extraction 

and processing are indicated by yellow squares. Reproduced with permission [84]. 

In Fig. 16(A), the cyclic voltammograms are plotted for three scan rates, 0.01, 0.1, and 1.0 

V/s, demonstrating that the peak current increases by 10 times when the scan rate is 

increased from 0.01 to 1.0 V/s. Voltammograms simultaneously recorded at different scan 

rates (Fig. 16(B)) illustrate that the total amount of SPR response is not dependent on the 

scan rate. The most important prediction of the theory is that the SPR voltammogram is 

simply a time convolution of the current (Eq. (17)). 
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From the current shown in Fig. 16(A), the SPR voltammogram was calculated using Eq. 

17 and the coefficients 𝐵𝛼𝑅 (2.5 mDeg/mM) and 𝐵𝛼0 (5 mDeg/mM) were independently 

calibrated [84]. 

 

Fig. 16. A. Measured current voltammograms. B Measured SPR voltammograms. C SPR 

voltammograms calculated using Eq. 17 and the results of panel A as inputs. The 

electrolyte was 3 mM 𝑅𝑢 (𝑁𝐻3)6
3+ in phosphate buffer and the electrode/SPR surface was 

bare gold. Reproduced with permission [84]. 
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Prior studies of optical and electrochemical sensing platforms have exploited SPPs excited 

within prism-coupled systems (SPRs), in which electrochemical reactions affecting the 

metal/liquid interface shift the reflection minimum. A prism covered by a silver film was 

utilized in an ATR configuration with perchlorate and halide electrolytes as an optical 

probe of electrochemical reactions [85]. As the electrode potential becomes more positive, 

the resonance shifts to a smaller wave vector at a fixed wavelength (Fig. 17). Changes in 

electron density at the metal surface, ion adsorption, and changes in optical properties of 

the ionic double layer are some of the factors contributing to this shift. 

Fig. 17. Shift in peak position and width vs. potential for silver in 0.1 M NaF and 0.1 M 

𝑁𝑎𝐶𝑙𝑂4. The shifts are relative to the position and width at -0.76 V. Reproduced with 

permission [85]. 

EC-SPR was also demonstrated to be a highly effective tool for detecting and measuring 

intermediates and is being explored as a potential tool for studying reaction kinetics. The 

semiquinone radical anion BQ∙− was detected in the hydroquinone-benzoquinone ion 

system by producing a large negative shift on a flow-through electrochemical SPR system 

(Fig. 18) [86]. The study demonstrates that flow-through EC-SPR can be used to monitor 

not only surface interactions but also chemical reactions in solution. 
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During potentiostatic oxydoreduction, an electrochemical SPR biosensor with an 

absorptive redox mediator film was used to detect reversible refractive index changes in 

the film. Using the organic dye Methylene Blue (MB) as an electroactive label, this work 

examined the theoretical and experimental parameters of electrochemical SPR (eSPR) 

sensing. The electrochemical activation of the SPR response is dependent on the local MB 

concentration and can be used to design highly sensitive and selective biosensing systems. 

[87]. 

Fig. 18.  Left panel: Gold-coated sensing chip with a flow channels and electrodes shown 

schematically (top view). The two channels are connected in a U-shape. The width, height, 

and length of each channel are respectively 2.0, 0.5, and 5 mm. The working electrode 

(WE) is connected to the sensing chip via a contact pin. The reference electrode (RE) and 

counter electrode (CE) are in the flow channel as shown in the figure. The solution enters 

the cell through channel 1 and exits through channel 2. Position 1 is located on the WE, 

while positions 2 and 3 are downstream. For 100 μL/min flow rate, it takes 0.1 s and 5 s 
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for a sample to flow from position 1 to positions 2 and 3, respectively. Right panel: 

Characterization of BQ•− with CV-SPR at positions 1, 2 and 3 of the sensing chip. (a) 

Current of the HQ–BQ and solvent (0.1 M Bu4NPF6 in the acetonitrile), and HQ–BQ in a 

non-reactive potential window, (b) SPR signal of the HQ–BQ and solvent (0.1 M 

Bu4NPF6 in the acetonitrile), and HQ–BQ in a non-reactive potential window at position 

1. (c) SPR signal of the HQ–BQ at position 2. (d) SPR signal of the HQ–BQ at position 3. 

Potential scan rate: 0.1 V/s. Flow rate 100 μL/min. Reproduced with permission[86]. 

Studies of localized surface plasmon resonance (LSPR)-based sensors with 

electrochemistry were also reported. It was demonstrated that cyclic voltammetry, 

synchronized with localized surface plasmon resonance (LSPR) sensing, could be used to 

detect surface reactions on gold nanostructures electrically and optically using 

electrochemistry [88]. In this study, the gold nanoparticles were immobilized on an indium 

tin oxide (ITO) substrate, which served as the working electrode. Optical signals that were 

linear with the applied potential were detected in the capacitive charging regime. During 

reduction, gold was partially redeposited and dissolved above the oxidation potential, 

which changed the size and conformation of gold nanoparticles. Fig. 19 shows kinetic peak 

shift plots after stepwise potential application at different salt concentrations. In kinetic 

measurements, lower salt concentrations resulted in a slower potential establishment. 

Simulations using the multiple multipole program (MMP) suggested the formation of a 

lossy layer by combining charge depletion of gold and negative ion adsorption even below 

the reaction potential. 
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Fig. 19. Kinetic peak shift plots after stepwise potential application at different salt 

concentrations: (a) Potential applied from 0 to 250 mV, and (b) from 250 to 0 V at time t 

= 0. To eliminate variations due to different samples and positions, the magnitudes are 

normalized to the measurement at 1 M concentration which was recorded at the same spot. 

(c) Peak shift plot at saturation, and (d) time constant plot for potential applications from 

250 mV to 0 V and 0 V to 250 mV as functions of concentration. Reproduced with 

permission [88]. 

2.5 Hot (Energetic) Charge Carriers 

Hot (energetic) charge carriers (HCs) refer to either photoexcited holes or electrons that 

exist in non-equilibrium high-kinetic energy states in photoactive materials after being 

exposed to photons [89,90]. Photoexcited, non-equilibrium hot carriers in metallic 

nanostructures could lead to bandgap-free photodetection and selective photocatalysis [91]. 

However, hot carrier devices must be significantly improved to meet practical application 

requirements. A promising pathway for increasing the efficiency of these systems is the 

excitation of surface plasmon polaritons [91]. 
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The energy in an SPP is dissipated as free-space radiation (radiative loss) or as absorption 

(nonradiative decay). The nonradiative decay of SPPs produces highly energetic carriers 

(both electrons and holes) in the metal that are not in thermal equilibrium with the lattice. 

These non-equilibrium hot carriers enable efficient energy-harvesting applications, in 

technologies ranging from photovoltaics, photodetection, to photon up-conversion and 

photocatalysis [89,90,92]. 

 

Recent attention has focused on studying the role played by energetic carriers created by 

SPP absorption in electrochemical reactions [93]. However, the underlying mechanisms of 

hot carrier transfer in photochemical processes remain a mystery, particularly for those 

involving hot holes. Using photoelectrochemistry, hot holes and hot electrons can be 

localized on photoanodes and photocathodes, allowing analysis of the hole-transfer and 

electron-transfer dynamics separately. 

 

Electrodes in general electrochemical setups are classified as anodes (oxidation reactions) 

and cathodes (reduction reactions), which are also applicable to plasmonic photoelectrodes. 

The structures and working principles of photoanodes (metal nanoparticle or metal/n-type 

semiconductor) and photocathodes (metal/p-type semiconductor) are explained as they are 

used repeatedly in the literature [93]. Heterostructures as metal on an n-type semiconductor 

have been extensively investigated as photoanodes in plasmonic photocatalysis. For n-type 

semiconductors, Fermi levels are near the conduction band (CB). When semiconductors 

come into contact with metals, they donate electrons to the metal to equalize Fermi levels. 

An upward band bending occurs at metal/semiconductor interfaces (called a "Schottky 
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barrier"). When hot electrons generated by plasmas have sufficient energy, they can 

overcome the Schottky barrier and reach the CB of semiconductors; however, due to 

upward band bending, they are rapidly swept away from interfaces (Fig. 20). As electrons 

travel along the external circuit, they eventually accumulate at the counter electrode to 

participate in reduction reactions (e.g., water reduction, Fig. 20(a)). Hot holes are left on 

metal surfaces to drive oxidation reactions (e.g., water oxidation, Fig. 20(a)). This results 

in an anodic photocurrent on the working electrode [93]. 

Fig. 20. Oxidation of water using a plasmonic metal/n-type semiconductor photoanode. a) 

Diagram of the energy band of an Au/𝑇𝑖𝑂2 photoanode. Au generates electron-hole pairs 

under visible light excitation. Hot electrons are injected into 𝑇𝑖𝑂2, and hot holes are 

extracted by Co-based oxygen evolution catalyst (Co-OEC) on Au to facilitate water 

oxidation. Plots of photocurrent versus time for b) Au/TiO2 with and c) without Co-OEC 

irradiation. Reproduced with permission [93]. 
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The potentiostat controls electron transfer in this scenario.  The magnitude of the 

photocurrent is determined by the kinetics of hot-hole-driven photochemical reactions on 

the working electrode. A high anodic photocurrent results from water oxidation on 

photoanodes because the slow kinetics of water oxidation are incompatible with the short 

lifetimes of the hot holes. 

 

The use of plasmonic photocatalysts as photocathodes is less reported than that of 

photoanodes. Photocathodes consist of metal/p-type semiconductor heterostructures, on 

which plasmon-generated hot holes are captured by p-type semiconductors and electrons 

are confined within metal NPs for driving reduction reactions (Fig. 21(a)). For a highly 

active photocathode, semiconductors must be able to collect hot holes efficiently. In theory, 

photo-excited holes above the interband threshold are considerably hotter than their 

electron counterparts for Au, which implies a greater collecting efficiency of hot holes than 

hot electrons for similar Schottky barrier heights in the optical range [93]. However, due 

to the relatively short mean free path of hot holes and the lack of p-type semiconductors 

with wide band gaps, harvesting hot holes from plasmonic metals remains challenging. 

Gallium nitride (p-GaN) has recently been used as semiconductor support in plasmonic 

photocathodes. In Au/p-GaN heterostructures, Au nanoparticles introduced holes into p-

GaN's valence band (VB) and the adaptive Schottky barrier prevented holes from returning 

to Au.  During plasmon-driven CO2 reduction, electrons trapped on Au contributed to the 

cathodic photocurrent (Fig. 21(b)). There have also been recent reports of photocathodes 

containing nanostructured metals (e.g., Au and Ag) for catalyzing reduction reactions (e.g., 

hydrogen evolution, CO2 reduction, and NO3 reduction). Electron-hole separation on the 
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pure metal NP electrodes remains a major issue without the above-mentioned p-type 

semiconductor as a hole-trapping mediator. Even under intense illumination, most 

previously reported photocurrent responses on metal NP photocathodes were still low. The 

development of molecular electron/hole trapping mediators would enable a decent charge 

separation for driving photochemical reactions effectively [93]. 

 

Fig. 21. A plasmonic metal/semiconductor photocathode. a) Energy band diagram of Au/p-

GaN photocathode, depicting 𝐸𝑉𝐵, 𝐸𝐶𝐵, 𝐸𝐺 , 𝐸𝐹, and ∅𝐵. Plasmon excitation generated hot 

electrons (red) and hot holes (blue) above and below EF of Au, respectively. Only those 

hot holes with energies larger than ∅𝐵 are able to surmount interfacial barrier and populate 

available VB levels of p-GaN. b) Linear sweep voltammetry (LSV) of Au/p-GaN (red) and 

bare p-GaN (blue) photocathodes. Reproduced with permission [93]. 

 

Some discussions are mainly focused on photoelectrochemical (PEC) measurements on 

photoanodes [93]. Under open-circuit conditions, both hot-hole and hot-electron transfers 

contribute to the photovoltage generation on plasmonic electrodes. Because electron 

transfer is controlled by the potentiostat under closed-circuit conditions, hole transfer and 
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accumulation on electrode surfaces dominate reaction rates and mechanisms. When the 

distinct roles of hot holes and hot electrons are verified, physical locations of active sites 

and the energetics of hot carriers can be determined from PEC measurements. The clarified 

working principles are expected to benefit mechanistic research of hot-carrier transfer in 

plasmonic photocatalysis. Finally, the photothermal effect should be carefully considered 

in plasmon-driven photochemical reactions [93].  

On the other hand, by creating energetic carriers through SPP absorption, metal 

temperatures always rise, with heat diffusing into the nearby reaction volume. Due to the 

temperature dependence of chemical reactions, separating the roles of temperature and 

energetic carriers is not trivial yet essential to provide an understanding of results [94-98]. 

An analytical and experimental investigation of the thermal effects on the electrochemical 

response of electrodes decorated with plasmonic nanostructures under illumination is 

presented in reference [99]. In terms of time-dependent temperature profiles in the vicinity 

of illuminated electrodes, a straightforward approach is taken that considers heat flow via 

conduction away from a planar electrode solution interface, yielding analytical expressions 

for the temperature profile in the system and subsequent increases in electrochemical rate 

because of enhanced diffusion [99]. 

 

Fig. 22 illustrates the distribution of velocity and temperature in the system consistsing of 

a cylindrical glassy carbon electrode surrounded by an insulating sheath immersed in a 

cylindrical electrochemical cell containing an aqueous electrolyte when a power input of 

10 W cm−2 is applied over 10 seconds. Local heat input at the electrode surface results in 

significant solution flows that run initially vertically from the electrode edge, dissipating 
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and changing direction further into the solution. Convective flows have the effect of 

lowering the temperature increase at the electrode surface by a factor of ~2 as they serve 

as a mechanism for transferring heat away from the electrode surface [99]. 

 

Fig. 22. Example velocity (left) and temperature (right) profiles in an electrochemical cell. 

The results of finite element simulations of heat transfer including both conduction and 

convection for a 1.5 mm radius glassy carbon electrode in water with a 10 𝑊 𝑐𝑚−2 heat 

input at the surface. Magnitude and temperature data are encoded using color maps, and 

values are given 10 seconds after the onset of heating. In the bottom panels are the vertical 

profiles of the z-component of solution velocity, vz, and temperature. The red curve on the 

bottom right panel shows the temperature profile computed in 1D ignoring convection. 

Reproduced with permission [99]. 

 

There is a correlation between heating and mass transfer in electrochemical systems.  

Increasing local temperatures would affect electrochemical reaction rates through 
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enhancements in mass transfer, an increase in heterogeneous electron transfer rates, and 

shifts in reduction potentials. In an electrochemical experiment, heat will alter the mass 

transfer-limited current observed in two ways, by altering the diffusion coefficient for the 

redox-active species, and by creating significant solution velocities via convection. 

As predicted by the straightforward theoretical analyses of these systems in this work [99], 

which are based only on fundamental equations governing heat transfer via conduction and 

convection, light absorption at electrode surfaces produces significant local temperature 

increases and solution flows. According to this analysis, mass transfer enhancements alone 

would result in significant current increases, and these increases would apply to any 

electrochemical reaction involving dissolved reactants and/or products. 

 

Models of diffusion, convection, and mass transport predict that redox currents increase 

approximately linearly with heating power rather than exponentially (as might be expected 

from the Arrhenius law) and that the current rises within 10 seconds of heating. 

Temperature trends are not straightforward, so electrochemical cells should be stabilized, 

electrode temperatures monitored, independent thermal control experiments conducted, 

and optical variables besides intensity should be varied to separate the effects of 

temperature from those of energetic carriers. 

 

Plasmonic catalysis is interesting for opening new reaction pathways that are not possible 

thermally. Up to now, most plasmonic catalysis research has involved colloidal 

arrangements of Au nanoparticles illuminated at visible wavelengths. This scenario, 

however, poses certain challenges: The temperature near nanoparticles is often difficult to 
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predict and measure because of collective effects [96]. Furthermore, carriers excited by 

wavelengths above the interband threshold (h  ~ 2 eV) have very short lifetimes (due to 

electron-electron scattering at high carrier energies) [100]. 
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Chapter 3.  

Grating couplers for LRSPP Waveguides in Fluoropolymer 

3.1. Summary 

Au stripe waveguides embedded in Cytop with grating couplers are demonstrated and 

analyzed. The grating couplers are used for a broadside coupling scheme, which involves 

a laser beam incident on a stripe of Au in Cytop. The use of gratings for excitation of 

LRSPPs simplifies optical alignment and eliminates the need for high-quality input and 

output edge facets. An optical experiment is performed on cleaved bow-tie PM fibers and 

lensed PM fibers to demonstrate coupling loss and determine coupling efficiency. An 

aligned bow-tie PM fiber had input coupling losses of about 20 dB, while an aligned lensed 

PM fiber had input coupling losses of about 9 dB. Additionally, both types of fibers are 

characterised for their coupling loss and grating coupling efficiency. Both measurements 

and theory agree well with each other. Despite the samples being designed to work at 1310 

nm, the minimum coupling loss was found at around 1345 nm. According to AFM images 

obtained on an etched grating coupler, the fabricated structures have a slight out-of-plane 

curvature, possibly induced during fabrication (e-beam exposure), explaining the observed 

shift and slight increase in coupling losses. 

3.2. Contribution 

The results provided in this chapter are published in Applied Optics. Zohreh Hirbodvash 

designed the experiments and carried out the experimental work. Maryam Khodami did the 

theoretical calculation using COMSOL. Biosensor chips used in this series of experiments 
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were fabricated by Norman Fong, E. Lisicka-Skrzek, A. Olivieri, and H. Northfield, former 

or current member of our group. Zohreh Hirbodvash interpreted the results and wrote the 

manuscript. Dr. Berini contributed to the interpretation of the results and revised the 

manuscript. 

3.3. Article 

The article follows here verbatim. 
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Chapter 4.  

Electrochemical Performance of Lithographically Defined 

Micro-Electrodes for Integration and Device Applications 

4.1. Summary 

It is of considerable interest to design and develop ultra-compact electrochemical sensing 

devices that use small, lithographically defined, closely-spaced metallic features with 

dimensions and separations in the micrometre range. Microelectrode systems such as these 

can be integrated with microfluidics and optical biosensors, such as surface plasmon 

waveguide sensors, to enable multi-modal sensing. By performing cyclic voltammetry 

(CV) measurements with potassium ferricyanide as the redox species in potassium nitrate 

as the supporting electrolyte, we investigate lithographically defined gold and platinum 

micro-electrodes. Voltammograms are used to estimate the magnitude of the double-layer 

capacitance. Based on our CV measurements, potassium ferricyanide concentration curves 

were extracted as a function of scan rate and could be employed as calibration curves from 

which a concentration of potassium ferricyanide in the range of 0.5–5 mM can be 

determined. To confirm the validity of the calibration curve, a blind test was conducted. 

Our CV measurements are also fitted to the Randles-Sevcik equation to determine the 

diffusion coefficient of potassium ferricyanide. In our study, we compared our CV 

measurements with those obtained using macroscopic commercial electrodes, 

demonstrating good agreement, and indicating that the CV curve shape is not determined 

by the geometry of the microelectrodes (but by the area). In addition to comparing our CV 

measurements with theoretical curves computed using the Butler–Volmer equation, we 
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obtained an essentially perfect agreement on the rate constant at zero potential for our redox 

species. Furthermore, we compare the results obtained with electrodes as-deposited with 

those obtained with burn-in to demonstrate the importance of stabilizing electrodes from 

electromigration and grain reorganization before use in CV measurements. 

Electrochemical sensing devices generally benefit from burning in (or annealing) 

lithographic microelectrodes before use. 

4.2. Contribution 

The results provided in this chapter are published in Chemosensors. Zohreh Hirbodvash 

designed the experiments and carried out the measurements, performed the theoretical 

calculations, interpreted the results and wrote the manuscript. Mohamed S. E. Houache, 

Oleksiy Krupin, and Anthony Olivieri helped in designing the setup. Biosensor chips used 

in this series of experiments were fabricated by Maryam Khodami, and Howard Northfield, 

former members of our group.  

Dr. Berini and Dr. Baranova contributed to the interpretation of the results and revised the 

manuscript. 

4.3. Article 

The article follows here verbatim. 
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Chapter 5.  

LRSPPs and Energetic Carriers 

5.1. Summary 

Plasmonic catalysis opens new reaction pathways that are inaccessible thermally, or 

improves chemical processes by improving the efficiency. In the present work, we use a 

stripe of Au as a waveguide that supports infrared surface plasmon polaritons (SPPs), 

which also functions as a working electrode in a 3-electrode electrochemical cell. Cyclic 

voltammograms were obtained under SPP excitation as a function of incident optical power 

and wavelength. By studying oxidation and reduction reactions separately, processes 

involving energetic holes are separated from the processes involving energetic electrons. 

SPP excitation increases redox current density by 10×. Beyond a threshold with SPP 

power, oxidation, reduction, and equilibrium potentials drop by as much as 2× and split in 

correlation with the photon energy. Under SPP excitation, the electrochemical impedance 

spectroscopy reveals a drop in charge transfer resistance of almost 2×. The temperature of 

the working electrode is monitored in situ under SPP excitation and independent control 

experiments are performed to isolate thermal effects. Chronoamperometry measurements, 

with SPPs modulated at 600 Hz, yield a rapid current response modulated at the same 

frequency, excluding thermally enhanced mass transport. 

5.2. Contribution 

In this chapter, results are presented that are published in Science Advances. Zohreh 

Hirbodvsh carried out the optical and electrochemical experiments, contributed to the 
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measurement interpretation, and prepared the first draft of the manuscript. Oleksiy Krupin 

assisted with the measurements and interpretation. Howard Northfield and Anthony 

Olivieri fabricated the waveguide structures tested. Dr. Baranova assisted with the 

experimental techniques and the interpretation of the measurements. Dr. Berini carried out 

the mode computations and directed the research. All Authors contributed to writing the 

manuscript.  

5.3. Article 

The article follows here verbatim. 
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Chapter 6.  

Convolutional Voltammetry Enhanced by Energetic 

Electrons and Holes on a LRSPP Waveguide Electrode 

6.1. Contribution 

In this chapter, results are presented that are published in ACS, Analytical Chemistry. 

Zohreh Hirbodvsh carried out the optical and electrochemical experiments, contributed to 

theoretical part and measurement interpretation, and prepared the first draft of the 

manuscript. Dr. Baranova assisted with the experimental techniques and the interpretation 

of the measurements. Dr. Berini directed the research. All Authors contributed to writing 

the manuscript.  

6.2. Summary 

The cyclic voltammetry (CV) and chronoamperometry measurements were performed to 

investigate convolutional voltammetry by monitoring the SPP output power in real time 

vs. the applied potential. Experimentally and theoretically, we prove that the output power 

of the SPP is proportional to the convolution of the electrochemical current. The SPP 

voltammogram confirms that the changes in signal are primarily caused by changes in the 

refractive index between the reduced and oxidized forms of the redox species. 

Additionally, we demonstrate that energetic carriers generated by SPP absorption increase 

the sensitivity of electrochemical detection. 
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6.3. Article 

The article follows here verbatim. 
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Chapter 7.  

Conclusion and Future Work 

7.1. Conclusion  

Straight Au waveguides bearing grating couplers embedded in Cytop, supporting LRSPPs 

were investigated and used to determine grating coupling efficiencies using a cleaved bow-

tie PM fiber and a lensed PM fiber over a broad operating wavelength range. The bow-tie 

PM fiber aligned with a lensed PM fiber was found to have input coupling losses of about 

20 dB whereas an aligned lensed PM fiber showed input coupling losses of about 9 dB. A 

numerical calculation was also performed to find coupling loss and grating coupling 

efficiencies for both types of fibers. There is good agreement between the measured and 

theoretical coupling losses. The samples were designed to operate at 1310 nm, although 

the minimum coupling loss was found around 1345 nm. AFM images obtained on an etched 

grating coupler reveal that the fabricated structures have a slight out-of-plane curvature, 

possibly induced during fabrication (e-beam exposure), explaining the observed shift and 

slight increase in coupling losses as corroborated through modeling. Grating couplers 

simplify optical alignments and remove the need for high-quality end facets. Furthermore, 

uncoupled light propagates orthogonally to the excited waveguide mode and is thus less 

likely to cause interference with the output at detection opto-electronics. 

 

Over a limited range of wavelengths and wavenumbers, a truncated 1DPC can replace a 

lower cladding such as Cytop to support Bloch LRSPPs. We used grating couplers as 
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input/output excitation means where a Gaussian beam emerging from an aligned 

polarization-maintaining single-mode fibre excites Bloch LRSPPs on a Au waveguide on 

a truncated 1DPC covered by Cytop. Bloch LRSPP waveguides incorporating grating 

couplers were integrated with Pt electrodes to form an electrochemical sensor. Planar 

waveguides were integrated into arrays capable of multichannel multimodal biosensing. 

The device was fabricated using photolithography and overlaid electron-beam lithography 

and was covered with Cytop as the upper cladding to create etched microfluidic channels 

and the sensing window over a portion of the waveguide. 

 

Bloch LRSPP waveguides with grating couplers were integrated with Pt electrodes to 

create an electrochemical sensor. Before conducting electrochemical measurements, 

microelectrodes must be "burned-in" (current annealed). As the redox species, potassium 

ferricyanide was in chronoamperometry and cyclic voltammetry (CV) at various scan rates. 

Fitting our experimental data to the Randles-Sevcik equation yields the diffusion 

coefficient of potassium ferricyanide. Using chips, CV measurements are compared to 

commercial macroscopic electrodes. We compare experimentally obtained CV values with 

theoretical results derived from the Butler-Volmer equation while extracting the rate 

constant for our redox species at zero potential. 

 

Lastly, electrochemical plasmonic catalysis with surface plasmon waveguides and infrared 

light was reported. Under plasmonic excitation, the redox current density increases by 10×. 

Optical power also reduces oxidation, reduction, and equilibrium potentials by as much as 
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2×. As photon energy increases, redox potentials drop beyond threshold, demonstrating 

optical control of redox potentials. We use infrared photons with lower energies (0 ~ 1350 

nm, h ~ 1 eV) to excite SPPs and energetic carriers in Au. Since the main carrier damping 

mechanism is electron-phonon scattering, these carriers have energies at most one eV 

above EF, and attenuation lengths > 55 nm (Le ~ 74 nm, Lh ~ 55 nm) which enhances carrier 

escape probability in thin electrodes. 

 

Convolutional voltammetry is performed during CV and chronoamperometry 

measurements by monitoring the SPP output power versus the applied voltage. By using 

both experimental and theoretical methods, we demonstrate that the SPP output power is 

proportional to the electrochemical current convolution. The SPP voltammetry confirms 

that signal changes are mainly caused by differences in refractive indices between reduced 

and oxidized forms of redox species. Furthermore, we demonstrate that energetic carriers 

resulted from SPP absorption significantly improved electrochemical sensitivity. 

An Au stripe waveguide propagates SPPs and works simultaneously as an electrochemical 

WE are investigated. We developed a theory that relates the actual output optical power to 

the convolution of the current density over time using chronoamperometry measurements 

at different concentrations of redox species along with cyclic voltammetry measurements 

at different scanning rates. Using a theoretical relationship linking both the measured 

optical power and the measured current density of the waveguide WE, the bulk optical 

sensitivity was determined. The scan rate of optical power voltammograms is independent 

of CV measurements. SPPs propagating along the WE probe primarily changes in 

refractive index between the reduced and oxidised forms of redox species. Increasing the 
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SPP power induces redox reactions involving energetic carriers (electrons, holes) created 

by SPP absorption in Au WE, resulting in significantly enhanced redox current densities 

and convolution signals. 

7.2. Future work 

New possibilities for disease detection are opened by the present work. LRSPP optical 

biosensors as well as electrochemical sensors can be combined in a multi-modality 

platform for detecting biochemical and ionic markers of disease states.  

One possible direction is developing assays and protocols for the simultaneous optical and 

electrochemical biodetection of diabetes markers, HbA1c and glucose, respectively. Such 

a biodetection platform can help manage diabetes by monitoring markers that vary daily 

(glucose) using electrochemical part and over a period of 3 months (HbA1c) with the 

optical platform.  

It is possible to observe the same plasmonic enhancement in other redox species with the 

platform used in chapters 5 and 6.  

Electrochemical detection limits under the excitation of energetic carriers can be further 

studied, specifically, by comparing Au waveguide electrodes under optical illumination, 

with Au waveguide electrodes without illumination, building on the results of Chapters 5 

and 6. Specifically, the detection limit for glucose could be investigated using the same 

redox couple as the reported with and without an optical excitation. 
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