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ABSTRACT 

The objective of this work presented here is to extend the capabilities of siloxane 

waveguide technology in the field of biochemical sensing. Recent advances in the 

integration of polymeric optical waveguides with electronics onto standard printed circuit 

boards (PCBs) allow the formation of cost-effective lab-on-a-chip modules suitable for 

mass production. This technology has been primarily designed for on-board data 

communication. The focus of this research is to investigate the possibility of realising a 

siloxane polymer based lab-on-chip sensor. 

Different siloxane-polymer-based optical waveguide sensor structures have been 

designed and analysed from the aspect of biochemical sensing. An evanescent-wave 

absorption sensor based on mode-selective asymmetric waveguide junctions is proposed 

for the first time. The device mitigates the common optical effect of spurious response in 

absorption sensors due to the analyte transport fluid. 

Head injury is the leading cause of death in the population of people under 40 years. 

Currently, 3 out of 5 deaths in emergency rooms are due to severe brain injuries in the 

developed world. Researchers at the Neurosciences Critical Care Unit (NCCU) at 

Addenbrooke’s Hospital have managed to correlate biochemical changes with the 

severeness of the injury and the likelihood of patient recovery. Considerable progress has 

been made to develop a lab-on-chip sensor capable of continuously monitoring glucose, 

lactate and pyruvate concentrations in the brain fluid, hence the contribution to the current 

trend in the advancement of portable lab-on-chip technologies for the deployment of 

point-of-care diagnostic tools. A novel recognition layer has been developed based on 

porphyrin in combination with glucose, lactate and pyruvate oxidase for measuring all 

the analytes, enabling fast and reversible chemical reactions to be monitored by optical 

interrogation. The operational wavelength of the developed recognition layer is 425nm, 

which required the formation of polymer features that were beyond the fabrication 

capabilities at the time. Through considerable process development and the adoption of 

nanoimprinting lithography, siloxane polymer based optical waveguides were fabricated 

allowing the realisation of highly sensitive optical sensors. Based on the results that are 

presented here, it can be concluded the functionalization of siloxane polymer waveguide 

have a potential for realising biochemical sensors in the future. The new fabrication 

technique will allow the formation of more robust and complex lab-on-chip sensors based 

on this material.
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Chapter 1 - Introduction 

1.1 Emergence of lab-on-chip technologies 

Over the last 30 years, two major  product  revolutions have taken place  due to the growth  

of the optoelectronics and fiber-optic communications industries. The optoelectronics 

industry have produced several ground breaking products such as compact disk players, 

laser printers, bar code scanners, and laser pointers. The optical communication industry 

has revolutionized the telecommunication industry by providing higher performance, more 

reliable telecommunication links and increased bandwidth. This revolution has mainly 

been driven by the ever increasing demand for internet traffic, which also led to new 

innovation in short link data communications such as chip to chip and board to board 

interconnections. The current state-of-art technologies are pushing towards the limits of 

the maximum transmission capacity for optical transmission. In parallel with these 

developments, fibre-optic sensor technologies have rapidly proliferated as several optical 

components, techniques and algorithms used in the fibre-optic communications can be used 

for optical sensing. 

Optical sensing technologies have made great progress owing to several advantages over 

their electronic counterparts due the high sensitivity and immunity to electromagnetic 

interference [1.1]. Optical sensors have rapidly gained popularity in biochemical sensors 

application as they can provide some ideal characteristics [1.2-4], such as the possibility 

of using spectral measurement, miniaturisation, remote sensing over long distances and 

the use of self-referencing without any electrical. 

In the 80’s only a limited number of groups were publishing data on optical sensors with 

integrated biorecognition layers [1.5-8] and microfluidics. The possibility of moving a 

biochemical sensor off the optical bench was still a long term goal mainly owing to the 

bulky expensive optics that was available at the time. However recent advances in 

nanofabrication, along with growing appreciation of potential benefits of photonics and 

microfluidics have provided a powerful tool for integrating several subsystems into one 
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chip. Lab-on-chip (LOC) technologies have a tremendous potential in a wide range of 

applications in healthcare, environmental monitoring, food quality control and in global 

heath in general. Since the modern inception of microfluidic technologies, the use in 

biomedical sensing has been perceived as one of the most powerful potential applications 

of this technology. By taking advantage of their small size, low volume requirements for 

samples and rapid analysis, LOC technologies have started to emerge in remote settings as 

a result of developments in integrating fluid actuation, sample pre- and post-treatment 

as well as signal detection and analysis [1.9]. Extensive research has begun in this field 

as both academia and industry have realised the future impact of this technology on important 

issues such as global health and point of care diagnostics. For example, developing and third-

word countries are in great need of low-cost health related technologies specifically in 

healthcare diagnostics. Given the discussed technological advances and growing demand 

for low cost optical lab-on-chip sensors, this work has focused on investigating the 

possible application of Siloxane waveguide technology for biochemical sensing 

applications. 

1.2 Brain fluid sensor project for traumatic brain injury analysis 

Head injury is one of the leading cause of death in the under-40 population in the developed 

world [1.10]. In terms of population statistics, in the UK every year 1,500 per 100,000 of the 

population (total 900,000) attend emergency departments with a head injury, 6–10 out of 

100, 000 die from traumatic brain injury (TBI). Moreover, an estimated 1.2 million people 

live with some level of TBI-related disability in the UK, which has profound socio-

economic consequences, as the prevalence is particularly high among children and young 

to middle-aged adults. While many individuals have good outcomes, others experience 

varying degrees of disability, which are often life-long, with consequent demands on carers 

and resources. 

Monitoring of changes in the cerebral biochemistry by microdialysis is a promising technique 

that has enhance our understanding of the pathophysiology of brain injury [1.11]. Brain 

chemistry can be monitored by means of inserting fine semi-permeable catheters into the brain, 

a technique called microdialysis. A recent study by Researchers at the Neurosciences Critical 

Care Unit (NCCU) at Addenbrooke's Hospital has recognised that the characteristic of 

adverse metabolism if the microdialysate lactate-to-pyruvate ratio is above 25, which is 
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associated with poor outcome. This marker has been proven to be an essential factor and can 

serve as a clear indicator for the severeness of the injury. However there are several 

technological and practical limitations. 

 

  

(a) (b) 

Figure 1.1 (a) Magnetic resonance image (MRI) showing the brain of a head injury patient with a 

microdialysis catheter tube in position, the tip indicated by an arrow (yellow). Scale bars (green) 

show centimetre divisions. (MRI technical details: 3D MP—RAGE sequence, at 3 Tesla). Image is 

courtesy of the Wolfson Brain Imaging Centre (University of Cambridge). (b) Schematic diagram 

showing the principles of microdialysis. Blood capillaries supply glucose as a source of energy for 

the brain cells, which metabolise it. Some of the products (metabolites), including lactate and 

pyruvate, emerge from the cells into the brain’s extracellular fluid and are collected by the 

microdialysis catheter tube [1.12]. 

Brain microdialysates are inherently very small volumes (typically 18 μL/h), and are 

technologically demanding to analyse. Glucose, lactate and pyruvate are currently measured 

at the bedside with commercially available analysers using enzymatic colorimetric “wet 

chemistry”. However, these analysers cannot monitor continuously, because they are 

designed for microdialysates collected in micro-vials on the outlet of the microdialysis 

catheter, with micro- vials changed manually (typically hourly) by a nurse and transferred to 

the bedside analyser. These analysers are expensive to purchase, maintain (servicing costs) 

and operate (reagent costs), and are demanding on staff time, training and expertise. The 

only commercially available clinical microdialysis analyser is currently the ISCUSflex 

(M Dialysis AB, Stockholm, Sweden), which costs £38,947. Service maintenance costs are 

currently £2865 per annum, and reagents sufficient for several days £177. 

Design of a more cost-effective, robust, compact, user-friendly and continuous monitoring 

device, using a sensor that could be connected directly to the outlet of the microdialysis 
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catheter would thus be highly desirable and would significantly improve the quality of the 

patient diagnosis as well as expand the research capabilities of these centres. 

Our on-going research aims to develop a sensor for the continuous real-time measurement 

of glucose, lactate and pyruvate concentrations in brain microdialysates from head injury 

patients inthe Neurosciences Critical Care Unit (NCCU) at Addenbrooke's Hospital. Initial 

work has identified the potential of developing low-cost bio-medical polymeric optical 

sensors using polymer waveguide technology suitable for use in clinical environments. These 

sensors need to be compatible with microdialysis fluid flow. Typically we use a flow rate 

of 0.3 µl/min (18 µl/h), though flow rates in the range 0.1 – 5 µl/min are possible with 

current technology. 

1.3 Siloxane waveguide technology for sensing 

Recent advances in the integration of polymeric optical waveguides with electronics onto 

standard printed circuit boards (PCBs) allow the development of cost-effective lab-on-

a-chip modules suitable for mass production. Advantages of Siloxane polymers are low 

cost and stable optical properties even under thermal and mechanical stresses and exposure 

to humidity. Other advantages include low power consumption, compatibility with the 

existing PCB technology standards, and facility for extension of an integrated radio 

frequency subsystem for remote monitoring. Extensive research has been done with this 

technology in order to create high capacity optical interconnect. Most recently, a passive 

optical backplane based on a novel meshed waveguide structure demonstrated the potential 

for one terabit per second capacity [1.13]. 

 

 

 

Figure 1.2. – Schematic of layout of the electro-optic PCB-integrated optical biosensor – . (a) 

Planar view of (a) top and (b) bottom board sides [1.14]. 
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Siloxane polymer based optical waveguides have not been used solely for interconnect 

technology. The first siloxane based sensor was an ammonia gas sensor (Fig. 1.2.) formed 

directly onto a PCB and achieved reversible and repeatable detection [1.14]. The gas sensor 

showed good operation with projected sensitivity of at least 700 ppm for a BCP coated 

waveguides in operating wavelength of 635nm. 

Developing robust and mass producible sensors using such waveguides technology is 

challenging as most recognition layers require optical interrogation in the visible wavelength. 

Generally, highly sensitive single mode optical waveguides operating at visible light 

wavelength are around or below 

1µm, which results in high coupling losses and limited number of fabrication options. The 

industry standard fabrication process is UV photolithography, which is not recommended 

with feature sizes below 2 µm. One key advantage of the siloxane material is its small 

refractive index difference between the core and the cladding materials allowing larger 

optical structures to be realized as well as the potential to extended evanescent field 

penetration into the sensing medium. The aforementioned gas sensor is made of an array 

of 50 x50 µm multimode waveguides, which were originally designed for on-board 

interconnect technology. Large core waveguides provide relaxed fabrication tolerances and 

better light coupling efficiencies; however, as will be explained later in this thesis at the 

expense of sensor sensitivity. 

1.4  Novelty of work 

A variety of optical waveguide structures are analysed from the aspect of biochemical 

sensing. Based on sensitivity analysis of composite optical waveguide structures, it was 

concluded that it is a great solution in compensating water effects near the sensing layer. A 

thin high index Ta2O5 layer (RI=2.16) can be used to compensate the abrupt refractive index 

profile shift present at the sensing layer region due to water molecules. Moreover, optical 

field confinement in sensing layer can be enhanced by careful adjustment of Ta2O5 layer 

thickness reaching up to 30 percent. 

A novel method of optical interrogation is presented based on a mode selective optical 

sensing. Asymmetric Y-junctions are used in multimode evanescent-wave absorption sensors 

in order to overcome the spurious effects due to absorption changes in the outer medium 

(analyte carrying microfluidics) and improve their operation and reliability. The proposed 

sensor device maintains the fundamental simplicity of multimode absorption sensors while 
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overcoming this common issue with such devices [1.15]. A short overview of Y-junction 

theory is provided, where the design of the proposed waveguide sensor is presented and its 

operating principle is described (Section 5.3). Simulation results are reported in Chapter 4.6 

demonstrating that the device can efficiently detect the analyte of interest with an accuracy 

better than 95 %, even in the case of a highly-absorbing outer medium with an absorption 80 

times greater than that of the sensing layer. 

A novel recognition layer has been developed for determination of glucose, lactate and 

pyruvate concentrations in brain fluid. The development started by showing that the CTPP4-

GOD complex can be used to detect all three analytes. An appropriate deposition technique 

has been developed based on solvent casting in order to create a thin film required for reliable 

reversible operation. Although, the recognition layer indicated reversible reaction on glass 

slides, it only showed limited reversibility on siloxane polymer-based samples. Recognition 

layer was further enhanced by the addition of graphene oxide layer, serving as a new 

substrate. It allowed easier and faster deposition with high surface quality. Optical waveguide 

experiments were carried out, where strong opto-chemical reaction was achieved, as it is 

discussed in Chapter 5.  

A novel fabrication technique for siloxane polymer waveguides has been developed allowing 

30nm resolution. Both Thermal and UV Nanoimprinting lithography has been investigated 

for fabricating photonic lab-on-chip sensors. The fabrication process involved the 

development of our own master stamp patterning process based on Electron Beam 

Lithography and Deep Reactive Ion Etching. 

1.5 Aims and synopsis of this thesis 

The aim of this thesis is to investigate the design, manufacture and testing of a siloxane 

polymer waveguide- based lab-on-chip sensor for the purpose of analysing brain 

microdialysates. This waveguide technology has been primarily designed for on-board data 

communication. However the focus of this research is to investigate the possibility of 

realizing a siloxane polymer based lab- on-chip sensor capable of continuously monitoring 

glucose lactate and pyruvate concentrations in brain fluids, thus contributing to the current 

trend in the advancement of portable lab-on-chip technologies for the deployment of point-

of-care diagnostic tools for medical practitioners. 

Chapter 1 provides a brief overview of the technologies that led to the advent of lab-
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on-chip technologies. The second part of the introduction summarizes the motivation 

and the future application behind this research. Moreover, it illustrates the demand by 

medical practitioners for the development of such technology for point of care clinical 

diagnosis. The final part of the introduction outlines the main features and key attributes 

of siloxane polymer waveguide technology for sensing applications. 

Chapter 2 reviews some of the state-of-art optical sensing technologies as well as introducing 

the reader to the fundamental theory. 

Chapter 3 summarizes the design and modelling work that was carried out for the 

development of single mode waveguide structures and other novel sensor structures. 

Chapter 4 provides a detailed overview of the fundamentals of waveguide Y-junctions and 

mode duplex optical transmission. A novel sensor architecture is proposed in this work, 

where asymmetric Y-junction are used for mode selective sensing. Though a similar 

mode-sorting technique has been previously proposed [1.16-18], it is the first time it is being 

proposed for sensing applications. 

Chapter 5 reviews the state-of-art fabrication techniques available for polymer integrated 

optics primarily focusing on an emerging technology called Nano-imprinting Lithography 

and compares it with the standard UV approach. Experimental results are provided for 

both techniques and illustrate their limitations. These fabrication techniques are compared 

on the basis of single mode waveguide fabrication, the related experimental results and 

characterisations are also discussed. The last part of Chapter 5 summarizes the experimental 

results of a novel Brain fluid analyzer and it characteristics as well as the used 

microfluidics. The reader is guided through the different development phases of a novel 

recognition layer, including a short overview of graphene material and the corresponding 

experimental results. 

Chapter 6 concludes the thesis by summarising the results and its achievements. 

Appendix summarizes a comprehensive literature review that aimed to provide a snapshot 

of currently existing technologies and tested biochemical reactions that can be used for 

sensing the three aforementioned biomolecules. At the end of this chapter, there is a final 

review helping the reader understand the reason why certain research directions and goals 

were set.
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Chapter 2 – Optical sensing techniques 

2.1 Introduction 

The purpose of a sensor in any system is to translate the physical, chemical or biological 

information into an electrical or optical signal. Biochemical sensors are usually used to 

determine the concentration of chemical or biological analytes in an aqueous environment. 

These sensors can be used in various applications, such as food quality control, wellness 

monitoring, and pathogen sensing or clinical diagnostics. The purpose of this chapter is to 

provide an overview of current and emerging optical sensing technologies and introduce some 

of the fundamental concepts. 

The general definition of chemical sensors by Wolfbeis (1990) states “Chemical sensors are 

small-sized devices comprising of a recognition element, a transduction element and a signal 

processor capable of continuously and reversibly reporting a chemical concentration” [2.1].  

There are several key attributes which make a sensor complete such as adequate sensitivity, 

broad dynamic range, low-cost, small size, electrical output, good signal to noise-ratio, simple 

fabrication, robustness, high selectivity and suitability for mass production.  A few important 

attributes are described in detail. 

Sensitivity is usually defined as the lowest level of concentration that can be detected in the 

sensing environment. In order to determine the required dynamic range, it is important to find 

the range of concentration at which the target complex is present in the sensing medium. As an 

example, the normal physiological range in brain fluid for glucose is 0.1-6mM, while it is 0.1-

12 mM for lactate and 0.01-1mM for pyruvate.  As will be discussed later in this chapter, it is 

clearly important for the available design options for both the recognition layer and the optical 

sensor system. In other chemical sensors such as environmental monitoring of toxic agents, it 

is only necessary to determine if the concentration reaches an alarming level. 

Selectivity is usually defined by the ability to differentiate between the target chemical 

compounds and other interferents. In some cases, there are dozens of other molecules present 
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in the medium that can interfere with the sensing mechanism, which often lead to errors in the 

concentration determination. 

Reversibility and reusability are essential for many everyday applications. An ideal sensor is 

required to be  able to respond dynamically to changes in the analyte concentration, preferably 

over a long period of time without interruptions. 

The robustness of a sensor is defined by its ability to perform its function in a wide variety of 

conditions. Sensor operation may be altered in a different ambient environment. As an example: 

chemical compounds (reagents) are often more temperature dependent than other subsystems. 

A few degree change in temperature can lead to a different level of optical reaction as well as 

change the required driving condition of the light source. Other variables such as humidity, 

pressure or exposure to different aromatic compounds in the air can also be factors. 

For a point-of-care clinical diagnostic tool, low-cost and portability are important design 

considerations as there can be dozen of patients a day accepted to a clinic every day in different 

departments. The fabrication technology can define the cost and the ease of mass production. 

As an example, designs that can be fabricated by standard UV photolithography will cost a 

fraction of those that require electron-beam lithography. Using optical technique – which 

require simple and low cost light sources and detectors –is usually easier to transfer to  industry 

and therefore have the potential to make an actual positive impact on the work of medical 

practitioners.  

 

Figure 2.1 - Biosensing Mechanism 

A biosensor comprise three main parts (Fig 2.1): a biorecognition element, transducer and 

measurement & analysis. Biorecognition is made of bioreceptors that are responsible for 

capturing or binding the target molecule. In the moment of the molecular binding, a sensing 

effect takes place, which can be measured from electrical, mechanical or optical changes. The 

signal triggering molecule binding to a sensing site is called the ligand. Generally, the sensor 

selectivity of a sensor is defined at this stage. The ratio of the triggered signal strength and the 

minimum number of required molecules defines the sensitivity and resolution of the sensor. 
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The point at which the signal shows no further change with increasing analyte concentration 

defines the dynamic range of the sensor.  

The most widely used bio recognition elements are based on antibody-antigen, enzymatic, 

nucleic-acid or cellular interactions [2.2]. Antibodies (also called immunoglobulins) are 

complex biomolecules made of various amino acids arranged in a characteristic Y-shape as 

shown on Fig. 2.1. The specific target molecule (antigen) is captured by the antibody with high 

selectivity – due to their complementary molecular structure – and forms a strong bond. This 

bonding reaction is very rapid and stable. However, it is usually limited by a reasonable lifetime. 

Antigen-antibody reaction is capable of detecting very small amounts of target molecules, even 

in a highly contested environment where several other biochemical compounds are present. 

 

Figure 2.2 - Antibody-antigen Interaction [2.2] 

Enzyme based recognition is also powerful as it possesses the ability to amplify the detection 

mechanism. As result of this catalytic activity, the permitted minimum detection limit can be 

enhanced compared to other techniques, making it a commonly used recognition element. 

Although, this reaction can be denaturised, therefore leading to disassociating into 

subcomponents, which can lead to an unstable reaction or no reaction at all. 

DNA sensors often use DNA/RNA hybridization, where the biorecognition mechanism exploit 

the complementarities of the nucleotide pairs such as cystosine (C)-guanune(G), adenine(A)-

thymine(T). 

The transduction mechanism of the triggered signal refers to the conversion of detection (also 

called interrogation) event to detectable signal. There are a wide variety of transduction 

methods from electro-chemical, mass-based to mechanical. The last process of the sensing 

mechanism is the measurement and analysis, where the transduced signal is recorded and 

interpreted as the quantity of biomolecular activity. 
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2.2 Fundamental Optical Transduction Mechanisms 

Optical Absorption 

Light incident on a material may or may not be absorbed by the material. The probability of 

that light is absorbed is related to the cross section (σ). This cross section is an effective 

area of the atom or molecule (Fig. 2.3). Consider a light incident on a material (molecular 

concentration of C, [cm-3]). The number of molecules illuminated by light intensity (Ix) is 

C*A*dx. The total effective area that the molecule presents is σ * C*A*dx. The probability of 

light being absorbed or scattered out of the beam in thickness dx is: 

 

Figure 2.3. – Light incident on an absorbing material with intensity Ix, thickness of x and cross 

section of A 

−
𝑑𝐼𝑥
𝐼𝑥
=
σ C A

𝐴
𝑑𝑥 (2.1) 

  

Where, 𝑑𝐼𝑥 is the change in intensity across dx 

Beer-Lambert Law, by integrating both sides of the equation: 

 

∫
𝑑𝐼𝑥
𝐼𝑥

𝐼

0

= −∫ σ C  dx
𝐼

0

 (2.2) 

 

ln (𝐼 − ln(𝐼0) = ln (
𝐼

𝐼0
) = −σ Cx (2.3) 

𝐼 = 𝐼0 𝑒
−σ Cx = 𝐼0𝑒

−𝛼𝑥 (2.4) 
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Where α is the linear absorption coefficient of which if scattering effects are ignored is the same 

as the absorption attenuation coefficient. As a result of Beer-Lambert law, light intensity 

decreases exponentially with depth (x) in material. Linear absorption coefficient is expressed 

in cm-1 and wavelength dependent, therefore the law becomes: 

𝐼(𝜆) = 𝐼0𝑒
−𝛼(𝜆)𝑥 (2.3) 

Absorbance is defined as, 

𝐴 = log (
𝐼0(𝜆)

𝐼(𝜆)
) = log (

𝐼0(𝜆)

𝐼(𝜆) 𝑒−𝛼𝑥
) = log(𝑒𝛼𝑥) 

 

(2.4) 

𝐴 =  𝛼𝑥 log(𝑒) = 0.434𝛼𝑥 

 
(2.5) 

Which includes both absorption and scattering. 

𝐴 =  0.434 𝛼 𝐶 𝑥 (2.6) 

Total absorbance over a multi layered material can be described as: 

𝐴𝑡𝑜𝑡𝑎𝑙 = 𝐴1 + 𝐴2+𝐴3+. . +𝐴𝑛 

 

(2.7) 

𝐴𝑡𝑜𝑡𝑎𝑙 = 𝛼1 𝐶1 𝑥1 + 𝛼2 𝐶2 𝑥2 + 𝛼3 𝐶3 𝑥3 +⋯

+ 𝛼𝑛 𝐶𝑛 𝑥𝑛 

(2.8) 

By measuring the absorbance of the solution, the concentration of the bioanalyte can be 

estimated in any aqueous solution. 

There are a number of different strategies for designing an absorption-based optical biosensor. 

One way is to detect the light absorption directly – which relies on tracking the changes in 

the optical absorption lines or bands at a convenient wavelength – which is linearly 

proportional to the concentration. Indirect absorption is another way, where a secondary 

reagent is used to mediate the sensing, e.g pH sensors use an indicator dye whose 

colour/absorption characteristics change as a function of pH. 

There are several different design approaches (Fig. 2.4) for biosensors in terms of light-

matter interaction, which are the same for both fibre optics and waveguides. 

• Guided Wave Approach: The fibre or waveguide is only used to convey the 

light to and from the spectroscopic cell (Fig 2.4a-b), and therefore take no 

direct part in the sensing mechanism [2.3]. Light scattering is high ultimately 
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limiting the achievable sensitivity of the sensor. 

• Evanescent Wave Approach: The fibre or waveguide itself forms a sensing 

element, by using its evanescent field extending from the core to interact with the 

analyte that is immobilised on the top of the core or cladding layer [2.4-5] as 

shown on Fig. 2.4b-c. 

• Optrode Approach: The fibre or waveguide has an indicator dye attached to the 

fibre tip, which are called optrodes as shown on Fig. 2.4d and in [2.6]. The tip 

of the fibre is surrounded by a microfluidic well delivering the analyte fluid to 

the sensing or recognition layer. 

 

  

(a) (b) 

  

(c) (d) 

 

Figure 2.4 – Schematic of different sensor architectures (a) Guided Wave Sensor (b,c) Evanescent 

Wave Sensor (d) Optrode Sensor 

Fluorescence 

Fluorescence phenomena are related to an energetic transition from an excited state to a 

lower energy level resulting in photon emission. The process can be best understood by 

the Jablonskii diagram shown in Fig. 2.5. In this diagram, S0,…, Sn and T1,…, Tm represent 

the electronic energy levels of a molecule (S1,…, Sn are excited singlet states and T1,…, Tm 
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are excited triplet states). At equilibrium, molecules have the lowest possible energy level 

S0 [2.2]. 

 

Figure 2.5 - Jablonskii diagram [2.2] 

 

Molecular transitions occur to an excited state by optical absorption. Following the 

absorption, the resultant energy level is dictated by the wavelength of the incident radiation, 

and hence the incident photon energy. 

The intensity of the absorption (number of ground state molecules promoted to the 

electronic excited state) depends on the intensity of the excitation radiation (number of 

photons) and the probability of the transition with photons of the particular energy used. 

Molecular relaxation can result from an emission of a photon without any change in spin 

multiplicity (from singlet state to another singlet state), this process is called fluorescence. 

The wavelength at which the photon is emitted depends on the energy lost by the molecule 

in the relaxation process. The concentration of the target analyte can be determined by 

monitoring either the fluorescence intensity or lifetime [2.6- 7]. 

Surface Plasmon Resonance 

Surface electromagnetic waves that propagate in a direction parallel to the metal/dielectric 

interface are usually called surface plasmon polaritons (SPPs). Alternatively, they are 

also called surface plasmon waves (SPWs) as they propagate along the interface as a 

wave. SPW occur when the frequency of the light matches the natural frequency of 

oscillating surface electrons. These oscillations are highly sensitive to changes in any 

sensing event on the surface, such as adsorption or binding of molecules. The surface wave 

propagates exactly on the metal/dielectric interface, which can be either be with air or with 

an aqueous medium carrying the target analyte. When this phenomena occurs in a nanoscale 
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structure, such as metal particles or nanoantenna, it is called localised surface plasmon 

resonance (LSPR). These waves do not propagate as regular waves, as the SPR wave is a 

TM-polarized wave, where the magnetic vector is perpendicular to SPW propagation 

direction and parallel to the interface plane. When this wave interacts with the analyte, a 

phase change is introduced, which can be a measure of analyte concentration. 

Raman Scattering 

Raman spectroscopy is a technique where laser light interacts with molecular vibrations, 

phonons or other excitations in the system, resulting in a shift of photon energy. As a result 

of this shift, an energy exchange occurs between the photons and scattering molecules. As a 

result of Rayleigh (or elastic) scattering, there is a change to the incident photon energy 

after collision. The scattered photon retains the identical frequency as the incident photon 

(Fig. 2.6). In Raman (or inelastic) scattering, the energy is transferred from the molecule to 

the photon or vice versa. Raman to Stokes scattering occurs when the scattered photon has 

less energy than the incident photon. When the scattered photon has more energy than the 

incident photon, the process is called Raman to anti- Stokes scattering. 

 

Fig. 2.6 - Raman scattering Mechanism (a) Raman Stokes scattering (b) Raman Anti-Stokes 

scattering [2.2] 

Raman signals are usually weak and require a powerful light source and sensitive detector 

for this reaction to be detected. As a result, it is difficult to adopt this technology for 

cost effective integrated sensor design for mass market applications, and therefore it is 

outside of the scope of this thesis. An interesting advantage of this process is – while only 

a limited number of molecules contribute to tissues fluorescence – most biological molecules 
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are Raman active and therefore able to overcome the limitations of fluorescence. 

Effective index change in guiding structures 

By using optical wave guiding structures, sensing events can be monitored by correlating 

the analyte concentration with a phase shift in the propagating optical waveguide mode. 

There are two different ways to sense the binding event. First by monitoring the change 

in adlayer formation (thickness) as the molecules bind to the recognition layer from a 

gaseous or liquid medium. The other method is to measure the refractive index change of 

the homogeneous liquid that serves as the waveguide cover. The change of the effective 

refractive index of the propagating mode into the guiding layer can be easily correlated with 

the change in analyte concentration. This optical sensing principle will be discussed in 

Chapter 3. 

2.3 Optical Waveguide Theory 

A brief overview is required in order to understand the design process of the sensors 

described in the later chapters. A dielectric or optical waveguide has the capability of 

confining light within its structure. The most well-known structure such as this is the optical 

fibre. However in integrated optics, planar optical waveguides are used. These optical 

waveguide structures allow compact lab on chip sensors to be formed, integrated with 

microfluidics and the biorecognition layer. Fig 2.7 shows the basic structure of a 3 layered 

slab waveguide structure consisting of a guiding core, substrate and a cover (or cladding) 

layer. 

 

Figure 2.7 – Optical waveguide structure for multimode behaviour, light in confined with the core 

due to total internal reflection on both interfaces 
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The core layer can be a few hundred nanometres to several millimetres thick with a refractive 

index higher than the surrounding medium. In the following derivations, all the dielectric 

medias are assumed to be ideal, and thus homogeneous, isotropic and loss free. 

Light propagating within the core layer is confined by the law of total internal reflection. 

Considering two media with refractive indices (n1 and n2), with a monochromatic light beam 

incident at an angle φ1 between the wave normal and z is partially reflected at the same angle 

φ1 and partially refracted into the adjacent medium at φ2 as shown on Fig. 2.8. 

 

 

Figure 2.8 – Two dielectric media with refractive index n1,n2 and an incident wave with angle φ1 

The angle of φ2 of the refracted wave is given by Snell’s law: 

𝑛1 sin(𝜑1) = 𝑛2 sin (𝜑2) (2.9) 

The amplitude of the refracted and reflected wave depend on the angle of incident and the 

polarisation of the incident light. These amplitudes can be calculated by using the reflection 

and refraction coefficients given by Fresnel formulas for each polarisation (σ). 

𝜌𝜎 =
𝑛1 sin(𝜑1) − 𝑛2 sin(𝜑2)

𝑛1 sin(𝜑1) + 𝑛2 sin(𝜑2)
 (2.10) 

𝜌𝜎 =
𝑛1 sin(𝜑1) − 𝑛1√𝑛22 − 𝑛12 sin2(𝜑1)

𝑛1 sin(𝜑1) + 𝑛1√𝑛2
2 − 𝑛1

2 sin2(𝜑1)
 (2.11) 

τ𝜎 = 1 −
sin (𝜑1 − 𝜑2)

sin (𝜑1 + 𝜑2)
 (2.12) 

Where 𝜌 is the reflection coefficient and τ the transmission coefficient for electrical field. 

For π-polarisation, where the magnetic field is perpendicular to the plane of incidence the 

transmission coefficient can be described as: 

𝜌𝜋 =
𝑛2 cos(𝜑1) − 𝑛1 cos(𝜑2)

𝑛2 cos(𝜑1) + 𝑛1 cos(𝜑2)
 (2.13) 



Chapter 2 – Optical sensing techniques 

20 

 

𝜌𝜋 =
𝑛2
2 cos(𝜑1) − 𝑛1√𝑛22 − 𝑛12 sin2(𝜑1)

𝑛22 cos(𝜑1) + 𝑛1√𝑛22 − 𝑛12 sin2(𝜑1)
 (2.14) 

τ𝜋 = (1 −
tan (𝜑1 − 𝜑2)

tan (𝜑1 + 𝜑2)
) ∗
cos𝜑1
cos𝜑2

 (2.15) 

The critical angle (𝜑𝑐) can be given by: 

sin𝜑𝑐 =
𝑛2
𝑛1

 (2.16) 

Until the incident remains less than the critical angle only partial reflection occurs and σ remains 

real valued. When the incident angle is greater than the critical angle total reflection occurs with 

complex valued of σ. In the medium with the lower refractive index a propagating wave is 

generated which is attenuated exponentially in z direction. This attenuated wave is called 

evanescent field and can be described by the following expression called decay factor: 

𝑒
−
2𝜋
𝜆0
  √𝑛12 sin2(𝜑1)−𝑛22𝑧

 (2.17) 

Where 𝜆0 is the wavelength is vacuum. 

The properties of evanescent field will be discussed in the later chapters. 

In addition, the incident wave following the reflection will be phase shifted by 

tan𝜑𝜎 = 
2 √𝑛12 sin2(𝜑1) − 𝑛22

𝑛1 cos (𝜑1)
 (2.18) 

tan𝜑𝜋 =
𝑛1
2

𝑛22
 
√𝑛12 sin2(𝜑1) − 𝑛22

𝑛1 cos (𝜑1)
 (2.19) 

For σ and π respectively. Introducing the effective index, specifying the phase velocity of 

guided light with: 

𝑛𝑒𝑓𝑓 = 𝑛1 sin 𝜑1 (2.20) 

For σ, this can be written as: 

𝜑𝜎 = 2 arctan √
𝑛𝑒𝑓𝑓
2 − 𝑛2

2

𝑛1
2 − 𝑛𝑒𝑓𝑓

2  (2.21) 

In the case of a planar waveguide, where the refractive index of the core is greater than both the 

substrate and cladding, there may be two critical angles at each interfaces. When the incident 

angle is greater than the critical angle, the light is confined within the core media due to total 

internal reflection at both interfaces as illustrated on Fig. 2.7. 

Maxwell’s Equations 
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Electrical and magnetic fields propagating within a dielectric media can be described by the 

well-known Maxwell’s equations. In optics, the special case of charge and current-free media 

is considered and therefore the equations can be expressed as: 

�⃗�  ×  �⃗� = −𝜇 
𝜕�⃗⃗� 

𝜕𝑡
 (2.22) 

�⃗�  × �⃗⃗� =  
𝜕�⃗⃗� 

𝜕𝑡
 (2.23) 

�⃗�  �⃗⃗� = 0 (2.24) 

�⃗�  (µ�⃗⃗� ) = 0 (2.25) 

Where, 

µ −  magnetic permittivity 

�⃗�  – electric field 

�⃗⃗� −   magnetic field 

�⃗⃗�  – electric displacement 

ɛ −  permittivity 

 

From these equations, the basic wave equations can be derived that is one of the most 

fundamental theorem of wave optics. The vectorial multiplication of eq.2.20-21 with �⃗�  and 

using the identity �⃗�  𝑥 �⃗�  𝑥 �⃗� =  �⃗� (�⃗� �⃗� ) − �⃗� 2�⃗�  as well as �⃗�  �⃗� = 0 yields the wave equations for 

the electrical and magnetic field: 

𝛥�⃗� =
1

𝑐2
 
𝜕2�⃗� 

𝜕𝑡2
 (2.26) 

𝛥�⃗⃗� =
1

𝑐2
 
𝜕2�⃗⃗� 

𝜕𝑡2
 (2.27) 

With 𝛥 = �⃗� �⃗�  and 𝑐2 = (µɛ)−1 

In optical applications, the travelling waves passing through different interfaces having 

different dielectric constants (ɛ𝑟
1, ɛ𝑟

2). From Maxwell’s equations, it can also be derived that at 

the interface the tangential components of the electric and magnetic field have to be continuous: 

𝐸𝑡
(1)
= 𝐸𝑡

(2)
 (2.28) 

𝐻𝑡
(1)
= 𝐻𝑡

(2)
 (2.29) 

Components normal to both fields are discontinuous at the interface, whereas the normal 

components of eE (electric displacement) and uH have to be continuous. 



Chapter 2 – Optical sensing techniques 

22 

 

ɛ0 ɛ𝑟
(1) 𝐸𝑡

(1)
= ɛ0 ɛ𝑟

(2)𝐸𝑡
(2)

 (2.29) 

µ0 𝜇𝑟
(2)
 𝐻𝑡
(1)
= µ0 𝜇𝑟

(2)
𝐻𝑡
(2)

 (2.30) 

With permittivity ɛ=ɛ0 ɛ𝑟  (ɛ0 – permittivity of vacuum) and the permeability µ= µ0 µr (µ0 – 

permeability of free space and ur the relative permeability of the medium, which is dielectric 

waveguide is usually assumed to be unity. 

As a subset solution to the Maxwell’s equations the fields within a optical waveguiding medium 

can be expressed as a harmonic wave with the form: 

𝐴𝑡 = 𝐴0 𝑒
𝑗𝜔0𝑡 (2.31) 

Where, 𝜔0 = 2𝜋/𝜆0 is the angular frequency. By introducing 2.24 to 2.20 and 2.21 yields: 

�⃗�  ×  �⃗� = −𝑗 𝜔0 µ0 �⃗⃗�  (2.32) 

�⃗�  ×  �⃗⃗� =  𝑗 𝜔0 ɛ �⃗�   (2.33) 

For planar optical waveguides where z is the direction of propagation, each solution can be 

described by: 

𝐴(𝑥,𝑦,𝑧) = 𝐴(𝑥,𝑦) 𝑒
𝑗𝛽𝑒𝑓𝑓𝑧 (2.34) 

Where, 𝛽𝑒𝑓𝑓=
2𝜋

𝜆
 𝑛𝑒𝑓𝑓sin (𝜑1) being the propagation constant of a particular mode with 

effective index 𝑛𝑒𝑓𝑓. By substituting 2.32 into 2.27 and 2.31 and separating x,y any z gives the 

following relations: 

 
𝜕𝐸𝑧
𝜕𝑦

+ 𝑗𝛽𝐸𝑦 = −𝑗 𝜔0 𝜇 𝐻𝑥 (2.35) 

 
𝜕𝐸𝑧
𝜕𝑥

+ 𝑗𝛽𝐸𝑥 = −𝑗 𝜔0 𝜇 𝐻𝑦 (2.36) 

𝜕𝐸𝑦

𝜕𝑥
+
𝑗𝛽𝐸𝑥
𝜕𝑦

= −𝑗 𝜔0 𝜇 𝐻𝑧 (2.37) 

𝜕𝐻𝑧
𝜕𝑦

+ 𝑗𝛽𝐻𝑦 = −𝑗 𝜔0 휀 𝐸𝑥 (2.38) 

𝜕𝐻𝑧
𝜕𝑥

+ 𝑗𝛽𝐻𝑥 = −𝑗 𝜔0 휀 𝐸𝑦 (2.39) 

𝜕𝐻𝑦

𝜕𝑥
+
𝑗𝛽𝐻𝑥
𝜕𝑦

= −𝑗 𝜔0 휀 𝐸𝑧 (2.40) 

As it was discussed before and illustrated on Fig. 2.6, the light travelling within the core is 

confined in x direction while propagated in the z direction. In the y direction, it is 

assumed to extend infinitely, leaving  
𝜕

𝜕𝑦
= 0, because the electric and magnetic field 
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supported by the waveguide do not depend on this direction. 

Waveguide Modes 

A guided light satisfying the condition that it reproduces itself after at least two reflections 

is called eigenmodes or simply waveguide mode [2.8]. The mode equation for three-layered 

planar waveguide can be expressed as [2.9]. 

2 𝑘 𝑑√𝑛𝑐2 − 𝑛𝑒𝑓𝑓
2 + 𝜑𝑐 + 𝜑𝑠 = 2 𝜋 𝑚 (2.41) 

These are two types of modes that are distinguished with a planar waveguide: transverse electric 

(TE) and transverse magnetic (TM). The TE mode only allows electric fields perpendicular to 

the direction of propagation ( 𝐸𝑧 = 0), whereas for TM a similar condition with no  𝐻𝑧 

component. By applying this condition to 2.35-40 the equations become> 

For TE modes: 

𝛽𝐸𝑦 = −𝑗 𝜔0 𝜇 𝐻𝑥 (2.42) 

𝜕𝐸𝑧
𝜕𝑥

= −𝑗 𝜔0 𝜇 𝐻𝑧 (2.43) 

𝜕𝐻𝑧
𝜕𝑥

+ 𝑗𝛽𝐻𝑥 = −𝑗 𝜔0 휀 𝐸𝑦 (2.44) 

For TM modes: 

𝜕𝐸𝑧
𝜕𝑥

+ 𝑗𝛽𝐸𝑥 = −𝑗 𝜔0 𝜇 𝐻𝑦 (2.45) 

𝑗𝛽𝐻𝑦 = −𝑗 𝜔0 휀 𝐸𝑥 (2.46) 

𝜕𝐻𝑦

𝜕𝑥
= −𝑗 𝜔0 휀 𝐸𝑧 (2.47) 

If the wave vector is introduced as k=2 𝜋 /λ, the propagation constant β becomes bounded by 

the following condition for guided modes: 

𝑘 𝑛𝑐𝑜𝑣𝑒𝑟 , 𝑘 𝑛𝑐𝑙𝑎𝑑 ≤  𝛽 ≤ 𝑘 𝑛𝑐𝑜𝑟𝑒 (2.48) 

The solution satisfying this boundary condition are therefore for TE: 

𝐸𝑦 = 𝐴 𝑒
−𝛾𝑥 𝑥 ≥ 0 (2.48) 

𝐸𝑦 = 𝐴(cos(𝛿𝑥) −
𝛾

𝛿
sin(𝛿𝑥)) 0 ≥ 𝑥 ≥ −𝑑 (2.50) 

𝐸𝑦 = 𝐴 (cos(𝛿𝑥) −
𝛾

𝛿
sin(𝛿𝑥)) 𝑒𝛼(𝑥+ℎ) −𝑑 ≥ 𝑥 (2.51) 

Boundary conditions for TM: 

𝐻𝑦 = 𝐴 𝑒
−𝛾𝑦 𝑥 ≥ 0 (2.48) 

𝐻𝑦 = 𝐴(cos(𝛿𝑥) − (
𝑛𝑐𝑜𝑣𝑒𝑟
𝑛𝑐𝑙𝑎𝑑

)
2 𝛾

𝛿
sin(𝛿𝑥)) 0 ≥ 𝑥 ≥ −𝑑 (2.50) 
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𝐻𝑦 = 𝐴(cos(𝛿ℎ) − (
𝑛𝑐𝑜𝑣𝑒𝑟
𝑛𝑐𝑙𝑎𝑑

)
2

 
𝛾

𝛿
sin(𝛿ℎ)) 𝑒𝛼(𝑥+ℎ) −𝑑 ≥ 𝑥 (2.51) 

Where A is an arbitrary constant and 

𝛼 = √𝛽2 − 𝑘2𝑛𝑐𝑙𝑎𝑑
2  (2.52) 

𝛾 = √𝛽2 − 𝑘2𝑛𝑐𝑜𝑣𝑒𝑟2  (2.53) 

𝛿 = √𝑘2𝑛𝑐𝑜𝑟𝑒2 − 𝛽2 (2.54) 

Based on these equations the eigenvalue equation can be determined as: 

tan(𝛿𝑑 − 𝑣𝜋) =
𝛿(𝑟𝑐𝛾 + 𝑟𝑠𝛾)

𝛿2 − 𝑟𝑐𝑟𝑠𝛾𝛼
 (2.58) 

Where 𝑟𝑐,𝑠=1 for TE modes and (
𝑛𝑐𝑜𝑣𝑒𝑟

𝑛𝑐𝑙𝑎𝑑
)
2

for TM modes. 

In Chapter 3, an example waveguide design discussed specifically for siloxane polymer. 

2.4 Optical Waveguides Structures for Sensing 

Guided-wave optics has made significant advances in the last few decades due to the high 

demand for miniaturization in the optoelectronic and semiconductor industry. Optical 

interrogation and sensing principles have been established. This section introduces the reader 

to the main concepts of different integrated waveguide sensors. 

The main benefits of the waveguide approach are high sensitivity, scalability, compactness 

and compatibility with current PCB manufacturing processes. Several LOC technologies can 

be integrated onto waveguide based sensor designs incorporating microfluidics, light sources 

and detectors as well as on-board signal processing. Waveguide structures can be categorized 

into the following three main types: 

Slab waveguides were the first to be introduced at the advent of guided-wave optics. 

Optical propagation is based on simple planar geometry and allows simple analytical solutions 

for designs and sensitivity analysis as they can be easily modelled by a three-layer system. 

The main advantages being of this planar structure include easier fabrication and larger 

sensing area. Moreover, the light is only confined in one direction. 

Rectangular waveguides are defined in terms of cross section and are also called strip or 

channel waveguides. There are a few variations of this type, based on how it is etched out of 

the substrate (ridge or buried). The main advantage of rectangular shaped waveguides is the 

higher confinement of light in the core and optical path length optimisation, which allows 
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more advanced optical interrogating structures to be realised, such as interferometers or 

resonators. Due to the more complex geometry of the waveguide, approximations have to be 

used to design and simulate, which can be complex and inaccurate. 

Circular waveguides, most commonly in the form of optical fibre, are the most used 

guiding structure for optical communications. The biggest advantage of optical fibres for 

sensing applications is their capability to be used as an optrode (or probe). Usually one end 

of the fibre is used as the sensing site, which can be inserted into the sensing medium in 

in-situ or in-vivo configurations. The deposition of the recognition layer is very easy as the 

cladding can be just peeled off from the core. 

Coupling light into these optical structures can be cumbersome and usually results in one of 

the greatest optical power losses in the system. The wavenumber of the wave guiding structure 

along the direction of propagation is called the propagation constant, which is generally larger 

than the wavenumber of light that propagates in vacuum or air. The ability to couple light from 

air into the waveguide is dependent on matching the wavenumbers of light in the two different 

media. There are four main techniques to achieve this process as illustrated on Fig. 2.9. 

• Gratings can be fabricated on the top of the surface which adds a grating vector to the 

light wave and therefore matches the wave vectors in the waveguide [2.10]. 

• Integrated 45 ̊ mirrors can be fabricated by different methods from laser ablation 

[2.11] to laser writing [2.12] with losses as low as 0.3-0.8dB/ mirror. Mirrors can 

be used for both in- and out-of-plane coupling with great efficiency. However 

they are prone to surface roughness and non-optimum angles, which can lead to 

serious performance degradation. Air exposed mirrors are also affected by moisture 

in the air, which can affect the reflectivity of the mirror. Metallization of the mirror 

is preferred [2.13-14] as it can increase the reflectivity of the mirrors. 

• A prism can also be used to couple light into planar waveguides. However, they tend 

to be bulky and therefore are not favourable for highly integrated designs. A prism 

with a higher refractive index compared to air is placed close to the waveguide 

surface with a thin air gap (0.5-1um) in between. The light undergoes total internal 

reflection in the prism at the angle larger than the critical angle. The transverse field 

distribution extends outside the prims and decays exponentially in the air gap. When 

the thickness and interaction length of the air gap are appropriate, wavenumber 

matching occurs. The same operation can be reversed coupling light out from the 

planar waveguide to free space. 
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• End-fire-coupling is a technique where the light is coupled by directly focusing the 

beam at one end of the waveguide. Lensed optical fibres are usually used in order to 

efficiently couple light in at one end and multimode fibre to output couple at the 

other. 

 

Figure 2.9 – Different methods of light coupling 

 

Evanescent Field Sensing 

Waveguides are used to confine optical power and provide directional propagation governed 

by Total Internal Reflection. Although the light is confined, there is a part of it that extends 

outside of the wave guiding core into the outer medium. As it travels at the interface it 

interfaces with the outer environment. This phenomenon has been characterised by Tiefenhaler 

and Lukosz [2.9]. The evanescent field decays exponentially normal to the direction of 

propagation into the cover medium, thereby making the propagating light within the core 

sensitive to changes in refractive index and absorption changes of the cover layer. The cover 

layer can be a recognition layer allowing selective binding of target molecules or a bulk 

chemical compound. 

which is normally an uncladded section of the waveguide covered in a recognition layer. 

Typically the  evanescent  field  depth  is  between  100-500nm,  which  is  a  limiting  factor  

for evanescent field wave sensors in terms of the type of target molecules as well as sensor 

sensitivity. 
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This sensing technique is suitable for analysing ultrathin recognition layer thicknesses below 

the interrogating wavelength. Both absorption of the bulk material in the cover medium and 

refractive index changes can be monitored. Adsorption/binding of a target molecule results in 

phase velocity changes of the guided mode in the waveguide. 

𝑣𝑝 =
𝑐

𝑛𝑒𝑓𝑓
 (2.59) 

𝑛𝑒𝑓𝑓 = 𝑛𝑒𝑓𝑓(𝜆, 𝑛𝑐 , 𝑛𝑐𝑙,𝑛𝑠, 𝑡𝑎𝑑 , 𝑑, 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛) (2.60) 

The sensitivity of the measurement of the physical or chemical quantity present in the cover 

layer depends on the strength and distribution of power in the waveguide layers. In general, 

the design task is to optimise the waveguide design to maximise the sensitivity of the quantity 

to be measured. Evanescent field sensors are an actively researched area and there are several 

novel waveguide structures available, a few of which are briefly explained below. More 

sensitivity analysis and design examples for siloxane polymer waveguide technology will be 

discussed in Chapter 3.2.1 in detail. 

Anti-resonant reflecting optical waveguides 

The anti-resonant reflecting optical waveguide (ARROW) is a five layer guiding structure 

(Fig. 2,10) where light confinement is achieved by total internal reflection at the 

cover/recognition layer interface and anti-resonant reflection (99.99%) below the core due to 

the presence of the double cladding layers. 

 

Figure 2.10. – ARROW Structure 

This leaky waveguide structure is based on virtual mono mode behaviour. Higher order modes 

are filtered out by loss discrimination due to the low reflectivity assured to these modes by 

the two cladding layers. The refractive indices and cladding thicknesses have to be accurately 

designed for the operational wavelength in order to provide high reflectivity and guiding 

capabilities. These structures have been realized using both silicon and polymer materials. 
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There are several benefits of using ARROW waveguides, such as larger permitted dimensions 

(micro instead of nano meters), and therefore better light coupling efficiency is possible. Better 

optical light confinement in the low index material is possible providing higher sensitivities. 

Thus, it is an attractive choice for sensing applications [2.13-15]. More advanced structures 

can be realised such as Mach-Zehnder interferometers [2.16]. 

Metal Clad Leaky Waveguides 

Metal-Cladding Leaky Waveguides (MCLWs) are four-layer waveguides – composed of a 

light guiding core with a cladding and a thin metal layer sandwiched between the two 

dielectric layer. This structure has also attracted considerable attention due to the enhancement 

of sensing capabilities with respect to traditional waveguides based on high index guiding 

films. Similar to normal planar optical waveguides, the light is confined by TIR at the 

core cladding interface. However, at the core-metal interface Normal Reflection (NR) occurs. 

As a result, modes propagating into the structure are not truly guided and are called “leaky 

modes” [2.18]. The main benefit of using this structure is the enhancement to the evanescent 

penetration into the fluidic medium which normally has refractive index around 1.33 for a 

water based carrier fluid. It is possible to maximise the penetration depth of the guided mode 

within the recognition layer,  with a resulting higher light analyte interaction and therefore 

better sensitivity. On the other hand – as a result of the NR – it also results in high losses, 

which limits the interaction length of the sensor. 

Hollow Waveguides 

Hollow waveguides allow optical power confinement within the solution to be analysed in 

the waveguide core, which is made of the low-index liquid containing the analyte. The liquid 

core with a refractive index of 1.33 guides the light between two carefully designed cladding 

layers designed to produce the necessary anti-resonant reflection. This structure shown on Fig 

2.11 allows maximum excellent light matter interaction – as the light confinement in the target 

medium is 100 percent. One example of this type of sensor is in [2.19]. 
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Figure 2.11. - Hollow waveguide structure 

 

Slot Waveguides 

The sensitivity of the waveguide sensor is highly dependent on the amount of light 

(confinement) in the sensing medium. Recently slot waveguide structures have been a 

relatively new and highly researched area. The structure is made of two strips of high refractive 

index material separated by a slot (Fig. 2.12). It supports a single quasi-transverse electric 

(TE) mode, highly confined in the low index submicrometer gap between the two strips [2.20-

21]. This structure is highly sensitive to interactions taking place in the slot region, where the 

analyte transport fluid is situated. The wave guiding structures are designed to support single-

mode behaviour. The sensitivity can be further enhanced by the addition of multiple slots 

[2.20]. 

 

Figure 2.12 - Hollow waveguide structure 
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The main disadvantage of a using slot structure is the high cost of development and fabrication, 

as it can be only carried out by electron beam lithography. Moreover, the waveguide 

dimensions are in the nanometer range resulting in a very high coupling loss, which is a great 

practical issue in the case of a low cost lab-on-chip sensor development. This structure – as all 

the previously mentioned – can also be used for more advanced optical interrogation, such 

as microring resonators or interferometry [2.22], which will be discussed later. 

2.5 Conclusion 

This chapter has provided a brief overview of different optical transduction mechanisms. 

Fundamental optical concepts have been overviewed, and then their potentials and 

limitations for lab-on-chip applications. A lot of the mentioned sensor designs were based on 

high refractive index materials from group IV semiconductor materials such as silicon. 

Group III-IV material-based sensors have been played a major role in the development of 

integrated photonic sensor systems. It is mainly due to their high optical confinement and 

extremely small dimensions allowing highly sensitive and compact devices to be realised. 

However, the low index materials based on polymer materials are becoming an attractive 

choice due to their low production and development cost as well as favourable loss 

characteristics compared to silicon in the visible optical range. Low index materials also 

provide higher chemical flexibility as they can be easily functionalised for different binding 

agents. Fabricating materials and structures based on polymers are cheaper and more 

available than their silicon counterparts as simple photolithography and nano-imprinting 

can be used with matching accuracy. Not to mention the fact that polymer materials are 

more environmentally friendly and require smaller efforts in their disposal. 
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Chapter 3 -Optical waveguides based on 

siloxane polymer for sensing applications 

3.1 Introduction 

The research carried out by the Photonics group in the Engineering Department has included the 

integration of polymer optical waveguides with electronics onto standard printed circuit boards 

(PCBs) for the formation of cost-effective high-speed board-level optical interconnects. The work 

in board-level polymer waveguide technologies has demonstrated the potential to produce cost-

effective electro-optic (EO) PCBs using conventional manufacturing methods of the electronics 

industry. Proof-of-principle PCB-integrated optical units have been fabricated onto low-cost FR4 

substrates exhibiting excellent optical transmission characteristics and achieving high-speed on-

board optical interconnection [3.1-2]. The further integration of sensing elements onto such 

electro-optic (EO) PCBs can enable the formation of low-cost PCB-integrated optical sensor 

modules suitable for large-scale manufacturing.  

Research work has been recently carried out in collaboration with the Chemistry Department at 

Cambridge towards the development of a PCB-integrated optical gas sensor based on the polymer 

waveguide technology. As a proof-of-principle demonstrator, an NH3 optical sensor has been 

produced on low-cost substrates achieving detection sensitivity of 30 ppm [3.3]. The potential to 

sense multiple analytes from a single device has also been demonstrated. The aim of this work 

summarised in this thesis is further applying this technology in bio-medical sensing applications 

by developing low-cost polymeric optical sensors suitable for use in clinical environments. In this 

chapter, a brief overview of the siloxane polymer-based waveguide technology is presented 

introducing the features of the polymer material.  

Followed by a design and sensitivity analysis of the key sensing waveguide structures that can be 

used for porphyrin-based recognition layer interrogation. 
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Overview of siloxane polymer-based waveguide technology 

The ever-increasing demand for short optical transmission links in modern communication 

systems was the main drive for developing optical interconnects. This demand is mainly driven by 

companies specialised in storage area networks, supercomputing networks and data centres. The 

idea of replacing the conventional copper-based interconnections with optics was first proposed in 

1984 by Goodman et. Al. [3.4]. Since then a large amount of research has been done proposing the 

deployment of optical interconnects within electronic circuits. [3.5-8.] It is now well established 

that optics promises a great solution that offers the following important advantages over the electric 

counterparts. 

Advantages include:  

• Larger Bandwidth 

• Lower Power Consumption 

• Better Crosstalk Performance 

• Higher Interconnection Density 

• Better Scalability 

The recent advancement in board level optical communication, including chip to chip 

interconnection using hybrid electro-optic printed circuit boards, paved the way for advanced 

integrated optoelectronic devices in both communication and sensing.  

Electro-optical integration requires the use of compatible materials, waveguides and other 

subsystems with existing PCB fabrication technologies. The summary of the requirements for such 

integration are as follows: 

• Reliable low-cost materials compatible with the existing PCB technology standards 

• High-speed, low-power and low-cost optoelectronic components 

• Simple and cost-effective coupling and packaging schemes 

There are a wide range of optical waveguide materials available, including silicon (Si), silica 

(SiO2), lithium niobate (LiNbO3), III-V Group Semiconductors such as indium phosphide (InP), 

Gallium Arsenide (GaAs) and of course polymers. The properties of these materials are 

summarised in the table below.  
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Table 3.1. – Summary of different optical waveguide materials. [3.9.] 

Material Propagation Loss (dB/m) Ease of Fabrication Cost 

Silicon (Si) 0.1 Medium Medium 

Silica (SiO2) 0.1 Medium Medium 

Lithium Niobate 

(LiNbO3) 
0.5 Hard High 

Indium Phosphide 

(InP) multistep 

processes 

3 Hard High 

Gallium Arsenide 

(GaAs) 
0.5 Hard High 

Optical Polymers 0.1 Easy Low 

 

Silica and Silicon are the most widely used materials for planar lightwave circuits due to their 

advantage of having a refractive index perfectly matched to silica fibre and as well as low 

propagation loss. However, the fabrication process is more complex and expensive than polymers. 

Lithium niobate and III-V group semiconductor materials have been extensively researched. 

However, these materials have high propagation loss (Table 3.1), and both of them involve 

expensive and highly complex fabrication procedures. Optical polymer materials can be 

chemically engineered to exhibit favourable optical properties, such as low birefringence and 

absorption loss at the wavelength of interest. One of the most appealing aspects of polymers is 

their low cost and stable optical properties even under thermal and mechanical stresses and 

exposure to humidity [3.10.]. All these characteristics make polymer an ideal candidate for the 

future integrated optical devices. 

Type of polymers 

The quality of optical polymer materials have seen significant improvement in controlling of the 

optical and thermal characteristics of the material. Optical polymers have proven to exhibit 

excellent performance in demanding environments and low propagation losses (0.1 dB/cm) [3.11] 

There are several examples of polymer-based sensors in Chapter 2.2 proving the great versatility 

of this material. The most commonly used polymers are SU-8 [3.12], fluorinated polymide [3.13], 

benzocyclobulene [3.14], polymethylmethacrylate (PMMA) [3.15]. The majority of the polymers 

used in photosensitive patterning are epoxies, acrylates, polymides and siloxanes, which are 
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suitable for photolithographic fabrication methods. More information about the different 

fabrication methods are in the next section. 

One of the key attributes of optical polymers is low intrinsic loss, which is an important factor as 

device dimensions start to increase (e.g. above 1-2 meters in optical backplane applications). 

Intrinsic loss also determines the optical power attenuation, which effects the link budget from the 

sensing point of view, an ideal handheld device need a long battery life and therefore requires low 

power consumption. As a result, the transmitting medium has to be optically as transparent as 

possible at the wavelength of interest. 

Intrinsic loss can be divided into absorption and scattering losses. The first can be attributed to 

electronic and vibrational absorption due to molecular vibrations and fundamental electron 

excitation. By carefully designing the molecular structure of the material, it is possible to tailor the 

absorption spectrum to the wavelength of interest. For example, by adding hydrogen atoms by 

halogen atoms in acrylate materials (e.g. PMMA) absorption around 1550 nm can be significantly 

reduced. Scattering losses are caused by density fluctuations, compositional inhomogenities and 

induced stresses. However, these are typically very low in polymers [3.16]. Siloxane material 

exhibits very low optical absorption in the visible part of the optical spectrum (Fig. 3.1). Most of 

the aforementioned recognition layers that were discussed are reactive in the visible range, which 

make this particular material a good candidate for optical sensing. 

 

Figure 3.1 - Loss vs Wavelength Spectrum for siloxane polymer material from 400nm-1600nm [3.16] 

In order to ensure polarisation insensitivity (polarisation dependent loss) and birefringence in the 

optical layer. It is important to minimise the birefringence of the material and changes in the in 
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molecular orientation during manufacturing or induced material stress due to mismatched of the 

thermal expansion coefficient between different layers can affect it. However, it can be minimised 

through careful design of material composition. Fortunately, polymers usually have very low 

birefringence (< 10-5) [3.17]. 

The refractive indices of the optical polymers are usually between 1.2 and 2. It is also possible to 

tune the refractive index of the polymer by blending and copolymerising different organic groups 

and carefully selecting their mixture ratio [3.17]  

Good resilience to high temperature changes is also a vital property of the material in order to 

ensure the compatibility of the technology processes of the conventional PCBs and long-term 

reliability. In the case of OE PCBs, it is essential that the material is capable of maintaining its 

optical characteristics during such as soldering (250 0C) and lamination (1800C) in the PCB 

manufacturing process. Moreover, a high degree of process ability and manufacturability is also 

required for PCB integration, such as adhesion, dicing, etching and coating. 

Waveguide Components 

Ever since researchers began to show interest in the polymer waveguide technology in the early 

90’s, several different fundamental components have been developed. This chapter will give a 

short overview of basic active and passive components.  

Active Components 

There is an increasing demand for on-board optical links creating a necessity for active 

optoelectronic components. These components need to be low powered, high-bandwidth and low 

cost, while allowing high density integration on the conventional printed circuit boards. The most 

commonly used laser sources are VCSELs due to their low threshold current, high modulation 

bandwidth and wide operating temperature range (-55 C0 to +125 C0). Most VCSEL-s operate 

within the data communication windows at 850nm, 950nm for polymer fibre optical links. Thanks 

to its maturity, and low cost it is widely used in the industry. [3.1-2, 3.6] In sensing, it is more 

difficult the find a reliable low cost high power source due to fact that these applications often 

require to operate at shorter wavelengths. In most of the cases they used light emitting diodes. 

For light detection, PIN photodiodes and metal-semiconductor photodetectors (MSM) are the most 

widely used components [3.18] The detector needs to be carefully chosen based on the desired 

application considering sensitivity, operating wavelength, waveguide dimensions and the light 

coupling scheme employed.  

Passive Components 

Different components capable of providing the same functionality as electric wiring technologies 

are the key goal for this technology. [19] Efficient and simple implementation of point to point 
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and point to multipoint optical connections are the most fundamental requirements and these 

include bends, crossing, signal splitters and combiners.  

 

Figure 3.2 - Microscope images of fabricated waveguides without top cladding, (a) crossings, (b) Y-

splitters and (c) straight waveguides [3.16] 

Fig 3.2 illustrates a few fundamental components, such as 900 crossings, which has an important 

role in on-board optical links, where the density of integration is very high. The aim is to minimise 

the cross talk and the loss. Crossing loss is a result of strong diffraction of the guided mode at the 

intersections when incident light in one waveguide comes to the point of the intersection region 

and diffracts into the crossing waveguide crossing or into radiation modes [3.6]. In [3.7], a 

multimode polymer waveguide crossing was implemented with loss as low as 0.02dB per 900 

degree crossing. 

Splitters and combiners are often used in integrated optics for various different purpose such as 

power or mode division. Power splitters are usually composed of symmetrical Y-branches 

composed of two identical regions with a small divergence angle between them. The most 

important aim is to minimise the radiation loss, which can be done by minimising the branching 

angle and increasing the length. Some work has been done with multimode 1x4 and 1x8 power 

splitters and combiners with excess losses as low as 0.11 dB. [3.20] There is a more detailed 

discussion about symmetric and asymmetric waveguide junctions in Chapter 4. These simple 

structures can be used to realise more advanced interrogating techniques such as interferometers, 

which have seen widespread adoption in both optical communications and biochemical sensing. 

3.2 Siloxane polymer-based optical waveguide structures for biochemical 

sensing 

Optical planar waveguides are widely used for chemical and biological sensing (several examples 

were discussed in Chapter 2). Different structures have been developed aiming to enhance the 

sensitivity of the optical interrogation. Several different structures have been investigated to be 
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used in conjunction with the Dow Corning siloxane polymer material at a standard sensing 

wavelength window of 420 nm. This chapter summarises the design process for single mode 

siloxane waveguides in detail. Moreover, it investigates how evanescent field localisation 

techniques can enhance the sensitivity. The waveguides structures were designed using 

FIMMWAVE software, where various mode solving techniques are available. Effective index 

approximation [3.21] was used due to its speed and ability to solve both real and complex refractive 

index profiles. Both two and three-dimensional structures can be modelled using 

FIMMWAVE/FIMMPROP and the results were analysed in MATLAB. Three dimensional 

structures were modelled using a built-in bidirectional eigen-mode expansion method in 

FIMMWAVE. One of the main focus of this thesis is to investigate the applicability of Siloxane 

polymer-based waveguide sensors for the use of brain microdialysis. ISCUSflex – which is the 

industry standard microdialysis instrument — uses Quinoneimine dye, which is an irreversible dye 

used for brain microdialysis having an absorption maximum at 530 nm. Alternative recognition 

elements and sensor technologies are discussed in the Appendix. As it is discussed in Chapter 5.4 

our choice of recognition material is porphyrin, where the operational wavelength is 420 nm. At 

this wavelength, the refractive index of the siloxane material 1.55333 and 1.55033 for the core and 

cladding respectively. 

3.2.1 Waveguide design 

A key step in designing siloxane polymer-based waveguide sensor is to define the cut-off 

dimensions. If the dimensions are greater than cut-off the waveguide becomes multi moded. In 

general, single mode interrogation yields better sensitivity and stability for two main reasons. The 

overall sensitivity is dependent on modal distribution, and therefore it will be dependent on fibre-

waveguide launching conditions. Moreover, different modes will have different penetration depths 

into the recognition layer, experiencing different modal absorption. As a result, the modal 

sensitivity will be highly dependent on recognition layer thickness as well, which might be difficult 

to control. However, there are some cases, where few-moded operation is beneficial. This issue 

will be discussed in detail in Chapter 4, where a novel sensor architecture is proposed in order to 

overcome this effect. 

Numerical calculations were performed using a mode solver (in FIMMWAVE) in order to find the 

effective indices of the modes inside the waveguides.  The fundamentals of these calculations were 

introduced in Chapter 2.3 such as the eigenmode equation 2.55-2.58. Fig 3.3 shows the emergence 

of optical modes in the siloxane based optical waveguide as the square cross section of the 

waveguide is increased. 
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Figure 3.3- Effective index calculations for modes emerging (from cladding RI) as waveguide 

dimensions increased 

The waveguide permits only one mode to propagate until the dimensions are greater than 2 µm in 

width and thickness. Both transverse electric and magnetic modes (TE1&TM1) have good field 

confinement(𝛤𝐴) at 70 and 71 percent (calculated by FIMMWAVE), while the 2nd order modes 

have minimal present in the guiding core with less than 1 percent. Fig. 3.4 shows the evolution of 

mode confinement within the waveguide core as its dimension increased. Simulation results the 

same values for TM modes, therefore only TE is shown. 

 

Figure 3.4 – Mode confinement for TE modes as a function of waveguide core dimension 
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Mode confinement factor can be used to estimate model loss due to material absorption in 

a given region. 

𝛼𝑚𝑜𝑑𝑒 = 𝛤𝐴 𝛼𝑚 (3.1) 

Where 𝛤𝐴 is the confinement factor for a region A of the waveguide with material 

absorption coefficient αm. The confinement factor is the modal energy density confined 

within a region of a waveguide (in the above case within the core). It can be calculated as: 

Γ =
∫Pmode dA

∫Ptotal  dA
 (3.1) 

 

The field profile of the two modes are below. 

  

Figure 3.4 – Field profile images in the waveguide cross section for TE1 and TE2 modes 

In general, strong confinement in the core is essential in most cases in order to maximise coupling 

efficiency and minimise scattering loss. However, with such a small core index difference it is 

difficult to achieve. Making the coupling section of the sensor from a different material than the 

sensing section would increase fabrication complexity as well as increase significant light 

scattering between the two sections due to the abrupt change in index profile. On the other hand, 

weakly guiding polymers have the advantage of larger than usual evanescent penetration, which 

can be very attractive for sensing applications. 

Evanescent Field Penetration 

Evanescent field sensors are based on the principle of effective index changes due changes in 

adlayer (t𝑎𝑑) thickness, waveguide core (n𝑐𝑜𝑟𝑒 ) and or index changes due to cover layer (𝑛𝑠) 

(recognition layer or sensing layer) [3.22]. In this thesis neither core index or adlayer thickness 

changes are considered as they are outside of the scope of this work. 

Δn𝑒𝑓𝑓 = (
𝜕 n𝑒𝑓𝑓

𝜕 t𝑎𝑑
)  Δt𝑎𝑑 + (

𝜕 n𝑒𝑓𝑓

𝜕 n𝑠
)  Δ𝑛𝑠 + (

𝜕 n𝑒𝑓𝑓

𝜕 n𝑐𝑜𝑟𝑒
)  Δn𝑐𝑜𝑟𝑒 (3.2) 
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Based on equation 2.41 and 3.2, a relationship between sensor sensitivity and sensing layer sensing 

refractive index changes can be derived for a three layered planar waveguide [3.22]. The effective 

waveguide thickness can be expressed as: 

 

d𝑒𝑓𝑓 = 𝑑 + Δ𝑧𝑐𝑠 +  Δ𝑧𝑠𝑐 (3.3) 

Which states that the total core thickness is the sum of the penetration of the field into the sensing 

layer, substrate in addition to the core itself. 

Δ𝑧𝑐𝑠 =
𝜆

2𝜋
 √n𝑒𝑓𝑓2 − n𝑠2  [(

 n𝑒𝑓𝑓

 n𝑐𝑜𝑟𝑒
)
2

+ (
 n𝑒𝑓𝑓

 n𝑠
)
2

− 1]

𝜎

 (3.4) 

Δ𝑧𝑠𝑐 =
𝜆

2𝜋
 √n𝑒𝑓𝑓2 − n𝑐𝑙𝑎𝑑2  [(

 n𝑒𝑓𝑓

 n𝑐𝑜𝑟𝑒
)
2

+ (
 n𝑒𝑓𝑓

 n𝑐𝑜𝑟𝑒
)
2

− 1]

𝜎

 (3.5) 

Where 𝜎=0 for TE and 𝜎=0  for TM. The well-known sensitivity to refractive index changes to 

sensing layer can be expressed as: 

𝜕 n𝑒𝑓𝑓

𝜕 n𝑠
 = (

n𝑠
 n𝑒𝑓𝑓

) (
 n𝑐𝑜𝑟𝑒

2 − n𝑒𝑓𝑓
2

n𝑐𝑜𝑟𝑒2 − n𝑠2
)(
 Δ𝑧𝑐𝑠
𝑑𝑒𝑓𝑓

) [2 (
 n𝑒𝑓𝑓

 n𝑐𝑜𝑟𝑒
)
2

− 1]

𝜎

 (3.6) 

 

Figure 3.5 – Theoretical sensitivity of waveguide to sensing layer refractive index change for multiple 

modes as function of waveguide thickness, ncore=1.52, ns=1.33 at 675nm wavelength [3.23] 
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Fig 3.5 shows the theoretical sensitivities of different modes as the core thickness of the waveguide 

changes. It clearly shows how different mode propagating within the waveguide core will have 

different sensitivities. These theoretical relationships provide a good understanding of the issues 

and trade-offs for evanescent field sensing, but Fimmwave provides the capabilities to analyse this 

in 3D as it is shown in the following chapters. Moreover, equation 3.3-3.6 shows one advantage 

of siloxane polymer having a low refractive index difference between the core, cladding allowing 

higher penetration depth. 

The siloxane polymer material originally developed and supplied by Dow Corning has 0.003 

difference in the refractive index between the core and cladding. It allows relatively large 

waveguide structures to be realised. Fig 3.6 illustrates the importance of this parameter, where an 

industry standard material is compared with Dow Corning siloxane polymer. The UV curable 

Ormocore material has refractive index 1.58 and 1.56 for core and cladding respectively. The 

single mode cut off dimensions for Ormocore is 1.24x0.6 µm –as its refractive index difference in 

0.02. 

The field intensity distribution of TE1 and TE2 within the waveguide cross section are illustrated 

on Fig. 3.6. In the model a 200 nm sensing layer is introduced with refractive index of 1.45. In 

addition, a water medium (RI=1.33) is also present on the top of the sensing layer as it would be 

present in any water based biochemical sensor. 
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(b) 

Figure 3.6 – Field intensity profile on (a) waveguide cross section showing the evanescent field 

penetration depth (b) into cladding for Ormocore polymer materials at 420nm wavelength based 

on 1.24x3µm cross section core 

The light confinement is extremely low due to the abrupt change in refractive index at the interface 

of waveguide core, sensing layer and liquid medium. This topic is discussed in the detail in the 

following chapters. 

Table 3.2-  Simulation results comparing Ormocore and Siloxane polymer materials in terms of 

light confinement and penetration in sensing layer. 

 Ormocore Siloxane 

Dimensions 1.24x0.5µm 2x3µm 

Penetration ~0.2µm ~1µm 

Confinement Factor 0.2% 1% 

 

Larger dimensions allow better optical power coupling efficiency for the waveguides and relaxed 

alignment tolerances for the sensor chip. Both evanescent penetration and electric field 

confinement is significantly better for the siloxane material due to its small refractive index 

difference. The effects of misalignment tolerance on sensing performance in discussed in Chapter 

4.6. 
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The standard waveguide structure has a top cladding which increases the confinement in the 

waveguiding core. It has a symmetric refractive index profile, where both top and bottom claddings 

have matching refractive index. However, in case of evanescent field sensing this is not appropriate 

as evanescent field decay length is only a few 100s of nanometres, ultimately limiting its sensitivity 

and applications. As a result, symmetrical waveguide structures (Fig. 3.7) are normally used in the 

coupling section of the sensing chips, where good strong light confinement is required. 

 

Figure 3.7 – Symmetric and unclad waveguide structures 

The coupling structures are usually followed by the unclad section, where the light guided in the 

core has direct contact with the covering medium – where the recognition layer is deposited – 

allowing the evanescent field to propagate through the covering medium/core interface. It results 

in a highly leaky behaviour with strong light scattering. Moreover, the low index (1.33) of the 

typically aqueous covering medium pushes the field profile away from the interface, reducing the 

sensitivity. In the case of absorption-based interrogation, the sensitivity is linearly proportional to 

the light confinement in the recognition layer.  Therefore, various novel structures have been 

proposed to increase the light confinement in the sensing layer. 

3.2.2 Optical field localisation for sensitivity enhancement 

Different composite waveguide structures have been proposed [3.24], which aims to manipulate 

the optical field profile distribution in the waveguides. The introduction of a high index layer (such 

as Ta2O5) or a low index metal layer (Aluminium) below the core in the sensing section can 

compensate for the optical field shift created by the low index liquid medium in the sensing section. 

Slot waveguides have also attracted considerable attention. However, it was not possible to design 

these with such a low refractive index difference between the core and the cladding. Fig. 3.8 

illustrates the issue with the abrupt change in the refractive index profile as well as on the 
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evanescent field. In this chapter, a sensitivity analysis will be discussed through the introduction 

of composite waveguides. 

 

(a) 

 

(b) 

Figure 3.8 – Schematic showing the refractive index profile of the coupling (a) and sending section 

with the light propagating through the structure and (b) its effect on field profile 

Inorganic composite waveguides based on Ta2O5 have shown promising results in compensating 

field profile shift due to ambient refractive index shifts (water molecules near unclad sensing 

section) as well as enhancing sensor sensitivity [3.24]. High quality ultra-thin layers of Ta2O5 can 

be formed by standard plasma sputtering [3.25]. Plasma deposition allows high degree of control 

over the thin film thickness (down to a few nanometers). 

 

 

Figure 3.9. – Structure of metal-cladded leaky waveguides 

The introduction of a high index (RI=2.22 at 420nm) Ta2O5 layer on the top of the core layer can 

compensate the optical field profile shift as represented on Fig. 3.10 (a). The optical confinement 
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in the core reaches a maximum of 74 percent at 18 nm of Ta2O5 thickness. At the same time the 

sensing layer confinement may be increased up to 14 percent. However, the optical waveguide 

mode becomes fully coupled into the thin film above 18 nm. A fully coupled slab-like waveguide 

mode would result in an abrupt profile change at the end of the sensing layer resulting in significant 

losses. An optimal point is reached at 15 nm Ta2O5 thickness as shown on Fig. 3.10 (a), when the 

sensing layer confinement is 4 percent and the light is still mainly guided in the waveguide core. 

 

(a) 

 

(b) 

Figure 3.10 – Simulation results showing how core confinement increase (a) with Ta2O5 and its (b) 

corresponding optical field shift at 0 and15nm 

In the case of evanescent field sensing the sensitivity can be scaled up by simply increasing the 

interaction length between the recognition layer and the wave guiding film. However, it is 

important to carry out the required estimation through the appropriate analysis. 

In the case of bulk absorption sensing, the optical power P0 propagating through a waveguide with 

length of l can be expressed as 

𝑃𝑙 = 𝑃0 𝑒
−
4𝜋
𝜆
 𝑛𝑒𝑓𝑓 l (3.7) 

Where λ is the operating wavelength and 𝑛𝑒𝑓𝑓 is the complex effective index. Every waveguide 

contains a constant part of the imaginary part of the refractive index due to material absorption 

(scattering losses). In our case it is not incorporated as it is negligible compared to the absorption 

of the actual sensing interaction. The complex effective refractive index of the propagating mode 

(𝑛𝑒𝑓𝑓) is given by the expression: 

jKnn r

effeff −=
 

(3.8) 
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where 𝑛𝑒𝑓𝑓
𝑟  is the real part of the effective refractive index which depends on the waveguide 

parameters and light wavelength, while K is the imaginary refractive index that depends on the 

absorption of the sensing layer and outer medium.  

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = log (
𝑃𝑙
𝑃0
) = 𝑙𝑜𝑔 (𝑒

4𝜋
𝜆
К 𝑙) (3.9) 

The imaginary refractive index K can be evaluated using the absorption coefficient of the glucose 

at a given wavelength and its concentration based on equation (4.3). A change in analyte 

concentration translates into changes in the absorption coefficient of the waveguide modes [3.26]. 

The molar extinction coefficient (Ɛ) can be used to describe absorption lines or bands and their 

typical values can be calculated from published data. The value of 휀 is 105 mol-1cm-1at 420 nm (at 

1 mM concentration) for a porphyrin dye [Porphyrin Ref]. By using this parameter together with 

Lambert-Beer`s law, the imaginary part (K) of the complex modal refractive index can be 

calculated. It changes as a function of glucose concentration, but the deviation in magnitude of 

𝑛𝑒𝑓𝑓
𝑟  is negligible compared to the change in K [26]. 

By using Beer-Lambert relationship, the following relationship can be expressed, where the l is 

the length of the path and C is the concentration in moles. 

𝐴 = 0.4343
4𝜋

𝜆
К 𝑙 = ɛ 𝐶 𝑙 (3.10) 

К =
ɛ 𝐶  𝜆

4𝜋 0.4343
 (3.11) 

К =
ɛ 𝐶  𝜆

4𝜋 0.4343
 (3.12) 

К = 0.18323 ɛ 𝐶 𝜆 (3.13) 

This expression of К would be true if all the light would be coupled into the sensing layer. 

However, only part of the optical field is propagating in the sensing layer and as a result, the 

absorption experienced by the optical field is scaled by the confinement factor (𝛤) of the optical 

power within the sensing layer. This allows the calculation of the effective imaginary refractive 

K’ of the optical mode which is given by:  

К` = 𝛤 К = 0.18323 ɛ 𝐶  𝜆 𝛤 (3.14) 

Fimmwave calculates K’ by taking the overlap integral of the field profile in the sensing layer 

region where the absorption coefficient is defined by 𝛼𝑚 =
ɛ 𝐶

0.4343
 

The effective waveguide loss due to the absorption in the sensing layer can be calculated by 

Fimmwave and is expressed as, 
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𝛼′𝑚 =  𝛤
ɛ 𝐶

0.4343
 (3.15) 

As an example, glucose concentration between 0-5.4 mM is equal to a material absorption 

coefficient (𝛼𝑚) between 0 and 500 cm-1 when the optical power confinement is 4%. Table x. 

shows the relationship between the material absorption parameter and corresponding modal 

absorption parameter calculated by FIMMWAVE. The model is good agreement with the 

equations derived above. 

Table 3.3. – Calculated modal absorption parameters and their relationship with confinement 

𝛼𝑚 𝛤 1 𝛤 2 𝛼1 𝛼2 𝛼𝑚1/ 𝛤 1 𝛼𝑚2/ 𝛤2 

0 4.02E-03 1.04E-03 -1.01E-26 1.04E-27 0.0 0.0 

100 4.01E-03 1.04E-03 0.396838 0.102757 98.8 98.9 

200 0.004014 0.001038 0.793588 0.205468 197.7 197.9 

300 0.004014 0.001038 1.19016 0.308083 296.5 296.8 

400 0.004013 0.001037 1.58647 0.410558 395.4 395.7 

500 0.004011 0.001037 1.98242 0.512843 494.2 494.7 

 

The sensor response is shown Fig. 3.11, where the optical power decreased as the glucose 

concentration increased. An inverted waveguide structure was used in this case, as it was in [3.24] 

in order to minimise the scattering effects resulting from the very high index change. Enhancement 

in sensitivity due to surface field localisation is significant. The uncoated waveguide sensor 

showed minimal response even at 1mM glucose concentration, while the composite waveguide 

sensor showed significant change in optical power. 
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Figure 3.11 – Simulation results showing how optical power absorption (normalised) changes with 

glucose concentration increase at different Ta2O5 thickness 

Previously it was mentioned that the sensitivity is linearly proportional to optical light 

confinement, which is the proportion of light confined within the sensing layers, relative to the 

core. The following simulation shown on Fig 3.12 monitored the slope of the sensitivity curves for 

different thin film thicknesses in order to find the optimal thickness at which the sensitivity is 

maximised (dB/M). The trend is similar to what was expected from the 2D analytical results shown 

on Fig 3.5 where the sensitivity of the modal absorption showed an optimum point for effective 

core thickness. 

 

Figure 3.12 – Sensor sensitivity optimisation for Ta2O5 thickness for TE1 and TE2 modes at 1mM 

glucose concentration 

The sensor sensitivity is maximised just before 16 nm of thickness, where the light confinement 

in the sensing layer is maximised as well. Beyond this point, the thin film becomes guiding and 

therefore becomes a slab waveguide itself, which is not ideal from the point of light coupling. 

The optical interrogation is performed by the evanescent field with a limited penetration depth into 

the recognition layer. As a result, the sensitivity is also dependent on recognition layer thickness. 

Fig. 3.13 below shows how this can affect the sensitivity. 
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Figure 3.13 – Sensor Sensitivity dependence on porphyrin-based recognition layer thickness at 16nm 

of Ta2O5 at 1mM glucose concentration 

The designed inverted waveguide supports only one mode, which has a limited penetration. The 

higher the optical field overlap with the recognition layer, the higher the sensor sensitivity. It is 

clear from the results that for over 400 nm of thickness the sensing layer is thicker than the 

penetration depth of the evanescent field yielding no further enhancement in sensitivity. In general, 

thicker sensitivity layer leads to higher sensing performance. However, in terms of binding 

dynamics it also leads to longer response time. Optimising the recognition layer thickness is 

generally more difficult than adapting the dielectric layers thicknesses as it usually involves 

complex biochemical reactions that can be difficult to fully control. More on this will be discussed 

later in this thesis. 

3.3 Conclusion 

This chapter introduced the reader to the fundamental of siloxane waveguide technology from both 

the data communication and sensing point of view. It provided a brief overview of the key material 

properties as well its benefits. Low index transparent polymer-based sensors generally exhibit low 

optical material absorption in the visible range. By extending the usual working window of 

integrated sensors, it can enable the adoption of this technology, therefore the fabrication of simple 

and cost-effective devices. They allow much greater chemical flexibility than their silicon based 

high index counterparts. Optical polymers can be surface functionalised with a number of 

chemicals using well established techniques. Siloxane polymer material has an extremely small 

refractive index difference between the core and it cladding material. This has several advantages 

that can be utilised in various sensing applications. Increased evanescent field penetration can yield 
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higher sensor sensitivities and allow large structures to be realised using Dow Corning siloxane 

polymer waveguides. Large optical structures have better optical coupling efficiencies and relaxed 

fabrication tolerances, which may lead to faster industry adoption. 

Sensitivity analysis was performed for composite inverted optical waveguides. Simulation were 

presented showcasing how sensor operation can be affected in the present of a liquid cover 

medium. Optical field profile shifts can seriously degrade the sensing performance of biochemical 

sensors. 

An inorganic inverted composite waveguide was designed, where a high index (2.22 at 420nm) 

Ta2O5 thin film was introduced into the top of the core layer. This high index material was able to 

compensate the abrupt refractive index profile change in the sensing layer and increase the optical 

confinement. The designed waveguide structure showed promising results between 0-5.4 M 

glucose concentrations with an interaction length of 5mm. The introduction of this thin film layer 

has significantly increased the performance.  

The sensitivity analysis has introduced the reader to the fundamental limitations of evanescent 

field sensing. The limited penetration depth is limiting the future applications for this technology. 

Careful optimisation is required for all dielectric layers in order to maximised sensitivity, however 

it is difficult to optimise the optical overlap with the recognition layer. Moreover, these simulations 

assumed no other chemical compounds are present in the microfluidic channel, which is not the 

case in any practical applications. These issues are addressed in the following chapter, where more 

advanced optical interrogation techniques will be discussed along with novel methods to overcome 

these problems. 
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Chapter 4- Advanced optical interrogation 

technique based on mode duplex sensing 

4.1 Introduction 

Recent developments in data communications towards achieving higher-capacity optical links 

have created a renewed interest in mode-multiplexed optical waveguide systems, where different 

modes carry different streams of information [4.1]. Asymmetric waveguide Y-junctions have 

been proposed to be used both at the receiver and transmitter end in order to multiplex and de-

multiplex the different propagating modes and efficiently recover the different data streams [4.2]. 

Recently mode duplex optical transmission has attracted some attention in the sensing field as 

well. Several papers have been published for mainly modal interferometric applications [4.3-4.5].  

The previous chapter summarized some of the most well-known waveguide structures that are 

available for evanescent field sensing. All of them can be used to realise a highly sensitive 

integrated optical lab-on-chip sensor. In Chapter 2, several different well-established evanescent 

field-based sensing techniques were presented. However, all of them were prone to the same 

issues: the sensor sensitivity and response time is highly dependent on sensing layer thickness. 

There is a fundamental trade-off between thickness of the sensing layer and response time [4.6]. 

In addition to that, interferents in the liquid cover medium (microfluidic channel) may affect the 

recognition layer, therefore introducing unwanted signal changes.  

In the context of optical sensors, this chapter summarises a novel sensor concept. Asymmetric 

Y-junctions are used in multimode evanescent-wave absorption sensors in order to overcome the 

spurious effects due to absorption changes in the outer medium and improve their operation and 

reliability. The proposed sensor device maintains the fundamental simplicity of multimode 

absorption sensors while overcoming this common issue with such devices. In the sections that 

follow –after a short overview of Y-junction theory, where the design of the proposed waveguide 

sensor is presented and its operating principle is described (section 4.3). Simulation results are 
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reported in Chapter 4.3 demonstrating that the device can efficiently detect the analyte of interest 

with an accuracy better than 99 %, even in the case of a highly-absorbing outer medium with an 

absorption 80 times greater than that of the sensing layer. Finally, section 4.4 concludes the 

chapter. 

4.2 Asymmetric Y-junctions 

Y-junctions unlike most optical devices rely purely on geometry for their functionality. Based on 

the geometry, they can be either symmetric or asymmetric. Symmetric junctions are widely used 

for equal power splitting [4.7-4.10], while asymmetric junctions, can be used for polarisation 

splitting, mode-combining, wavelength multiplexing or as variable power splitters [4.11-4.12]. 

Recently, it was proposed that they can be used for spatial mode multiplexing of a few mode 

fibre. [4.13.] The slow cross-sectional variation of these devices allows adiabatic propagation of 

modes through the junction. The study of this optical waveguide architecture could lead to further 

improvements in both sensing and optical communications. 

4.2.1 Types of Y-Junctions 

A symmetric single-mode Y-junction is wavelength independent and acts as an equal 3dB 

splitter. These have been studied extensively in the past [4.13-4.17]. Their operation can be 

described by considering normal local even and odd supermodes in arm A and B, as shown on 

Fig. 4.1. 

 

Figure 4.1 - (a) Forward and (b) backward modal propagation through a symmetric, single-mode Y-

junction [4.13.] 
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When the branching angle is sufficiently small (<<10), the power of the fundamental mode (FM) 

in the stem will split between the FMs of the output arms equally. It can be also interpreted as 

the excitation of the first-even supermode across the output arms. In the other direction, exciting 

the FM in arms A or B is equivalent to exciting a superposition of both the first even and first 

odd supermodes with equal amplitudes. [4.12.] The single mode stem only allows the even 

supermode from the arms to evolve into the FM of the stem, whereas the odd supermode becomes 

the first or second higher order mode in the stem. Since the stem is single mode, all higher order 

modes are radiated out.  As a result, if two FMs which are of in-phase and equal amplitudes are 

injected into both arms it is equivalent to the excitation of only the first- even supermode and 

hence only the FM is excited in the stem.  

Few-Mode Symmetric Y-Junctions 

The same concept can be extended into few mode symmetric junctions. In this case, the power 

of second mode (first-odd) mode in the stem is equally split into two equal amplitude fundamental 

mode (FM) in the output arms, but with a 1800 degree phase difference as shown on Fig. 4.2. 

 

Figure 4.2 – Evolution of the second mode into the arms of a few mode symmetric junction [4.13] 

If both FMs are excited in the stem equally, the output power in each arm will depend on the 

accumulated relative phase difference between the modes in traversing the Y-Junction. Therefore 

the power at the output arms can vary from 0-100%. The power of the third mode (second even) 

splits equally into identical second (first odd) modes in the arms, as shown below on Fig. 4.3 (a). 



59 

Chapter 4- Advanced optical interrogation technique based on mode duplex sensing 

 

 

Figure 4.3 - Evolution of (a) the third mode and (b) the fourth mode, from the stem through a few-

mode Y-junction [4.13] 

As shown in Fig 4.3 (b), the fourth mode (second odd) splits equally into the same second (first 

odd) modes of the arms, however with a phase difference of 1800 degrees. “The behaviour of the 

junction depends on the phase difference between the same order pairs of even and odd 

supermodes (or between the corresponding pairs of stem modes).” [4.7,4.13]. 

Multimode Symmetric Y-Junctions 

In this case, power splitting depends on the phase difference between the stem modes that 

correspond to same-order pairs of supermodes across the output arms, while all other pairs of 

modes split equally since they are independent of phase. [4.13] The phase difference approaches 

a continuum as the number of modes becomes very high, therefore essentially creating a 3 dB 

splitter, which is independent of mode number, wavelength or index contrast. It is also called a 

reciprocal device, because if all N modes are excited in one of the arms of an N-mode junction, 

only the first N/2 modes can stay in the stem, while the rest are radiated away. 
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Figure 4.4 – Evolution of 2nd mode in arm A through a two mode Y-junction [4.13] 

Single-Mode Asymmetric Y-Junctions 

As mentioned in [4.12], it is possible to create an asymmetric  Y-junction that is capable of mode 

sorting if the two arms differ sufficiently in either their width or refractive indices. The first even 

and first odd local supermode fields simplify and become the FM fields of the wider and narrower 

arms respectively. As the FM in the single mode stem travels through the junction it becomes the 

FM of the wider arm providing that their effective index is closely matched. In the other direction, 

the FM of the wider arm becomes the FM of the stem, while the FM of the narrower arm evolves 

into the unguided 1st order mode, which is then radiated away. 

 

Figure 4.5 – Evolution of FM modes between (a) the wider arm and (b) the narrower arm of a 

asymmetric single mode junction [4.13] 

Few-Mode Asymmetric Y-junctions 
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The most interesting case of the asymmetric Y-junction is when the stem can support two modes, 

while the arms can support only one mode in each arm. As shown below, the FM of the stem 

exits in the wider arms and the 1st-order modes transforms into the FM of the narrower arm, 

providing that the effective index of each of the modes in the stem is closely matched to the 

effective index of the FM in the two arms. This process can be optimised to operate without any 

loss of power and it can also work in both directions. [4.14-4.15] 

 

Figure 4.6 - Evolution of (a) the FM and (b) the second (first-odd) mode between the stem and arms 

A and B of the asymmetric two-mode Y-junction, respectively [4.13] 

Multimode Asymmetric Y-Junctions 

The behaviour of the asymmetric junctions is independent of the phase of each individual mode 

if the transition is adiabatic and the asymmetry is high. This mode sorting behaviour is based on 

the requirement of closely matching the effective indices of each modes. However it is very 

difficult in the case of a multimode junction. If the junction is highly multi moded, the asymmetry 

can be tailored to provide arbitrary tap-off fractions [4.12]. The ability of combining and 

separating modes by using these asymmetric Y-junctions is very promising and makes them a 

highly attractive area of research. 

4.2.2 Design of asymmetric Y-junctions and simulation results 

In the case of a two-mode asymmetric junction with two output arms, the fundamental mode 

(FM) in the stem exits as the FM of the wider arm, while the higher order mode exits as the FM 

of the narrower arm. As described earlier, this is a result of matching of the effective modal 

indices, as the FM has the largest effective index of all modes in the stem and the wider stem has 

the closest match to it from the two arms. In other words, as a mode propagates through a Y-

junction, it evolves into the mode of the output arm with the closest effective mode index. This 
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can only occur if the cross-sectional variations at the junction are sufficiently small, providing 

approximately adiabatic behaviour. The branching/divergence angle (𝜃𝐷, Fig 4.7) and the width 

of the individual arms have to be precisely designed so that there is no higher order mode present 

in the output arms. 

 

Figure 4.7 – 2 arm asymmetric waveguide junction structure  

𝜃𝐷 = 2 ∗ tan
−1 (

𝑆𝑒𝑝

2𝐿𝑎𝑟𝑚
) (4.1) 

The mode conversion can be described quantitatively by the Mode Conversion Factor (MCF), 

which was first described by Burns and Milton [4.10]. It is based on mode analysis and coupled 

mode theory and is a measure of Y-junction asymmetry. As the asymmetry increases, the mode 

separation becomes better as well in the case of the two stem modes in terms of modal effective 

index. Unlike power splitters, in this case the smaller the divergence angle the better (θ D<<10) 

due to the fact the radiation loss is larger as the divergence angle increases. The MCF is defined 

by: 

M𝐶𝐹 =
|𝛽𝐴 − 𝛽𝐵|

𝜃𝐷 𝛾
   (4.2) 

Where, βA and βB are the propagation constants of the modes in arm A and B, θD is the divergence 

angle between the arms and γ is the gamma factor defined as: 

𝛾 = 0.5 √[(𝛽𝐴 − 𝛽𝐵)2 − (2𝑘 𝑛𝑐𝑙)2] (4.3) 

Where 𝑛𝑐𝑙 is the refractive index of the cladding between the two arms and “k” is the free space 

wavenumber. As described in [4.10], the gamma factor together with MCF governs the transition 

boundary between a mode splitter and a power divider. The first requirement for mode sorting is 
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that MCF has to be greater than 0.43, providing a transition boundary between mode-separation 

and power-splitting [4.10]. The MCF depends on the difference of the propagation constants of 

the fundamental modes between the arms. It assumes that no higher-order modes are present in 

the output arms.  

 

 

Figure 4.8 – N-Stem Asymmetric Y-Junction [4.13] 

The same theory can be extended to multimode multi-arm junctions (Fig. 4.8), if the output arms 

are assumed to be single moded. The behaviour of a multi-arm junction can be described by 

applying the same set of rules for all pairs of arms, which is an appropriate assumption 

considering it is a linear device operating purely on phase matching. [4.12,4.11]  

The MCF and the gamma factor of a specific pair output arms i and j is then given by: 

𝑀𝐶𝐹𝑖𝑗 =
1

𝜃𝑖𝑗𝛾𝑖𝑗
|
𝛽𝑖 − 𝛽𝑗

𝑖 − 𝑗
| (4.4) 

𝛾𝑖𝑗 = 0.5 √[(𝛽𝑖 − 𝛽𝑗)2 − (2𝑘𝑛𝑐𝑙)2] (4.5) 

Where i and j denote the two output arms and 𝜃𝑖𝑗 is the divergence angle between them, which 

is assumed to be constant between consecutives arms. A two dimensional N-arm Y-junction can 

be modelled as a statistical combination of the MCF, which is called the Multiple Output Factor 

(MOF) [4.13,4.18]. 

M𝑂𝐹 = 𝜃 ∑ |
𝑖 − 𝑗

𝛽𝑖 − 𝛽𝑗
| 𝛾𝑖j

𝑁

𝑖≠𝑗,𝑗>𝑖

 (4.6) 

As an example, a perfect power splitter should have an infinite MOF, whilst for a perfect mode-

sorter it should be zero. As a result, the first design criterion is to minimise the MOF for a given 

angle. 

The second design criterion assumes that the output arms are single mode waveguides. The 

propagation constant of each stem mode should closely match the FM mode of the arms and be 

as far away from the unwanted higher order mode as possible. N. Riesen used the model 
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parameters from [4.19, 4.12-4.13] and Beam propagating methods [4.20] to find the value for the 

propagation constants. 

A matching waveguide model was created at 420nm in FIMMWAVE/FIMMPROP based on the 

simulation parameters described in Chapter 3. The design process described by Riesen earlier is 

perfectly applicable for 2D models, however not quite useful for the fully 3D models which are 

required to analyse sensing mechanisms. Although, the fundamental design rules remain the 

same, by using FIMMWAVE/FIMMPROP in conjunction with MATLAB was used to find the 

optical three dimensional geometries that had the maximum mode coupling coefficients.  

FIMMPROP Modelling 

The theory describing Maxwell’s equation and it general solutions is described in Chapter 3. The 

general solution to the wave equations is: 

 

𝛹(𝑥,𝑦)𝑒
𝑗𝛽𝑖𝑧 4.7 

Assuming single wavelength and a time dependence in the form of 𝑒−𝑗𝜔𝑡. These solutions called 

the modes of the cross section. From the mathematical point of view the mode profile 𝛹(𝑥,𝑦)  and 

the propagation constant (𝛽𝑖) are the eigenfunction and the eigenvalue of the solution. In our 

typical few moded waveguides are assumed, however there are an infinite number of radiation 

modes present as well. These radiation modes will carry away optical power from the waveguide. 

As it is not possible to deal with an infinite number of radiation mode, in order to model 

efficiently the structure is surrounded by reflective boundaries which will cause the radiation 

modes to become a discrete set. 

The guided modes and the discretised radiation modes together form a complete bases set. 

Essentially, the solution of Maxwell’s equations in the region of the waveguide are expressed as 

the superposition of forward and backward propagating modes. This technique is called the Eigen 

Mode Expansion method (EME). As a result, the field (𝛹) can be written as a linear combination 

of the 2D eigenmodes (𝛹𝑖)  with corresponding propagation constants (𝛽𝑖)  found by 

FIMMWAVE’s mode solvers: 

 

𝛹(𝑥,𝑦,𝑧) =∑(𝐶𝑖
𝑓
𝛹(𝑥,𝑦)𝑒

𝑗𝛽𝑖𝑧 + 𝐶𝑖
𝑏𝛹(𝑥,𝑦)𝑒

−𝑗𝛽𝑖𝑧)

𝑁

𝑖=1

 4.8 
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Figure 4.9 – Modes represented in FIMMPROP within the waveguide section  

If the number of waveguide are sufficiently high, then the representation of EME performed by 

FIMMPROP becomes accurate. Once the eigenmodes are known the field is completely 

determined by the field coefficients (𝐶𝑖
𝑓
, 𝐶𝑖
𝑏). 

FIMMPROP propagates the electromagnetic fields by calculating the field coefficients in each 

section. If multiple section are used the joint scattering matrix is found by matrix multiplications. 

The basic cross section elements, Fig. 4.10, consist of a single mode and a multi-mode (in this 

case a 2 moded) structure. 

 

Figure 4.10 – Asymmetric waveguide junction (a) schematic in FIMMPROP and it corresponding (b) 

waveguide cross sections.  

The thickness was 2 µm for the whole structure, while the width was matched the cut-off 

dimensions to ensure the appropriate number of modes. Waveguide dimensions for the two 

moded section were found using the same process described before in the previous chapter. The 
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effective index calculations showed a cut-off dimension at 5 µm width, at which the siloxane 

polymer-based waveguide still supports only two modes at 420 nm. The separation between the 

two single mode waveguides need to be large enough to isolate them. Any cross coupling 

between them would affect the adiabatic mode separation process. An effective index 

approximation was used to estimate the required single mode waveguide separation. Based on 

these results, illustrated on Fig 4.11(a), 4 µm was chosen as an ideal separation for the two 

sections. As the separation increased between the two single mode arms the effective index of 

the transverse electric modes (TE) become unaffected above 10 µm. All the simulations presented 

here are for TE modes, as the negligible difference was observed between behaviour of transverse 

electric and transverse magnetic modes. 

The junction length was estimated by again calculating the coupling coefficients (CCji ) between 

the modes and the output arms. Where j denotes the mode number and i is the output arm. C11 

represents the overall coupling coefficient from both the fundamental mode and the 1st order 

mode into arm 1. The length of the junction was increased and the coupling coefficient was 

observed to find the optimal length (Fig. 4.11(b)), while the single mode waveguide separation 

was kept constant at 4 µm. The minimum junction length for an adiabatic transition is 2 mm, 

which is the point at which the coupling was maximised. The junction arms followed and S 

function shape to maximise adiabatic transition. The resulting branching angle is 0.11º calculated 

using equation 4.1. 

 

(a) 

 

(b) 

Figure 4.11 – Numerical Approximations for (a) modal effective indices at the single mode section 

as the waveguide separation is increased and (b) minimum junction length for maximum coupling 

coefficient for S-function shaped arms. 
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The next step is to find the optimal ratio of single mode arms that supports only single mode 

behaviour and the mode coupling efficiency is maximised. In Chapter 3.2, it was established that 

siloxane polymer-based waveguides operated at 420nm should not exceed 2.5µm as multimode 

behaviour would result in decreasing mode coupling efficiency. The total width of the two arms 

should remain 5 µm for dual mode behaviour while their individual arms should remain single 

moded. The numerical simulations shown on Fig. 4.12, shows how the modal coupling 

coefficient between the input and output of the asymmetric junction changes as the ratio of the 

two waveguide widths were changed (at fixed height of 2 µm) in the single mode section. 

 

 

Figure 4.12 – Mode coupling efficiencies to the single mode arms as the ratio of single mode arms 

(W1, W2) change in respect to total arm width (W) 

The smaller arm starts to guide the higher order mode above the ratio of 0.28 (W2=1.4µm), its 

coupling efficiency increases. As the ratio of the single mode arms becoming less asymmetric 

the modes start to cross-couple. When the two arm are equal in width (W2/W=0.5) the junction 

essentially behaves as a power splitter, where the two modes power are split equally between the 

two arms. The optimal ratio for the single mode waveguides for efficient mode separation is 

between 0.28-0.35. The smaller arm accommodates the previously higher order mode when its 

dimensions are in the range of 1.4-1.75µm, what means that in turn the wider arm needs to be 

kept between 3.25-3.6 µm. A third mode in the wider arm appeared on the simulation, however 

it was too weakly guided to affect the simulation. High asymmetry between the two waveguide 

arms is required to achieve high coupling efficiency. Fig 4.13 below shows the intensity field 

profile view of the junctions at different arm width ratios for different input mode excitation (it 

is almost identical for TM modes). 
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Figure 4.13 - Intensity Field Profile of the junctions (top view) at different level of asymmetry. 

The number of waveguide modes that are employed in the device can be increased by using 

higher order asymmetric Y-junctions. Such higher-order multimode devices enable the use of 

larger waveguide dimensions at the device input and can therefore offer improved coupling 

efficiencies and alignment tolerances. As it will be shown in the next chapter, more reliable 

sensor operation can be achieved due to the simultaneous monitoring of a larger number of 

interrogating modes. Examples of some higher-order asymmetric Y-junctions are shown on Fig. 

4.14. 

 

Figure 4.14 Mode Sorting Y-junctions for: (a) a 2-moded and (b) a 3- moded device as well as (c) a 

4-moded device employing cascaded 2-arm junctions. 
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The design of such high-order mode junctions is a non-trivial process, as it requires precise 

matching of the effective indices of the waveguide modes in the input multimode section to the 

output single mode waveguides and an adiabatic transition between the two sections [4.15-4.17]. 

Moreover, practical considerations restrict the use of such devices to few-moded junctions. 

The design process of the three arm junction was done in a manner similar to the 2 arm junctions 

by building the 3D waveguide junction structure in FIMMWAVE/FIMMPROP. The structural 

dimensions were altered and the modal coupling coefficients were numerically calculated using 

the effective index method or the finite difference method. The optimal dimensions were found 

by controlling FIMMWAVE/FIMMPROP in Matlab and optimising the modal coupling 

efficiencies. In the case of 3 arm junction, the multi-mode part should be kept at 9µm in order to 

support 3 modes (both TE and TM). The single mode waveguides widths should not exceed this 

value and the optimal distribution (R1=W1/W and R2=W2/W) needs to be found. 

The modal coupling efficiencies is ideal (> 0.99) when R1 is between 0.4-0.42 and R2 is between 

0.31-0.33. Fig. 4.15 shows the numerical calculations for the smallest arm, which is appeared to 

be the most sensitive to width deviations. 

 

Figure 4.15 – Numerical calculation showing how the distribution of total width (W) between the 

arm widths effect the coupling efficiency 

The field intensity profile of the designed 3 arm junction is illustrated on Fig. 4.16 at different 

input mode excitation. Only transverse electric polarisation is shown, as it is identical for 

transverse magnetic. 
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Figure 4.16 – Field intensity profiles for TE modes at different input mode excitation 

The minimum junction length required for adiabatic mode transition in the Y-junction 

dramatically increases with the number of arms, resulting in impractically long devices [4.12-

4.13]. The minimum length for the junction is 12mm, which is 4 times longer than it was for the 

2-arm junction. In addition to that, numerical calculation showed the fabrication tolerances for 

higher-order junctions also become very stringent as the number of arms increases. The results 

of the fabrication analysis is detailed in the next chapter.  

More practical way of achieving higher-order devices consists of cascading feasible 2-moded Y-

junctions [4.21]. Fig 4.17 illustrates a 4-moded device implemented with two stages of 2-moded 

Y-junctions. 

 

Figure 4.17 – Schematic structure (top view) of cascaded asymmetric junction model in Fimmprop 
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The structure consists of a 4 moded coupling structure followed by an asymmetric multimode 

junction, a 2 moded section feeding the light into another two arm asymmetric junction sorting 

the two modes into the single mode section at the output. The design rules remained the same for 

the 2 arm junctions. Keeping R2 in the range of 0.28-0.35 allows modal coupling efficiency above 

0.99 regardless of the fact that their input arms widths (W1,W2) are different. The minimum 

junction length required was the same as before (3mm). 

The key structure is the 4 to 2 mode sorting section, which guides the modes to the correct output 

arm when the ratio (R1) is kept between 0.37-0.4. Fig 4.18 shows the evolution of mode sorting 

for the 4 to 2 mode junction as R1 changes. The length of this junction is 10mm, while the total 

length is 12 mm with the addition of the 2 to 1 mode sorting junction. 

 

Figure 4.18 – Numerical Calculation showing the modal coupling efficiency changes in the 4 to 2 

mode sorter junction at different output arm widths 

The sensor is only 12mm long and is capable of separating 4 modes by cascading three 2-arm 

junctions. The separation between the arms were kept at 15µm for all the output arms. Fig. 4.19 

shows the field intensity profile of the modes as they pass through the designed device and fed 

into different output arms showing a good mode sorting performance. Again, the result is 

identical for both polarisation, and therefore only one is shown. 
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Figure 4.19 -Field intensity profiles for TE modes at different input mode excitations 

The next chapter investigates the fabrication sensitivities of these structures in order to find an 

optimal technology for fabrication. 

4.2.3 Fabrication sensitivity 

To assess the tolerances for the fabrication of such devices, a basic analysis has been carried out. 

The mode sorting efficiency of a 2- , 3- and a cascaded Y-junction is calculated when the width 

of one arm of the junction is offset by a small amount Δ with respect to its ideal value (Fig. 4.20). 

The offset Δ is introduced in the narrowest arm for the 2 and 3-arm devices as its mode coupling 

performance is more susceptible to width changes.  
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Figure 4.20 – Structure dimension increment by Δ 

While in the case of the cascaded junction it was the 4 to 2 mode sorting junction that was the 

most susceptible. The results shown on Fig. 4.21, demonstrate that the use of cascaded Y-

junctions can enable the formation of higher order mode sorters with more relaxed fabrication 

tolerances than large asymmetric Y-junctions. The mode coupling efficiency was more resilient 

to waveguide width deviations in comparison to the 3-arm junction.  

 

 

Fig. 4.21– Summary of fabrication sensitivity analysis, where mode coupling efficiency changes with 

arm widths for each device 

The fabrication tolerances of both cascaded and 2-moded junction can be achieved with standard 

fabrication methods, while the 3-arm junction requires complex fabrication techniques to be used. 

More on this will be discussed in Chapter 5, focusing on different high-resolution fabrication 

technologies appropriate for siloxane polymer waveguide technology. 
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4.3 Mode selective sensor based of asymmetric Y-junctions 

In the last decade, optical sensing has seen a rapid growth as it offers great advantages over other 

sensing technologies, such as immunity to electromagnetic interference, high selectivity and 

sensitivity [4.22]. In particular, lab-on-a-chip optical sensors have attracted considerable interest 

from the medical industry targeting the development of highly-sensitive but low-cost portable 

devices. Thus, the integration of optical waveguide technologies with sensing elements and 

microfluidics onto low-cost platforms has received significant attention [4.23]. Several 

successful optical detection schemes have been implemented with such integrated waveguide 

sensors, based on different detection principles such as absorption [4.22], interferometry [4.23], 

spectroscopy [4.24] and plasmonics [4.25].   

Absorption-based waveguide sensors are the most widely used devices as they are inherently 

simpler to fabricate and require low-cost light sources and detectors. Such sensors, unlike other 

common sensing elements such as Mach-Zehnder interferometers, microrings and gratings, do 

not require the fabrication of complex optical structures, which, in turn, require high-resolution 

fabrication processes and stringent alignment tolerances in the device assembly and packaging.  

Despite their simplicity, an important issue regarding the operation of evanescent-wave sensors 

is the fundamental trade-off between the thickness of the sensing layer and the measurement 

sensitivity. Relatively thick sensing layers (membranes, typically ~1 µm in thickness) exhibit 

increased sensitivity due to the large overlap of the evanescent field and the sensing area. 

However, they suffer from slow response and recovery times due to the increased diffusion time 

of the measurand molecules from the carrier medium (outer medium) into the membrane. In 

comparison, thinner sensing layers, such as self-assembled monolayers (~10-100 nm in 

thickness), exhibit very fast responses but can suffer from spurious effects due to the presence of 

other chemical species in the carrier  medium, as the evanescent field extends outside the sensing 

layer and interacts with these as well as the sensing layer (Fig. 4.22). 
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Fig. 4.22 – Illustration of the problem regarding the optimisation of sensing layer, evanescent field 

penetration and interference between target analyte (red dots) and other absorbing chemical species 

(purple triangles) for both (a) membrane with relatively large thickness (~1 µm ) and (b) monolayer 

with depth of order 10s of nanometres 

It has been shown that the absorption changes in the outer medium can be as large as 50 times 

higher than the absorption changes in the sensing layer due to the presence of other (non-specific) 

chemical species in the outer medium, therefore causing serious degradation in the evanescent-

wave sensor operation [4.26]. As a result, reference waveguides are typically deployed to 

overcome this issue, such as in interferometric sensors, in order to distinguish real from spurious 

sensor response. Here, we propose a novel method of tackling this issue in absorption waveguide 

sensors using asymmetric mode-selective Y-junctions.  

4.3.1 Sensor operation 

The schematic of the proposed absorption-based multimode waveguide sensor is shown in Fig. 

4.22 for a 2-moded interrogation. It comprises 3 sections: the input coupling section, the sensing 

section and the asymmetric Y-junction section. Similar devices enabling interrogation of larger 

number of waveguide modes can be implemented by deploying a larger-order Y-junction and are 

discussed later. The input section comprises   a multimode waveguide which offers higher 

coupling efficiency and larger alignment tolerances at the device input than the commonly-used 

single mode waveguides. The sensing section comprises the multimode waveguide 

functionalised with a sensing layer and includes the microfluidic channels that deliver the target 

analyte to the sensing area. The different waveguide modes propagating in the sensing section 
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have an evanescent tail, which differs in probing depth and extends to a different degree in the 

sensing layer and outer medium. As a result, different waveguide modes exhibit a different 

sensitivity to absorption changes in the sensing layer and outer medium. Lower order modes, due 

to their increased confinement in the waveguide core, exhibit larger sensitivity to changes in the 

sensing layer, while higher order modes are more sensitive to absorption changes in the outer 

medium than lower order modes. The asymmetric Y-junction is appropriately designed to 

separate the waveguide modes at the corresponding waveguide outputs by matching the effective 

refractive indices of the guided modes in the transition area [4.21]. By monitoring the variation 

of the output power at the different output waveguides, the sensor response due to changes in the 

sensing layer and the outer medium can be de-correlated. The proposed sensing structure is 

shown on Fig. 4.23. 

 

Figure 4.23 – Schematic of the proposed optical waveguide sensor: (a) planar view and (b) top view, 

and cross section of the device at its different segments: (c) multimode input section, (d) sensing 

section and (e) output section. 

4.3.2 Sensitivity analysis 

A matching waveguide model is produced in FIMMWAVE/FIMMPROP for each of the studied 

sensor devices (structures in Fig. 4.14 a, b and c). The waveguide core and cladding refractive 

indices are assumed to be 1.55 and 1.553 respectively at 420 nm, matching siloxane polymer 

materials [4.23]. The sensing section length is kept constant at 5 mm for all the simulations, while 

the sensing layer thickness is chosen to be 200 nm, unless stated otherwise. The refractive index 

of the outer medium is 1.33 (water-based solution), while that of the sensing layer is 1.45 (typical 

for a protein recognition layer). The penetration depth of the evanescent field of the 2nd order 
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mode in the sensing section is found to be ~0.5 μm due the small refractive index difference ∆n 

of 3×10-3 between core and cladding materials. The absorption of the sensing layer 𝛼𝑚 depends 

on the analyte concentration which in turn changed the material absorption. While the outer 

medium is assumed to have an additional absorption coefficient β that can be varied between 0 

to 100×𝛼𝑚. The case 𝛽=0 represents the ideal case where the outer medium does not exhibit any 

spurious absorption at the wavelength of interest and, therefore does not interfere with the sensor 

operation. On the other hand, the case 𝛽 =100× 𝛼𝑚 corresponds to a “worst-case” scenario which 

can cause serious interference with the analyte concentration estimation. For each device studied, 

the waveguide modes are found using the Fimmwave mode solver and their corresponding 

propagation loss due to the absorption in the two layers is derived for the different values of 𝛼𝑚 

and β. 

The total power at the output arms can be expressed as: 

𝑃𝑎𝑟𝑚1 = 10log ((𝐶11 + 𝐶21) ∗ 𝑒
−
2𝜋𝐿
𝜆
(𝛤𝛼𝛼𝑚+𝛤𝛽𝛽)) (4.9) 

Where C11 is the coupling of mode 1 to mode 2 and C21 is the coupling from mode 2 to mode 1. 

𝛤𝛼 , 𝛤𝛽 represent the mode confinements within the sensing layer and outer medium, respectively 

affected by absorption coefficients (𝛼𝑚, 𝛽) or each medium. 

Fig. 4.23 shows the variation of the output power for the two output arms of a 2-moded sensor 

as the function of the absorption coefficients of the sensing layer (𝛼𝑚) and the outer medium (𝛽). 

It can be seen that the lower order mode is slightly more sensitive to absorption changes in the 

sensing layer (larger slope) whereas the 2nd order mode is much more sensitive to the absorption 

changes in the outer medium. 

 

Fig. 4.24 Mode Sensitivity for absorption changes in (a) the sensing layer and (b) the outer medium 

for each mode 
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From Fig. 4.24, it can be observed that the power of each mode depends has and exponential 

decay to the absorption coefficients 𝛼 and 𝛽 of the sensing layer and outer medium respectively. 

For analysis purposes, the results are represented in logarithmic form resulting in a straight line. 

As a result, the power of each waveguide mode (normalised) at the sensor output can be easily 

expressed with simultaneous equations.  

In case of a mode duplex waveguide sensor, the modal sensitivity of can be expressed for each 

of the two-layer as: 

 

𝑆11 =
𝑑𝑃𝑎𝑟𝑚1
𝑑𝛼

|
𝛽=0

𝑆12 =
𝑑𝑃𝑎𝑟𝑚1
𝑑𝛽

|
𝛼=0

𝑆21 =
𝑑𝑃𝑎𝑟𝑚2
𝑑𝛼

|
𝛽=0

𝑆12 =
𝑑𝑃𝑎𝑟𝑚2
𝑑𝛽

|
𝛼=0

 (4.10) 

 

Each mode is effected by both the sensing layer and outer medium absorption. 

𝐴1 = 𝑆11 ∗ 𝛼 + 𝑆12 ∗ 𝛽 

 
(4.11) 

𝐴2 = 𝑆21 ∗ 𝛼 + 𝑆22 ∗ 𝛽 

 
(4.12) 

Using the asymmetric waveguide junction, the optical power of each waveguide mode can be 

efficiently monitored, while the optical loss of each mode can be expressed as: 

[
𝐴1
𝐴2
] = [

𝑆11 𝑆12
𝑆21 𝑆22

] [
𝛼
𝛽] (4.13) 

Where Ai is the total loss (in dB) of mode i, and S1i and S2i are the slope of absorption of mode i 

to absorption changes in the sensing layer and the outer medium respectively.  

By measuring the power of each waveguide mode before and after the injection of the analyte, 

the mode loss Ai can be found and therefore, by solving equation (4.14), we can obtain the 

unknown absorption coefficients 𝛼 and 𝛽 of a particular sample by finding the least-squares 

solution of: 

[
�̂� 
�̂�
] = [

𝑆11 𝑆12
𝑆21 𝑆22

]
−1

[
𝐴1
𝐴2
] (4.14) 

The described analysis can be extended for higher-order sensor devices. The increase in the 

number of interrogating modes can further improve the detection process by increasing the size 

of the sensitivity matrix S. Equations (4.15) and (4.16) show the equations to be solved for the 3 
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and 4-moded sensors. The least-square solution for equations (4.15-16) can be easily derived 

with common linear algebra methods. 

 

[
𝑆11 𝑆12
𝑆12 𝑆22
𝑆31 𝑆32

] [
�̂� 
�̂�
] = [

𝐴1
𝐴2
] 

[
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]
 
 
 
 

[
�̂� 
�̂�
] = [

𝐴1
𝐴2
] (4.15-16) 

In order to evaluate the accuracy of the estimation method, the simulation model is run for 

different values of 𝛼𝑚and β for the three devices. As an example, the material absorption was 

change as it would before a quinamine dye reacts with glucose (0-5.4mM). The concentration of 

glucose at the sensing layer is assumed to be constant at 0.5 mM, while the thickness of the 

sensing layer is varied between 50 and 200 nm. The outer medium absorption β is assumed to be 

a multiple M of the sensing layer absorption coefficient 𝛼𝑚, ranging from M=0 which represents 

the ideal case of a non-absorbing carrier, to M=100 which represents the extreme case of a very 

highly-absorbing medium. For such a highly-absorbing outer medium the spurious response of 

the sensor is expected to be very large. The simulation is carried out for each sensor device for 

each combination of the (𝛼𝑚, β) parameters and the corresponding mode loss values A1 and A2 

for each combination of (𝛼𝑚, β) are obtained from the simulations. 

𝛽 = 𝑀 ∗ 𝛼𝑚                   (4.17) 

The obtained A1 and A2 values are fed into the sensor analysis method described above, providing 

the estimated  �̂� and  �̂� values for the sensing layer and outer medium respectively. Fig. 4.25 

shows the relative error 휀1 in the estimation of actual values of 𝛼𝑚 obtained with the model for 

the 2-moded sensor device for the different values of the absorption multiplier (M):  

휀1 = |1 −
�̂�

𝛼
|                  (4.18) 
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Fig. 4.25 Relative error in the estimation of the sensing layer absorption 𝛼𝑚 obtained with the 

proposed mode selective sensor as a function of the spurious absorption of the outer medium for a 

range of sensing layer thicknesses. 

For most physical system, a concertation estimation error of 5% of the total dynamic range is 

considered acceptable. As shown in Fig. 4.25, The relative error for 𝛼𝑚 is below 1% even in the 

case of a highly-absorptive outer medium with an absorption coefficient over 96 times larger than 

that of the sensing layer for thicknesses larger than 200 nm. For a thinner sensing layer, such as 

in a self-assembled monolayer (~10s of nanometers), this threshold is reached value of M is 

above 65. Overall, the simulation results indicate a considerable estimation robustness for all the 

thicknesses studied. The immunity of the proposed sensor to spurious response due to absorption 

changes in the outer medium, even in the extreme case of presence of highly-absorbing species.  

For comparison, the operation of the multimode absorption sensor device without the mode-

sorting junction is also studied. The structure of such a device is shown in Fig. 4.26 and it 

comprises only the input, output and sensing waveguide sections. For such a device, only the 

total power at the output of the device can be monitored due to the absence of the mode-sorting 

junction. As a result, the effect of the outer medium on the measurement cannot be distinguished. 

The absorption of the sensing layer a hat is estimated based only on the absorption coefficients 

S1i of each waveguide mode to the changes in the sensing layer. For a two-moded device 

Atot=A1+A2=S11* �̂� +S12*�̂� 

 

(4.19) 
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Figure 4.26 Relative error in the estimation of the sensing layer absorption 𝛼𝑚for different 

absorption multipliers of the outer medium for the multimode waveguide without the use of 

asymmetric junctions (structure (b) and cross section (c-d)). 

Fig. 4.26a shows the error in the estimation of the absorption coefficient a due to the absorption 

of the outer medium.  The plot indicates a much larger error in the absorption estimation 

demonstrating the benefits of the use of the mode-sorting junction in the sensor device. As, it was 

mentioned earlier, the sensing layer is 200 nm thick for all the simulations, unless stated 

otherwise. 

An error estimation analysis similar to the one carried out for the 2-moded sensor, is performed 

for the 3 and 4-moded sensor devices shown in Fig. 4.27. It is expected that the use of larger 

sensitivity matrices in the absorption estimation (eq. (4.12) and eq. (4.13)) should provide an 

improved sensor performance for a larger number of interrogating modes. Fig. 4.26 shows the 

relative error in the estimation of the absorption coefficient 𝛼𝑚 as a function of absorption 

multiplier M for the different number of interrogating modes in the device. As expected, the 

higher-order devices offer an improved performance. The error in the concentration estimation 

drops from 0.85% to 0.35-0.1% for M=100 (highly-absorbing outer medium), as the number of 

interrogating modes was increased from 2 to 4. It has to be noted however, that if the spurious 

absorption of the outer medium does not exceed ~40 times the absorption change in the sensing 

layer, similar quality low-error detection can be achieved with the 2-moded device which is 

simpler to fabricate. 
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Figure 4.27 Relative error in the estimation of the sensing layer absorption 𝛼 for different absorption 

multipliers of the outer medium for the three different mode-selective sensors. 

Finally, the sensor enables the estimation of the material absorption coefficient �̂� of the outer 

medium following the same process. The error in the outer medium concentration estimation can 

be described as: 

     휀2 = |1 −
�̂�

𝛽
|
 

   (4.20) 

It can be noticed (Fig. 4.28) that the estimation of the outer medium absorption is very accurate 

even for large absorption multipliers, while similar good results are obtained from all types of 

devices. 
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Figure 4.28 – Relative error in the estimation of the outer medium absorption β obtained with the 

proposed mode selective sensor for a different number of interrogating modes in the device. 

5.3.3 Modal Injection effects on sensor performance 

Optical sensors based on planar waveguides inhibit high sensitivity and compact size, however 

there are two main issues. Misalignment tolerance is a great issue, where the input light coupling 

section is small such as a slot waveguide or even a single mode waveguide sensor. Typically, a 

single mode waveguide with cross section around 4-5 µm for visible light (e.g. Corning® RGB 

400 by Thorlabs), it requires an alignment tolerance lower than +-1um. The cost of a sensor is 

highly dependent on assembly tolerance as it defines the technology at which it requires to 

assemble the chip with the light coupling section and light source. 

The simulation results based on the models described in the previous section are shown on Fig. 

4.29. It illustrates how misalignment affects the mode coupling efficiency for a two-arm junction 

as two standard core diameter of input coupling fibre was used for an input waveguide of 5 µm. 

The results show the clear advantage of having a larger waveguide core at the input of the sensor 

on the misalignment tolerance of the sensor. The single mode waveguide core has a very limited 

misalignment and it cannot excite the correct modes regardless of the alignment, in contrast the 

62.5µm fibre with more relaxed tolerance of 4 µm. 
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(a) (b) 

Figure 4.29 – Misalignment tolerance of a 2-arm junction with (a) 5 µm and (b) 62.5 µm coupling 

core width 

Mode duplex sensor operation is highly dependent on our ability of exciting the designated modes 

within the input coupling section. Its sensitivity is dependent on the mode power within the 

sensing layer. Each mode will inhibit different sensitivity based on both their penetration depth 

and their modal power. Fig 4.30 shows the difference in mode coupling coefficients when a 5 

µm and a 62.5 µm fibre is used for exciting the modes a 2-arm junction sensor. The 5µm core 

cannot evenly excite the modes within the waveguide which is an important factor for the mode 

duplex sensor, whereas for the 62.5 µm core can excite them all evenly with a relaxed alignment 

tolerance of 3µm. Based on the results presented on Fig. 4.30, the sensor performance discussed 

in the previous chapters are achievable if the alignment tolerance is kept within 2 µm for a large 

core multimode fibre such as a 62.5 µm. 
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(a) 

 

(b) 

Figure 4.30 – Mode sorting performance of a 2-arm junction sensor with a 5x2 µm cross section input 

waveguide, excited by a (a) 5µm and a (b) 62.5µm input core. 

 

Misalignment tolerance effects the measurement accuracy as the modal excitation changes. Fig 4.31 

shows the concentration estimation on 2 moded sensor for different coupling core widths and its 

misalignment performance. The use of large multimode fibres are important in order to excite the 

modes appropriately as well as achieving relaxed misalignment tolerance. 
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(a) (b) 

Figure 4.31. - Relative error in the estimation of the sensing layer absorption 𝛼 for different 

absorption multipliers of the outer medium as a function of fibre offset, (a) 5 µm and (b) 62.5 µm 

coupling core width 

4.4 Conclusion 

In this chapter, the reader was introduced to the fundamentals of Y-junctions, with specific 

attention paid to asymmetric Y-junctions and their mode sorting capabilities. Two, three and four 

mode sorter junctions were designed based on siloxane polymer waveguides at 420nm 

wavelength. A short overview of various design trade-offs has been discussed.  

A novel multimode evanescent-wave absorption sensor based asymmetric Y-junction was 

proposed. The sensing layer is interrogated by more than one waveguide mode, which can then 

be separated to different waveguide output arms using an appropriately designed asymmetric Y-

junction. The device offers immunity to the common problem of evanescent-wave absorption 

sensors due to the spurious absorption of the outer medium. By monitoring the behaviour of the 

different waveguide modes, it enables decorrelation of the real from the spurious absorption.  

Simulation studies were carried out on the basic waveguide sensor to demonstrate that the device 

can accurately estimate the absorption changes in the sensing layer, even in the extreme case of 

a highly-absorbing outer medium. Estimation error of material absorption below 1% are obtained 

for absorption coefficients of the outer medium which are up to 96 times larger than that of the 

sensing layer. The sensing layer parameters were based on porphyrin-based dye, where the 

material absorption was the same as used in Chapter 3 for glucose concentrations up to 5.4 mM. 

The sensor performance is compared to the performance obtained from a reference absorption 
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waveguide sensor without the asymmetric waveguide junction demonstrating the benefits 

brought by the proposed sensor structure. The detection accuracy is improved for higher-order 

sensor devices due to the larger number of monitored waveguide modes but at the increased cost 

of device length and reduced fabrication tolerances. Having larger input coupling waveguide 

sections supporting multimode behaviour has its trade-offs. Misalignment tolerance is usually in 

the range of 1 µm for a single mode waveguide sensor, whereas the 2-moded duplex sensor it 

was around 2 µm, which is considerable difference. However, the well-known issue for 

multimode sensors is the dependence of sensitivity on launching conditions. The modal 

sensitivity within the sensing section will be dependent on the modal power distribution, which 

is a function of launching conditions. Based on the results shown in Chapter 4.3.3, even modal 

distribution at the multimode section can be achieved by using launching fibre with larger core 

diameter. 
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Chapter 5 – Device fabrication and 

experimental results 

5.1 Introduction 

Most of the sensor structures and novel sensing methods described in the previous chapter 

were not possible to be fabricated with standard fabrication processes. Siloxane waveguide 

technology emerged in the early 2000s specifically designed for the application of low cost 

optical interconnects, where relaxed alignment and fabrication tolerances are required. Novel 

interconnect structures were developed based on large waveguide core structures (typically 

50x50 µm), which allowed simple and low-cost fabrication technology based on UV photo 

lithography. However, recent advances in the CPS group towards optical sensing techniques 

required a new method of fabrication. The standard fabrication processes for 50x50 µm 

siloxane waveguide structures operated at 850 nm for optical interconnect application have a 

resolution of 5µm. Most of the robust recognition layers that allow high sensor selectivity are 

operated in the visible range and the sensor sensitivity required either single mode or few moded 

operation for planar optical waveguides-based sensors structures. The smallest features in the 

designed waveguides structures were 1.5-1.7µm (at 420nm) with a resolution of better than 100 

nm required. This section provides a brief introduction to the techniques available for polymer-

based nanofabrication that might be suitable for the siloxane polymer-based waveguide 

technology. 

Realising a siloxane-based polymer lab-on-chip sensor required a large improvement in 

fabrication technology such as higher resolution and the ability of attaching microfluidic 

channel to guide the target enzymes and analytes to the sensing region of the sensor in a 

continuous manner at very low volume flows. 

In Section 5.4, the brain fluid sensor project is discussed aimed to investigate the applicability 

of siloxane waveguide technology to biomedical applications. Section 1.2 provided a brief 

introduction to the issue of continuously measuring brain microdialysates. A state of art 
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technology review was carried (Appendix) at the start of the project in order to identify 

possible research directions for implementing a siloxane polymer-based lab-on-chip sensor for 

this application. 

The technology review summarised the most widely used recognition elements and optical 

interrogation techniques currently available for glucose, lactate and pyruvate. The 

recognition elements of the aforementioned optical sensors were mainly based on monitoring 

redox enzymatic processes using oxygen or change in a pH as an indicator. Generally optical 

interrogation is carried out by either light absorption, interferometry, fluorescence intensity 

or life time quenched by molecular oxygen. The corresponding state of art research for each 

technique are summarised in the Table 7.1-3. 

Decacyclene complexes of Pt(II), Pd(II) with porphyrins, Ru(phen), Ru(bpy) and Ru(dpp) were 

the most popular dyes because they can be used for fluorescence by exciting the sensing layer or 

simple absorption using visible light. Metal complexes are preferred because they display a 

large Stokes shift with relatively long decay times along with a good photostability [5.1]. 

Mostly, these compounds have been immobilised with glucose oxidase as an oxygen sensitive 

indicator, and then are excited by blue light with photo emission in the wavelength range 

between 500-600nm. Response times are usually in the range of 1-6 minutes, which can 

be further enhanced at the expense of their dynamic range [5.1-3]. As the literature 

suggests [5.4], glucose oxidase in combination with porphyrins is identified as a good 

candidate for analysing brain microdialysates because of its high sensitivity, reversibility and 

fast response time. Moreover, lactate and pyruvate oxidase are widely available and it share 

the similar attributes to glucose oxidase. Therefore, it was thought highly likely that it would 

be possible to fabricate a multiplexed sensor based on these recognition elements that can 

be used to detect all three analytes of interest. The development of this recognition layer and 

the corresponding sensor measurements are discussed in Chapter 5.4. 

Overview of Fabrication Technologies 

There are various different methods available for polymer waveguide fabrication, each having 

its own advantages and disadvantages. Selecting the most suitable fabrication process 

depends on various factors, such as the type of the polymer, production cost and volume, 

ease of fabrication and required resolution. The most commonly used methods in optical 

waveguide fabrication are based on lithography, laser direct writing and soft-lithography 

(moulding). 

Embossing is an indirect technique, which requires an embossing plate to be fabricated before 
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the polymer can be processed. [5.5] It is often applied to relative large core dimensions (above 

100µm) or when complex structures such as optical splitters need to be fabricated. Embossing 

is appropriate for mass production due to low-cost, however the master module is very 

expensive. 

Nano-imprint lithography is a promising new fabrication method. Recently, several submicron 

core sized sensor structures were showcased based on this fabrication technology [5.6-7]. 

It is very similar to embossing, however curing can be done either thermally or by UV 

exposure. Themaster stamp is generally a patterned silicon wafer with an anti-adhesion coating. 

The purpose of the coating is to enhance the quality of stamp release following the curing 

stage. This technique will be discussed in greater detail later in this chapter. 

Optical photolithography is a commonly used technique [5.8-9] because it can provide very 

fast and cheap mass production. This simple technique is based on a special optically 

transparent material called photoresist. This special polymer material withers and becomes 

soluble (positive resist) or insoluble (negative resist) when exposed to UV radiation due to 

cross-linking of molecules. The last step of the process is to apply the solvent, which washes 

away any unwanted photoresist areas. The only problem is that it can be only applied to a 

limited number of polymers and requires a new mask for each waveguide design. 

Electron Beam Lithography is a very attractive technique, mainly because it does not require 

any mask and provides high resolution but at the expense of being slow, expensive, and this 

generally not suitable for mass production. This technique is based on the practice of 

scanning a beam of electrons in a patterned way across the surface covered with a film 

(resist), then selectively removing either exposed or non-exposed regions of the resist. By 

using this technique, nano-scale features can be created in the resist that can subsequently be 

transferred to the substrate material. Direct laser writing is very similar to photolithography. 

The structures are created by illuminating negative-tone or positive-tone photoresist via light 

at a particular wavelength. The structural pattern is written in to the photosensitive photoresist 

by precise positioning of the laser focal point. The unsolidified remainder of the resist is 

then washed away by a solvent, leaving only the required structure. [5.10] One of the main 

advantages of this technique is that it does not require a mask. Moreover, it also allows for 

the creation of discrete 3D features without disturbing other regions. The laser ablation 

technique is based on irradiating the polymer material with a high intensity laser beam. As a 

result, the unwanted features are removed. This is a commonly used method in PCB 
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manufacturing for drilling in high density boards and trimming embedded resistors. 

Generally, 3 different  types  of  laser  are  used,  excimer  (λ=248nm),  UV  Nd:  YAG  

(λ=355nm)  or  CO2 (λ=10.6 µm) [5.11]. The 248nm excimer laser is particularly suitable 

for this application due to the UV  absorption  properties  of  the  polymer  materials [5.11].  

By using this technique,  rapid prototyping is possible as opposed to mask based 

techniques. Moreover, it also allows for creating ablated features within restricted regions of 

a sample without affecting the surrounding regions and suitable for large production with 3D 

capability [5.12]. 

The advantages and disadvantages of the different methods are summarised in Table 5.1. 

 

 

Table 5.1. – Summary of different fabrication methods 

Fabrication 
Technique 

Advantages Disadvantages 

 

 

Embossing 

• Suitable for core size 

above 100 µm 

• Good for mass 

production 

• Heating may change

 some properties of the 

material 

• Not suitable for all polymers 

• Embossing plate needs

 to be fabricated  

Nano-imprint 

Lithography 

• Submicron features 

• Good for mass 

production 

• Limited high volumes 

instrumentation 

• Heating may change RI 

• Master stamp required 

 

Optical Lithography 
• Good for mass 

production 

• Good core feature 

quality 

• New mask required for each 

design 

• Slow process 

• Not available for all polymers 

• Minimum feature size:2 µm  

Electron Beam 

Lithography 

• No mask is required in 

advance 

• High resolution 

• Good  for  nm  scale 

patterns 

• Not suitable for mass production 

• Slow process 

• Not available for all polymers 

• Min. feature size: 5nm 

Direct Laser Writing • No mask is required 

• Rapid Prototyping 

• High  intensity  laser  beam  

might change the property of the 

material 

• 3D capabilities  

Laser Ablation 
• Milling Technology 

• No mask is required 

• 3D capability 

• Thermal   damage   creating   

rough surface 

 

Each of the fabrication technologies have their own benefits and limitations. Advanced 

optical structures, such as Mach-Zehnder interferometers or sensors based on directional 
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couplers require great accuracy, whilst maintaining low cost and ease of mass 

manufacturability. Generally mask (or stamp) based techniques have a limited flexibility in 

terms of rapid prototyping, as a new mask is required for every design, whilst providing fast 

and easy production comparable to UV photolithography. Direct patterning techniques are 

usually more expensive and much slower. As a result, they are normally used for rapid 

prototyping as they provide a significant degree of flexibility, as they do not require a new 

mask every time the design is changed. In addition, recent advances in 3D printing of large 

core Ormocore waveguides [5.13] have created a new tool for 3D integration of photonic 

structures for electro-optic PCBs. However, it is still not applicable for high volume 

manufacturing. 

Considering all the factors for the application, nano-imprint lithography is a good candidate 

for mass manufacturing chip scale photonic sensors. In the last decade it has been shown that 

it can provide high resolution patterning allowing the formation of advanced optical structures 

for both sensing and communication applications. A major part of this work reported here 

was to investigate, whether this fabrication method is applicable for siloxane polymer 

waveguide technology. In this chapter, the reader is guided through the development of nano-

imprint technology for siloxane polymer material allowing ultra-high resolution fabrication, 

therefore the realisation of advanced photonic waveguide structures. 

5.2 Standard fabrication technology for Siloxane waveguides based on UV 

photolithography 

Polymer based integrated optics has been intensely researched due to its desirable properties. 

Cost- effective and functional optical devices can be realised suitable for mass production. 

Compared to silicon-based photonics, they provide higher flexibility and ease in terms of 

fabrication with their tailor made properties. Polymer materials have no restriction on the 

choice of substrate material, therefore complex integrated optical devices can be realised on 

any type of surface with ease. 

Siloxane polymer materials for both core (OE 4140) and cladding (OE 4141) were supplied 

by Dow Corning. Traditionally optical waveguides based on Siloxane have been fabricated 

by UV photolithography. The fabrication process has been in development for a decade and 

have allowed the formation of several novel devices from PCB interconnects [5.14] to 

integrated gas sensors [5.15]. All of the designed devices were based on simple large core 

(50x50 µm) structures such as 90˚ bends, crossings, symmetric Y-splitters. Ying Hao worked 
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[5.8] on the development of single mode waveguide for 1550nm applications with limited 

success as her structures pushed the ultimate limitations of this fabrication technology based 

on photolithography. At the current state of development the process that is described in 

this chapter allows the formation of planar waveguide structures from 10 µm to 100 µm with a 

resolution of 5 µm. This chapter section the basic principle of this process as well as how it was 

used to fabricate some larger structures for the application of microfluidic wells. 

The process of patterning the photo sensitive siloxane resist is illustrated on Fig. 5.1. A standard 

3 layered buried structure can be formed by the following process. The bottom cladding is 

created by first spin coating the cladding material on the substrate. The spin rate and time 

defines the thickness of the bottom cladding layer, while the viscosity of the polymer limits 

the maximumpossible thickness. For all the processes described here the same 40% Toluene-

Siloxane mixture was used. Increasing the concentration of Toluene in the mixture can yield 

lower viscosity and therefore thinner thin film thicknesses can be achieved. Following 

spinning, the toluene is evaporated by preheating the sample for 2 minutes at 110 degrees. 

After 3 minutes resting the sample is placed in the mask aligner for flood exposure. The 

length of the exposure is dependent on the film thickness and the strength of the UV lamp 

(typically 5-10 seconds). Following the UV exposure, the sample is hard baked (at 150 degrees) 

and rested again for 3 minutes. Once the bottom cladding is formed, the core material is spin 

coated and soft-baked. After 3 minutes of resting time, this is then followed by the UV 

exposure, where the necessary optical alignment is performed. After 5 minutes of resting, 

the sample is post baked for 1 minute at 110 degrees and place into a mesithylene bath for 

development for a few seconds. The solvent removes all unlinked material, leaving only the 

exposed features behind. After development and the necessary hard baking at 150 degrees for 

30 minutes. The top cladding is deposited using the same process as the bottom cladding. 

Once all the layers are formed, then the sample is hard baked for an hour at 150 degrees. 
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Figure 5.1 – Polymer Waveguide fabrication process using Optical Photolithography. [5.8] 

 

Each step described above need to be optimised for different feature sizes and applications. As 

an example, the UV exposure time and development time are the most dominant factors, which 

needs to be adjusted for different dimensions. Fig. 5.2 shows the effects of overexposure 

and development. Overexposure can lead to a degraded verticality in the sidewalls, therefore 

increasing the overall cross section. Alternatively, leaving the sample in the development 

fluid for too long can result in a removal of material on the topside of the core. 
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Figure 5.2 – Fabrication process non-idealities affecting the core cross section 

 

This fabrication process has been very successful realising large core optical waveguides, 

where fabrication tolerance is a few microns. However, biochemical sensors operating in the 

visible range require features in the range of a few microns. For structures below 10 µm a very 

small proximity gap is required between the sample and the photomask. Moreover, the edge 

bead problem is also an issue as Ying described it in her thesis [5.8], as it is a result of surface 

tension while spinning. 

 

Figure 5.3 – Size comparison of standard large core structure with single mode at 1550 for (a) 

50µm and (b) 20µm of proximity gap. [5.8] 

 

Ying Hao [5.8] attempted to fabricate directional couplers for a Mach Zehnder interferometer 

with a 9x9µm single mode structure with a 14 µm coupling gap left between the arms. Fig. 
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5.4 clearly shows the ultimate limitation of this fabrication method, where the residual layer 

is left between the coupling waveguides. 

 

Figure 5.4 – Directional Couplers fabricated by Ying Hao illustrating the fabrication limitation for 

features below 10µm for 3dB couplers [5.8] 

However, photolithography is suitable for fabricating the large feature components on the lab-

on- chip sensor such as the microfluidic channels and wells. Fig 5.5 shows the microfluidic 

wells that were formed on the sensor chip. The top cladding was patterned using a simple 

aluminium sheet as a mask. More details on this sensor will be discussed later in this chapter. 

  

  

Figure 5.5 – Microscope image of siloxane based microfluidic wells over an array of optical 

waveguide cores made for brain fluid analyser project 

Realising optical sensors based on single mode operation requires much higher fabrication 

resolution with features sizes between 1-5µm. As a result, a new fabrication method had to 
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be adopted for the siloxane waveguide technology in order to realise the highly sensitive 

biochemical sensor designs. 

 

5.3 Nano-imprint Lithography 

Several lithographic techniques were discussed in the previous sections such as 

embossing or optical lithography. Nano-imprint lithography (NIL) has shown promising 

results in fabricating micro- and nano-structures in polymer thin-films. The basic process 

of imprinting waveguide structures is illustrated on Fig. 5.6. 

 

Figure 5.6 – Process of fabricating siloxane polymer waveguides using nano-imprint lithography 

 

The bottom cladding is formed by standard photo lithography, while the core layer is formed 

by stamping to master mould (hard stamp) into the spin coated siloxane resist. 
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Figure 5.7 – Comparison between (a) Thermal and (b) UV NIL techniques illustrating the latter 

does not require high pressure or elevated temperature [5.16] 

There are two main types of NIL processes depending on how the polymer is cured, as 

illustrated on Fig. 5.7. Thermal NIL is performed by heating up the polymer sample to its 

glass transition temperature (Tg) and by applying pressure to emboss (or imprint) the patterns 

from the silicon or quartz hard mould. In the case of UV NIL, the curing is carried out by 

exposing the sample to UV light and therefore no heating is necessary. As a result, UV NIL 

is generally faster and does not require high pressure in contrast to thermal NIL, which 

may be important for some applications. On the other hand, the selection of available UV 

curable polymers is less [5.16]. Nevertheless, compact disks, magnetic disks and optical 

detectors have all been realized by both techniques. 

The fabrication accuracy and quality is highly dependent on the material properties of the 

mould (or stamp), which needs to be mechanically, chemically and thermally stable. It has 

to retain its pattern structure at elevated temperatures up to 170 degrees and in some cases 

up to 10s of bar of pressure. Moulds are normally made of silicon, quartz glass or nickel, 

for which a high resolution patterning methods are available. NIL is a promising tool to 

transfer high resolution patterns from an expensive material onto to low cost and easily 

mass producible one. Inorganic stamps possess good mechanical stability, also inherently 

limit the efficiency of the pattern transfer. Hard moulds tend to break during demoulding 

as a result of the elevated temperatures and pressure damaging the polymer patterns. As 

result, Barbero [5.17] has proposed an interesting process, where Ethylen- Tetrafluorethylen 

(ETFE) is used as intermediate stamp. High resolution pattern transfer was achieved 
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due to the mould’s mechanical stability and resistance to distortion at high pressure and 

high temperatures. The ETFE mould provided low surface energy and flexibility, which 

resulted in clean and easy mould release without deformation, which is often not the case with 

PDMS [5.17]. This mould is also reusable allowing simple and inexpensive reproduction 

providing an economical alternative to the current standard silicon based stamps. As a result, 

all the master stamps used in this work was based on ETFE material. 

5.3.1 Master Fabrication 

Nano-imprint technology allows high resolution pattern transfer from a master stamp 

onto an appropriate resist material. The patterns on the master stamp are usually produced 

by electron- beam lithography, allowing the formation of ultra-high resolution patterns 

followed by an etching process. The etching process is dependent on vertical feature 

dimensions, and generally either wet or dry etching is used. In the case of dry etching, 

normal reactive ion etching is often used for vertical features less than 1µm, while deep 

reactive ion etching is required for anything greater than that. The optical waveguide features 

that were described in Chapter 3 and 4 were around 3µm and therefore DRIE was the only 

option for creating good quality vertical structures. This technology allowed the formation 

of large trenches even up to 100s of micrometers in depth with an etch rate of 3µm per 

minute. However, the speed and quality of the etching rate is highly dependent on the 

selectivity of mask, profile control and wafer-level uniformity. The target substrate is 

usually a silicon wafer. However newer etching tools are capable of etching polymer 

and quartz glass substrates. 

The process used is based on the standard Bosch process, originally developed and 

patented by Robert Bosch. It is based on alternating etch and passivation cycles. The basic 

principle is showed on Fig. 5.8. 

 

Figure 5.8. – Principle of Deep reactive ion etching process [5.18] 

 

The first cycle is an ion-assisted etching of the silicon substrate by an etching gas (SF6) 



Chapter 5 – Device fabrication and experimental results 

102 

 

and the second is a sidewall passivation step using a polymer-producing gas (C4F8). The 

passivation cycle is necessary to coat the sidewall in order to prevent lateral expansion. In 

successive etching steps, both SF6 and O2 gas is used, where oxygen ions etch the bottom 

polymer while fluoride ions etch silicon at the bottom. As a result, the sidewalls remain 

protected by the polymer. The continuous repetition of this cycle is capable of achieving 

highly anisotropic through-hole etching. 

Silicon Master Stamp Fabrication for the NIL process 

The designed optical waveguide features were between 1.5-12µm wide and 3 µm high. This 

limited the patterning process to electron beam lithography as features below 3µm were 

difficult to achieve with high accuracy otherwise. The standard etching recipe (Fig. 5.10) 

created a very rough sidewall surface, resulting in increased light scattering in the 

transferred polymer structures. Thus, the etching recipe had to be tuned to maximise 

the feature quality in order to minimize surface roughness on the sidewalls and maximise 

verticality. 

 

 

Figure 5.9. – SEM image showing rough cake layered sidewall 

Table 5.2 - Standard Bosch Recipe 

  

SF6 

 

C4F8 

 

O2 
  Platen Power [W]   1500 1500 1500 

  Gas Flow [scm]   250 200 200 

  Temperature [Celsius]   10 10 10 

  Pulse Length [s]   3 2 2 
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Fig. 5.10 below shows the standard etching trial sample, a cross with 50µm arm widths and 

around 3µm depth. 

 

(a) 

 

 

(b) 

Figure 5.10 – Silicon trench fabrication using standard Bosch recipe (a) and the fabricated sample 

(b) 

 

For the recipe development, the silicon was first patterned by UV photolithography using 

AZ5214 negative resist, which has a selectivity of 1:4. The resist did not manage to 

withstand the etching process with good quality even though it selectivity should have been 

sufficient. The corners were badly damaged and highlighted the need for the deposition of a 
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hard mask with higher selectivity. A modified Bosch process was developed for ridge 

etching based on an Aluminium hard mask (Fig. 5.11). The silicon wafer was patterned by 

the EBL process based on a UV3 resist. Afterwards, 150nm of Aluminium was sputtered 

on the substrate using DC reactive magnetron sputtering followed by lift-off. During the 

lift-off process, the sample was placed in an acoustic resonator, where the polymer layer 

was gently peeled-off leaving the designed features on the wafer made of Aluminium. This 

way the desired features remained as ridges instead of trenches, however it also can be 

fabricated (inverted waveguide structures) by using an inverse resist, which was not 

available at the time. 

 

 

 

 

Figure 5.11 – Silicon master stamp fabrication based on (1-2) Electron beam lithography using 

UV3 resistfollowed by hard mask deposition (Aluminium) then (4) lift-off and (5) deep reactive ion 

etching. 

The different gas exposure parameters were altered until sufficient quality was achieved. 

The etching rate had to be slowed down, in order to get sufficiently smooth sidewalls by 

reducing the platen power for SF6 and shortening the pulse time. Fig 5.12 (a) shows the 

original recipe with rough sidewalls and (b) with the slow etching rate. Careful 

calibration of the C4F8 and O2 pulse time was required to adjust the sidewall steepness 

(~90˚) and depth (3µm) to the application. The sidewall smoothness can be adjusted by 

increasing the C4F8 and O2 flow rates from 200 sccm to 250 sccm and reducing the SF6 rate 
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to 200 sccm. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

Figure 5.12 – Sidewall quality optimisation by adjusting flow rate (a,b) and pulse time (c,d) 

The standard pulse time (3 seconds) for 3µm per minute etching left distinct layered structures. 

The pulses had to be shortened significantly in order to achieve an acceptable sidewall 

quality. Another important parameters was the process temperature, which can affect both 

etching rate and limit the maximum achievable depth as it can significantly reduce the metal 

selectivity. 

The optimal etching rate was found to be 600 nm per minute using the etching formula 

described in Table 5.3 below. The final process produced features good quality waveguide 

feature and corners remained sharp and the sidewall verticality was almost perfect at 89˚ 

(Fig. 5.13). 
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Table 5.3 – DRIE etching recipe 

  
SF6 

 
C4F8 

 
O2 

Platen Power [W] 1100 1100 1100 

Gas Flow [scm] 200 200 200 

Temperature [Celsius] 10 10 10 

Pulse Length [s] 1 1.5 1.5 

 

 

 

 

 

(a) 
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(b) 

Figure 5.13 – Single mode optical waveguide features patterned on silicon substrate, (a) cross 

section view, (b) sideview 

The fabrication of the designed asymmetric junctions were more difficult as the previously 

used recipe for the EBL did not manage to create the desired junction quality (Fig. 5.14). 

 

 

 

 

 

 (a) (b) 

Figure 5.14 – Microscope images of damaged asymmetric Y-junctions patterns on silicon, (a) 

broken arm at the tip of the junction, (b) resulting damaged waveguide junction array 
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Unfortunately, the features were damaged following the development process. The tip 

of the junctions, where the two arms join together, peeled off the surface at every trial. 

The most likely cause was the low adhesion of the UV3 resist to the silicon substrate. 

Another attempt was made using UV photolithography and AZ5214 resist. Fig. 5.15 

showing the quality of the Aluminium patterns following the lift-off process. 

  

(a) (b) 

Figure 5.15 – SEM images of asymmetric Y-junctions patterned into silicon substrate, (a) tip of the 

junction, (b) rough waveguide edges 

This time most of the tip of the junctions remained. However, they were much thicker 

than originally designed. Moreover, the edge of the aluminium was torn creating a very 

rough surface around the edge of the features. Such a rough sidewall would have translated 

into a very rough sidewall quality following the DRIE process. These non-idealities would 

have also got transferred into the polymer and result in significant light scattering in the 

waveguide and very poor mode coupling performance. Therefore, until the source of this 

issue is found no further progress could be made. 

 

5.3.1 Siloxane polymer based single mode waveguides fabrication and characterisation  

The final aim of the fabrication development was to increase the polymer waveguide 

fabrication resolution by using the NIL process. The previously discussed waveguide 

structures such as single mode ridge and inverted structures, were patterned onto silicon 

wafers. The previous section discussed the process development as well as the technology. 

In order to use the patterned silicon samples as master stamps, it was necessary to carry out 

1.24 µm 
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silanisation [5.19]. The purpose of this step is to reduce the surface energy of the silicon 

sample and allow ultra-high resolution pattern transfer. The overall process is shown on Fig. 

5.16, where the silicon patterns are transferred from silicon to an intermediate 

fluoropolymer. 

 

 

 

Figure 5.16 – Schematics of polymer waveguide fabrication based on NIL using ETFE replica 

mould 

 

Replica Mould Fabrication Process 

The intermediate polymer can be any soft polymer, which has a higher glass transition 

temperature than the target polymer. In the case of UV NIL, this requirement is not an issue. 

ETFE was the first choice of material, as it was shown to have superior material properties 

compared to PDMS [5.17]. The glass transition temperature of ETFE was 150 ̊ C, while it is 

110 ˚C and 130 ˚C for the cladding and core siloxane polymer material respectively. The 

process phases are described on Fig. 5.17, following where the sample is placed in the 

Obducat Nano Imprint Lithography system. 
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Figure 5.17 – Silicon to ETFE pattern transfer based on Thermal NIL process 

The ETFE thin film is cut and placed on the silicon sample. The area of the ETFE has be 

to less than the silicon, otherwise the ETFE film will bend downwards at the edge of the 

silicon stamp and therefore upwards in the middle of the area where the patterns are, thus 

introducing an uneven patterning. A guard period has to be introduced, which should be 

greater than 5mm from the edge of the stamp in order to maintain high quality pattern 

transfer. Before placing the ETFE thin film in the silicon stamp both surfaces have to be 

cleaned by water and IPA in order to remove any dust particles. Once they are placed in the 

imprinting machine, the temperature is increased to 230 ºC while the pressure is kept at 

base (2-5 bars). Once the set temperature is reached the pressure is increased to 30 bars for 

600 minutes, which are the required conditions for the ETFE to take on the shape of the 

silicon stamp. Following the imprinting phase (Fig. 5.7) the sample is slowly cooled down 

to the demoulding temperature, at which point the sample is removed and cooled down 

further to ambient temperature before being peeled off the silicon stamp. Fig. 5.18 shows the 

SEM image of the master silicon stamp and the resulting patterns on ETFE. 
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(a) (b) 

Figure 5.18 – Waveguide feature transfer from (a) silicon to (b) ETFE thin film 

The SEM images on Fig. 5.19 illustrate the result of process development. Fig. 5.19 (a) 

showcases the quality of trenches at the beginning of the project, where the imprinting 

pressure and temperature was not optimised. The second image (b) shows an improved 

rectangular cross section with distinctive vertical sidewalls, matching the original 4 µm 

dimensions. 

  

(a) (b) 

Figure 5.19 – Replica mould process development showcasing (a) before and (b) after images 

 

Siloxane Waveguide Formation 

Once the patterns are transferred to the ETFE thin film, it can be used multiple times as a 

stamp for the polymer transfer phase. As it was described in [5.17], low viscosity polymers 

 

1.995µ

m 

4.009 µm 
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do not require high pressure or elevated temperature (in case of UV curing). This is due to 

the fact that resistance to flow increases with the viscosity of the polymer, which can be 

compensated by increasing the embossing temperature. Also due to the micron size 

features it can take longer for the polymer material to fill in the ETFE cavities compared to 

standard nano imprinting recipes [5.20]. Therefore the fabrication development of single 

mode optical waveguide stuctures were carried out in two different ways. 

The used substrate in each case was a 2” Dow Corning quartz glass, which was coated 

with the bottom cladding material using the same recipe described earlier forming an 

approximately 20µm thick cladding layer. The single mode siloxane core material was coated 

at 2000 RPM followed by prebaking at 110 ºC for 2 minutes. 

 

Figure 5.20 – Imprinting process by mask aligner 

First the imprinting was performed by a mask aligner (MJB4) in hard contact mode, which 

allowed fast UV curing of the samples. Pre-processing was required in order to evaporate 

all the solvent from the resist (Toluene), which would otherwise happen during thermal 

curing forming bubbles in the polymer as gas molecules would be trapped between the 

mould and the resist (Fig. 5.21 (a)). 
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(a) (b) 

 

 

(c)  

Figure 5.21 –Imprinting process development, (a) gas bubbles due to non-ideal curing, (b) shorter 

curing time, (c) fully developed sample after vacuum treatment 

Vacuum treatment was necessary in order to pull out all the oxygen bubbles trapped between 

the mould and the resist as the attachment was done manually. This issue was resolved by 

placing the sample in a vacuum chamber or desiccator and applying a strong vacuum 

using a turbo pump several times. However, still some microscopic bubbles remained 

(Fig. 5.21 (b)) as a result of degassing of the resist during the UV exposure. These gases 

normally left the material during UV photolithography as no enclosure was containing them 

in the materials, however in our case the mould almost completely enclosed the resist 

material. By appropriate prebaking and optimised short UV exposure this effect was 

minimised (Fig. 5.21 (c)). 

However, the actual pressure control was not precise and allowed limited dynamic range. The 

field profile image is shown on Fig. 5.22, it illustrates the problem when low pressure is 

applied. As the pressure is not sufficient, a residual layer is formed below the core decreasing 

the light confinement. 
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The rectangular ridge waveguide core turned into a slab waveguide. Therefore, it was necessary to 

employ thermal NIL by using the Obducat Nano-imprint instrument. 

 

Figure 5.22 – Intensity field profile of siloxane waveguide core fabricated by UV NIL using a mask aligner 

(MJB4) indicating large residual layer 

This allows precise pressure and temperature control over a wide range, between 1-50 bars and 20- 250 

˚C, respectively. The embossing recipe was developed by varying both temperature and pressure 

as well as the pre-processing conditions for the polymer resist. 

Fig. 5.23 shows the embossing process graph of the imprinting. 

 

 

Figure 5.23 – ETFE to siloxane polymer imprinting process 
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The polymer is kept at base pressure until the imprinting pressure is reached at 130 ºC. The length of 

the thermal curing was tested between 180-600 seconds in order to find the shortest required 

embossing time. Demoulding too early results in feature distortion (Fig. 5.24) and often breaks the 

features off the substrate. 
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(a) (b) 

  

(c) (d) 

  

(e) (d) 

Figure 5.24 – Images illustrating issues with (a) early demolding and (b) deformation of features, while 

3.008µ

m 
1.998µm 

2.521 µm 
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(c-d) show issues with mould mechanical instability, (e-f) shows the samples with ideal recipe 

 

The polymer waveguide features were often distorted until the recipe was optimized, especially the 

waveguide ends and corner structures. The ETFE mould appeared to be resilient to mechanical 

pressure only if its thickness was optimal for the particular structure. Most of the waveguide 

features were 3µm deep and it was found that the minimum ETFE thickness required for reliable 

pattern transfer was 250µm. Fig 5.24(c-d) shows the features when a 200 µm thick mould was used 

which could not withstand the mechanical pressure that was applied. The optimal temperature for 

curing the siloxane polymer was 130 ºC at 1.8 bars for 600 seconds. Fig 5.24. (e-f) shows (SEM 

images angled point of view) the final waveguide features with high quality corners and high 

resolution pattern transfer. The quality of fabrication these feature sizes was significantly better that 

the standard UV photolithography process. 

One of the main issues with the characterisation of the fabricated waveguides were the lack of an 

appropriate dicing tool. Normally dicing was carried out by a Mircorace Series 3 dicing saw. Due to 

the built-in microscope in the instrument, it allowed both buried and ridge waveguide features to be 

clearly seen as well as the dicing markings. A diamond blade was used for dicing the silicon or glass 

wafer along the dicing markings. However, limited access to the instrument did not allow proper 

process optimisation for these samples. Therefore, only the standard recipes could be used which were 

normally used for the large waveguide core samples. Fig. 5.25 (a)) shows a waveguide array following 

dicing leaving a very rough end facet. Ying [5.8] performed a polishing after the dicing which 

improved the quality but not sufficiently. For edge-fire coupling the facet of the waveguide has to 

be as smooth as possible and have vertical sidewalls in order to minimize the coupling loss. However, 

the dicing saw often broke off the polymer layer Fig. 5.25 (b-c) and damaged the waveguide core. 
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(a) (b) 

 

 

(c)  

Figure 5.25 – Microscope images (top view) of the waveguides (a-c) following the standard dicing procedure 

using Microrace Series 3 dicing saw. 

The low-quality end facet resulted in significant coupling losses and light scattering, ultimately 

limiting the quantitative characterisation methods. Dicing method optimisation was not an option as 

the instrument had limited accessibility and it was out of order for several months. As a result, an 

alternative method was required to dice the polymer waveguides. 

  

(a) (b) 

Figure 5.26 – Microscope Images showing the polymer waveguide samples cleaved by hand using a diamond 

cutter. 

In order to overcome this issue, the polymer waveguide features were transferred onto a silicon 

substrate with 100 orientation, which allowed it to be cleaved by hand using a diamond cutter. The 

wafers were carefully cracked at two opposing straight end parallel to each other and the crack was 

guided through the surface snapping the whole wafer. Through observation, it was concluded that the 
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total polymer layer thickness have to be less than 100µm in order to be snapped successfully at a 

reasonable quality. On Fig. 5.26 (a-b), the resulting waveguides can be seen illustrating the 

difference between the two methods. Unfortunately, it was still difficult to cut the features 

perpendicular to the straight waveguide, often leaving an angled end facet. 

5.3.2 Siloxane polymer waveguide measurements 

The fabricated optical waveguides and its light confinement characteristics were inspected by field 

profile measurements (Fig. 5.27). Light was coupled into the waveguides using edge-fire coupling. 

Single mode fibre was used for coupling the light from a GaN laser diode operated at 425nm. The light 

is collected by an objective lens with 50x magnification followed by a CCD camera to observe the 

intensity profile image at the end facet of the waveguide. In the case of the light absorption 

measurement the camera was replaced by a multimode fibre before connected to the light power 

meter. 

 

Figure 5.27 – Experimental Setup for intensity profile measurement 

 

The field profile images are shown on Fig. 5.28, field intensity profile (Fig. 5.28 (b)) at the end facet of 

a 2.5x3µm waveguide. 
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(a) (b) 

Figure 5.28 – Intensity field profile of (a) 2.5x3 and (b) 3x3 µm siloxane ridge waveguide captured on a CCD 

camera at 50x magnification 

The nearfield 3D intensity plot of Fig. 5.28 (b) is shown on Fig 5.29, where both horizontal and 

vertical intensity is plotted in respect to the centre of the waveguide. The curves are not clearly 

Gaussian as there are artefacts present that might be due to poor quality dicing as well as some 

higher order modes still being present. 

 

Figure 5.29 – Nearfield 3D intensity plot of the light intensity captured at the end facet of single mode 

waveguide 

The received power level levels on a 2 cm long waveguide array with 3 µm height and 2.5-5 µm 
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width waveguides are represented on Fig. 5.25. The GaN laser diode coupled -5 dBm into the 

waveguides via the singe mode optical fiber. The optical power for each of the waveguides in the array 

were measured (Fig. 5.30). Waveguides with the largest cross section (5x3 µm) had 27 dBm power 

loss, while the 3x3 µm waveguide had a significant power loss of -43 dBm. The smallest waveguide 

having the cross section of 2.5x3 µm had the lowest optical power very close to the background 

signal level at -56dBm, therefore it was hardly guiding any light. 
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Figure 5.30 –Waveguide transmission measurement for an array of siloxane waveguide (2.5-5µm wide and 

3µm high) 

This section of the chapter has summarised the development process of a novel fabrication 

technology for siloxane waveguide technology allowing the implementation of single moded 

waveguides. The designed optical waveguide patterns were fabricated acceptable accuracy and good 

sidewall quality. The rest of chapter describes how these siloxane-based waveguides were used for 

monitoring biochemical reactions in a lab-on-chip architecture. 

 

5.4 Investigation of siloxane polymer waveguide technology for brain fluid 

analysis 

The main goal of presented work in this chapter is to investigate the possibility of using siloxane 

polymer based optical waveguides for biochemical sensing. The aim of this pilot project was to 

develop an optical sensor capable of measuring glucose, lactate and pyruvate concentration in an 

aqueous environment native in the brain. First, the development of a novel porphyrin- based 

recognition layer will be discussed. The reader is guided through the investigation of different 
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chemical reactions tested for all the analyte of interest. At the beginning of the project a literature 

review was carried out in order to identify the most applicable sensing technology and dye 

compound for each of the target analyte. The summary of this review can be found in the Appendix 

(Chapter 6). 

A lot of the mentioned sensor designs were based on high refractive index materials such as silicon. 

Group III-V material-based sensors have also played a major role in the development of integrated 

photonic sensor systems. This is mainly due to their high optical confinement and extremely small 

dimensions, allowing highly sensitive and compact devices to be realised. Low index materials 

based on polymer materials are becoming an attractive choice due to their low production and 

development cost as well as favourable loss characteristics compared to silicon in the visible optical 

range. Low index materials also provide higher chemical flexibility as they can be easily 

functionalised for different binding agents. Fabricating materials and structures based on polymers are 

cheaper and more available than their silicon counterparts as simple photolithography and nano- 

imprinting can be used with matching accuracy. Not to mention the fact that polymer materials are more 

environmentally friendly and require smaller efforts in their disposal. 

The technology review in the Appendix provided an insight into the most frequently used recognition 

elements for all the three analytes. A short literature is provided in order to gain insight into the most 

promising glucose, lactate and pyruvate sensors highlighting the lack of attention paid to pyruvate and 

lactate sensing. Oxidase and Decacyclene complexes, such as Pt(II), Pt(II), Ruthium dyes are the 

most widely used for both fluorescence and absorption sensing, but require the sensors to be operated 

in the visible range for both excitation and detection. Porphyrin based recognition layer have showed 

promising results [5.21] with a fast reaction time operating at 420nm wavelength. 

The choice of recognition element defines the required operating wavelength, which in turn also 

defines the required (and available) light source. Almost all the siloxane-based waveguides have been 

developed for optical interconnect technology with large dimensions around 50x50 µm cross section 

operated at 850nm wavelength. There even the simplest structures such as junctions have to be 

developed and designed specifically sensor operating wavelength, which in this case is 425nm. It 

would require tremendous amount of work and time, therefore the described research in this thesis 

have focused on making simple single mode waveguide structures and enhance their sensitivity to 

the required level by developing advanced surface functionalization and using some o f  the mentioned 

features such as slot waveguides or using high index materials as a substrate. Moreover, developing 

high quality recognition element was the most important part of the development process as it is 

discussed in the next chapter. 
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5.4.1 Introduction to Porphyrins 

The word porphyrin is derived from the Greek word of ‘porphura’, which mean ‘purple’ as most of 

the porphyrin materials have a strong purple colour. These molecules are abundant in nature and 

have essential functionalities in life [5.22-23]. Metalloporphyrins, in particular can be found in 

various biological systems, where they play essential roles. For example, in nature they provide 

active sites for numerous proteins for oxygen transport and storage (haemoglobin, myoglobin) or 

electron transfer (cytochrome c or oxidase) to energy conversion (chlorophyll) [5.24]. As a results these 

remarkable materials have been actively researched since the 60’s in order to gain a better 

understanding of their properties and how they can be utilised for science. This in turn attracted 

research interest form several disciplines i.e. materials to medical science. 

Porphyrin molecules are considered as good sensing materials due to several features such as the ability 

to make different conformers of their molecular 3D structure and their unique optical properties 

with respect to each conformer. Further, their capability to adsorb and/or release gases and to act as 

an active centre in catalytic reactions has attracted considerable attention. Porphyrin based thin films 

on metal and semiconductor surfaces have been tested in various applications. As an example, metallo-

porphyrins have been actively used to detect volatile toxic gasses such as ammonia, and nitrogen 

dioxide etc. [5.25]. Besides sensing, recently they have proposed to increase the efficiency of dye-

sensitized solar cells [5.26]. 

 

Figure 5.31 – Molecular Structure of Porphyrin, where the metal in the centre acts as a host for any of the D-

Block elements [5.25]. 
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Porphyrin is made of 4 pyrrole rings (Fig. 5.31) with p-bond conjugation joined together by a 

methylene bridge with two hydrogen atoms bonded to two of the central nitrogen atoms. Most of the 

transition element from the d-block of the periodic table can be entrapped inside the ring, by carefully 

choosing the peripheral substituents. Following entrapment, the molecular structure deprotonates 

forming a dianionic ligand, where the ions behave as Lewis acids accepting lone pairs of electrons from 

the dianionic Porphyrin ligand. As opposed to most metal complexes the resulting colour change is due 

to absorption within the ligand involving excitation of electrons from π-π* Porphyrin ring orbitals 

[5.24]. Fig 5.32 shows the two step process of ZnTPP to NO2. In the first step NO2 oxidises the 

complex. This oxidised complex can react with another NO2 molecule, which is covalently bound to 

one phenyl ring. The second reaction leads to visible colour change, while the first can be only 

observed in the infrared 

 

Figure 5.32 Two step reaction mechanism of ZnTPP to NO2 [5.24] 

Porphyrins show significant solvatochromic effects with a range of vapours such as alcohols, 

amines, phosphines, which can result in indistinguishable colour effects that can have a negative 

effect on the measurement [5.27-29]. However, the adsorption properties of this material is 

characterised by large sensitivities due to its extremely large extinction coefficient and wide 

selectivity. The wide selectivity is generally contributed to weak interactions such as van der Waals force 

and hydrogen bonding, but the p-bond conjugation aids π-π interactions between e.g. aromatic systems 

of porphyrins and aromatic analytes. This particular property makes this compound very attractive 

for gas sensing. Consequently, in the past it has been mostly researched for this application. The most 

important property of porphyrin is tenability, as it is possible to attach other sensitive chemical species 

(dyes), which contain metallic compounds therefore tuning its sensitivity to other analytes of interest 

[5.21]. One example was mentioned in the previous chapter, where a porphyrin based heterostructure 

was used in order to measure glucose [5.21]. Together all these features of porphyrin and the paper 

[5.21] describing the glucose measurements indicated an interesting research direction that would 

allow us to measure lactate and pyruvate as well. 

Absorption Band of porphyrin 
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Electrons in atoms or ions occupy a set of discrete energy levels separated by forbidden energy gaps. 

Transition can only occur between these levels. When the energy level of the incoming photon matches 

the bandgap energy. There are only a limited number of combinations of these bandgaps, therefore the 

absorption band can be made of a limited set of photon energies. The optical feature of Porphyrin can 

be attributed the mixing of transitions between the two highest and lowest occupied orbital levels. 

This allows the creation of the Soret band with absorption maximum at 420nm and a much weaker 

visible Q-band (Fig. 5.33) with several absorption peaks at 524, 555 and 590nm. The absorption 

maximum is defined by the energy difference between the highest and lowest occupied electron orbitals. 

 

Figure 5.33. – Absorption Spectrum of porphyrin 

 

The fine adjustments in the peripheral substituents on the porphyrin ring can result in minor changes the 

absorption bands. For example, protonation of the two of the inner nitrogen atoms or the 

insertion/change of metal atoms into the macrocycle can strongly change the visible absorption 

spectrum [5.28]. These optical phenomena attracted the attention of several researchers in various 

fields and allowed the development of novel applications in optoelectronics[5.30], data storage [31], 

solar cells [5.26] and chemical sensing [5.33]. 

5.4.2 Deposition techniques 

Porphyrin based sensors have attracted considerable attention due to their stability, chemical 

sensitivity, reproducibility and therefore various designs have been implemented [5.34-37]. For 
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sensing purposes, porphyrin has to be deposited in a solid thin film form onto an appropriate 
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substrate. There are several different techniques available. However, optimising the process 

to a particular target substrate takes time in order to achieve good adsorption and sensitivity. 

Traditionally thin film deposition of porphyrin is carried out by “solvent casting” [5.38] Porphyrin 

is usually dissolved in an organic solvent, such as chloroform or ethanol allowing to control the 

specific amount of solution with a known quantity. The dissolved solution is deposited onto the 

target surface by either simply injecting a known amount by a micro pipette (drop coating) or just 

dipping the substrate onto the solution itself (dip coating). The main drawbacks of this technique 

are poor reproducibility and the lack of control over the thickness of the thin film, which is crucial 

for most of the optical interrogation techniques such as evanescent field sensing. 

Langmuir-Blodgett is a well-established technique usually used to obtain thin films of organic 

compounds by molecular interaction. Most gas sensors are based on recognition layers deposited 

by LB [5.28] 

Self-Assembled Monolayers are based on predefined and functionalised surfaces by adosorption 

or organic molecules onto inorganic substrates. This technique opened a promising way for surface 

functionalization in a highly controlled manner at the molecular level [5.31]. The main benefit of 

using this technique is the extremely low thickness achievable in the range of 10`s of nanometers. 

Another useful approach is Electro Polymerisation, where the molecular complexes are deposited 

by electric excitation on the target substrate. Promising result were reported in [5.39], especially as 

most sensors use various conductive metal surfaces as a substrate for the recognition layer, which 

plays a pivotal role in the interrogation mechanism. 

Less attention has been paid to physical techniques such as spin coating or vacuum evaporation. 

Spin coating is a simple technique, providing good control over the thin film thickness. However 

it suffers from limited sensitivity and reproducibility [5.38]. Vacuum deposition has several 

benefits over other techniques, such as thin film purity. Porphyrin thin films can be produced 

without using any extraneous compound, therefore achieving much higher purity compared to any 

other techniques, where chemical solvents are needed. As a drawback, porphyrin is considered a 

“messy” material, therefore it makes it difficult to clean the vacuum chambers after deposition 

making it difficult for any process development. A novel physical deposition has been proposed by 

M. Tonazzer in [5.34], where cobalt 5,10,15,20 meso-tetraphenyl porphyrin (CoTPP) is deposited 

by glow-discharge sublimation and provided a good comparison between each technique. 
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(a) (b) 

 

 

(c)  

Figure 5.34 – SEM images of (a) SPIN coating (b) VE (c) GDS films of CoTPP [5.38] 

As the SEM images on Fig. 5.34 illustrate, the main difference between the techniques is the surface 

morphology. Spin coating creates a porphyrin thin film filled with craters as a result of solvent 

evaporation. GDS on the other hand creates a very rough surface in micro meter range. Vacuum 

evaporation appears to result in a flat surface, which is ideal for creating recognition layers based 

on heterostructures, where multiple biochemical layers have to be formed in a well-ordered manner. 

The UV-VIS absorption spectrum of the aforementioned samples are shown below, where minor 

differences can be observed between the techniques as a result of different intermolecular 

arrangements affecting the optical transmission of the thin films. The overall optical absorption of 

GDS was higher as a result of the high surface roughness (Fig. 5.35), but the absorption peaks are 

less defined as well. Having well defined band structure is important for optical sensing. The Soret 

absorption peaks are the most defined when VE was used. This can be linked to the high purity of 
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the material as well as the flat natures of the thin films. 

 

Figure 5.35 UV-VIS Absorption Spectrum of porphyrin thin film deposited by  Spin Coating Vacuum 

Evaporation and Glow-discharge Sublimation [5.38] 

The adsorption of target analytes onto a recognition layer based on porphyrin can give rise to 

changes in mass, work function and most importantly optical absorption. Each quantity can be 

translated into an electrical or optical signal by choosing the appropriate transduction mechanism. 

Mass and conductivity measurements have faced several disadvantages in terms of limited 

sensitivity, slow response time and complicated data analysis. On the other hand, optical sensing 

techniques based on monitoring the change in the optical properties of the thin films have been 

proven to be a promising approach [5.40]. 

5.4.3 Recognition layer development 

The development of the porphyrin based recognition layer for analysis of brain micro dialysates 

began in 2012 based on the paper of [5.21], where the author successfully carried out reversible 

glucose reactions in a matter of seconds. Meso-tetra(4-carboxyphenyl) porphine (CTPP4) binds 

immobilised glucose oxidase giving two absorbance peaks at 412 nm (Soret band) and 427 nm (Q 

band). The immobilised complex resulted in an absorbance loss at 427nm due to the disassociation 

of CTPP4 from GOD as described below. 

 

𝐶𝑇𝑃𝑃4𝐺𝑂𝐷 → 𝐺𝑂𝐷 − 𝐶𝑇𝑃𝑃4⏟        
427𝑛𝑚

𝑔𝑙𝑢𝑐𝑜𝑠𝑒
→     𝐺 𝑂𝐷 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 𝐶𝑇𝑃𝑃4⏟              

412𝑛𝑚

 

 

(3.1) 
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 (a) (b) 

Figure 5.36 Absobance Spectra of   (a) before (1) and after exposure (2) to 50mg/dl glucose solution. The 

dynamic range of GOD-4 complex is shown on (b) [5.21] 

The paper did not state clearly whether the complex was reversible. However the speed of reaction 

and dynamic range were promising (Fig. 5.36) for the application of brain microdialysate analysis. 

The first step in the development process was to investigate whether this complex can be used for 

pyruvate and lactate by using their corresponding oxidase complexes. As a result the glucose, 

pyruvate and lactate oxidase was tested in a liquid form using a HP 8453 UV Spectrometer and a 

cuvette. The basic description and operation of the device is given in the following section. The 

subsequent section presents the results along with discussion. 

 

Conceptual Test of CTPP-oxidase complex for analysing glucose, lactate and pyruvate in a 

aqueous environment 

The first phase of the recognition layer development was to verify the previously described 

chemical reaction (eqs. 3.1) works for all the target analytes in question. This section describes the 

first experiments that provided the first insight into this chemical reaction. It was the first crucial 

step towards the development of the first recognition layer, aiming to create the means of 

continuously measuring all the three analytes in the cerebellum fluid required to monitor brain 

metabolism. 

Experimental Setup 

The optical system of the spectrophotometer is shown in Figure 5.37 Its radiation source is a 

combination of a deuterium-discharge lamp for the ultraviolet (UV) wavelength range and a 

tungsten lamp for the visible (VIS) and short wave near-infrared (SWNIR) wavelength range. The 

image of the filament of the tungsten lamp is focused on the discharge aperture of the deuterium 

lamp by means of a special rear-access lamp design which allows both light sources to be optically 

combined and share a common axis to the source lens. The source lens forms a single, collimated 

beam of light. The beam passes through the shutter/stray-light correction filter area then through 
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the sample to the spectrograph lens and slit. In a standard absorption spectrometer, a 

monochromator is used to limit the range of wavelength at which passes through the sample 

cuvette. However in the spectrometer, light is dispersed onto the diode array by a holographic 

grating. This allows simultaneous measurement of all wavelength information. The result is a 

fundamental increase in the rate at which spectra can be acquired. 

 

Figure 5.37 - Schematic of the optical System for HP 8453 UV-Visible Spectrometer 

Measurement Process 

At the beginning of the experiment a reference measurement is taken with a water solution that is 

used in all subsequent sample measurements. Following the reference measurement, the baseline 

spectrum is measured and displayed on the PC. The reference absorbance values are subtracted 

from sample absorbance values. 

In a spectrophotometer, monochromatic plane-parallel light enters a sample at right angles to the 

plane-surface of the sample. In these conditions, the light intensity is linearly dependent on the 

molar concentration (C) and molar absorptivity (ε), while exponentially dependent on the light path 

length in centimetres (L). 

I(λ)  =  eεCL    (5.2) 

Beer’s Law states that molar absorptivity is a material constant and the absorbance is linearly 

proportional to concentration for a given substance dissolved in each solute and measured at a given 

wavelength. Accordingly, molar absorptivities are commonly called molar extinction coefficients. 

Since transmittance and absorbance are unit less, the units for molar absorptivity must cancel the 

units of concentration and light path. Accordingly, molar absorptivities have units of M-1 cm-1. 

Standard laboratory spectrophotometers are fitted for use with 1 cm width sample cuvettes; hence, the 

path length is generally assumed to be equal to one centimetre and the term is dropped altogether in 

most calculations. 

Ameasured(λ)  = Isample(λ)  − Ireference(λ) (5.3) 

The measured absorption values are arbitrary units (AU) as well as the ratio of the received and 
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incident power (or current). The received powers measured at the array of photodiodes are 

referenced to the reference measurements. 

Liquid Solution Measurements 

1mg of porphyrin was dissolved in 100 µL of Ethanol, then diluted with 25mL of DI Water. Each 

analyte was tested separately and so the same amount of glucose, pyruvate and lactate oxidase 

powder were dissolved (1mg) in 25mL of DI water in separate solutions. The corresponding three 

target analytes were prepared in different eppendorf tubes as well by dissolving 1mg of glucose, 

lactate and pyruvate sodium in water. Following the reference measurement the porphyrin and 

glucose oxidase were added to the water solution in the cuvette and the spectrometer returned the 

well-known porphyrin absorption spectra, illustrated on Fig. 5.38. 

 

 

 

Figure 5.38 – Measured optical absorption spectrum of the CTPP4 solution 

The absorption spectrum of the CTPP4 solution clearly shows the Soret band at 420nm and three 

Q bands at 524, 555 and 590nm. An artefact was present at 490nm on all the absorption curves, 

which is assumed to originate from the instrument. The next step was the addition of the glucose 

oxidase and glucose solution, which resulted in an absorption increase in the Soret band illustrated 

on Fig. 5.39. 
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Figure 5.39 – Evolution of CTPP4-GOX complex in the optical spectrum as it reacts with 20mM/L of 

glucose 

The ratio of CTPP4 and GOX solution was 1:1, which resulted in a clearly distinguishable 

absorption increase at 425nm. Several measurement points were taken up to 900 seconds in order 

to monitor how the chemical reaction evolves with time. The absorption values for all the 

absorption peaks are listed in Table 5.3 Based on the measurement points, it can be clearly 

concluded that the wavelength of interest for the CTPP4-GOX complex will be at 420nm, where 

the absorption increase was significantly higher from 0.75 to 0.977. Moreover, the reaction reached 

99,53% of its settled value after 60 seconds. 

Table 5.4 – Measured absorption [AU] at different peaks with time, resolution 0.0002 AU and 

accuracy of 0.005 AU 

t [sec] 0 30 60 300 600 900 

A(420nm) 0.7516 0.9447 0.9724 1.0011 0.9775 0.9771 

A(512nm) 0.5640 0.5644 0.5694 0.5767 0.5650 0.5696 

A(555nm) 0.5337 0.5354 0.5473 0.5523 0.5434 0.5456 

A(590nm) 0.5040 0.5054 0.5052 0.5133 0.5089 0.5123 

 

Continuous monitoring of brain microdialysates requires the opto-chemical reaction to finish 

within a minute in order to achieve near continuous online monitoring of patients. The 

concentration of glucose was 20 mM/L and the reaction finished (99,5% , Fig. 53) after 60 seconds, 

which is acceptable given the physiological range for glucose is between 0.1-5mM. 

The next step was to find out how the ratio of CTPP4 and GOX affects the reaction time for the 

same concentration of analyte (20mM). The distribution of CTPP4 and GOX was changed, while 
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the same concentration of analyte was applied. The results of the kinetic tests are summarised in 

Table 5.4. The ideal ratio for CTPP4/GOX solution was found at 1:1 as the reaction finishes within 

60 seconds. 

Table 5.5 – Reaction time changes with CTPP4/GOX ratio 

CTPP4/GOX Ratio 0.5 1 2 

Reaction Time [s] 20 60 130 

 

When the ratio of CTPP4/GOX concentration was 1:1 and the concentration of glucose was 

changed between 1-20 mM/L a linear increase in reaction time was observed (Fig 5.40). At 1:1 

ratio between the two compound the chemical reaction was finished below 60 seconds given the 

concentration of glucose was below 20mM/L, while at 100mM/L reaction took over in 4 minutes. 

 

Figure 5.40 – Change in reaction time as a function of glucose concentration 

 

As the physiological range for glucose is 0.1-5mM/L within the cerebellum, the optimal ratio of 

the two compound can be established at 1:1. The experiment showed fast and clear reaction for 

glucose and similar reaction times were observed during the tests carried out for pyruvate and 

lactate. 

The final question that remained is how other interferants within the cerebellum can affect the 

measurement. Brain fluid extracted from the cerebellum will contain all three analytes of interest, 

which could potentially affect the measurement process. The CTPP4-GOX compound with ratio of 

1:1 with the same process as before, then 1mM/L of pyruvate and lactate was applied as shown on 

Fig. 5.41. 
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Figure 5.41 – Evolution of CTPP4-GOX complex in the optical spectrum as it reacts with 20mM/L of 

glucose, while not reacting to the other substances 

The change in absorption was 0.6% for lactate and 0.21% for pyruvate, which is negligible 

compared to the absorption change when glucose was applied. 

Table 5.6 – Absorption change of CTPP4-GOX compound at 420nm for 1mM/L pyruvate and lactate 

  
No analyte 

 
Lactate at 1 mM 

 
Pyruvate at 1 mM 

Glucose at 1 mM 

A(420nm) 0.9943 0.9884 0.9921 0.8635 

Percentage of 
change 

 
0 

 
0.59 

 
-0.21 

 
-15.14 

 

The CTPP4-GOX reaction showed promising results in a liquid form. The absorption spectrum 

analysis showed a significant optical absorption increase at 420 nm wavelength for glucose, 

pyruvate and lactate. The chemical reaction finished within 60 seconds between 1-20 mM/L, which 

is matching the physiological range for glucose in the cerebellum [5.41]. Moreover, the selectivity 

test also showed negligible reaction for CTPP4-GOX to lactate and pyruvate compounds. 

 

5.4.3.1 Reversible recognition layer development for brain microdialysates 

The next step was to develop a deposition process for the CTPP4-GOX recognition layer and 

investigate whether it is possible to reverse the reaction using a buffer fluid as it was reported in 

[5.21], which required for the sensor to be reusable. For this purpose, the same VIS-Spectrometer 

was used with a different mount as before that can hold a microscope glass instead a cuvette. 

The standard glucose determination methods based on glucose oxidase are based on monitoring 
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H2O2 or O2 production. For example, in [5.42] a potentiometric sensor is used, that is based on a 

coupled reaction, by monitoring the oxidation of an indicator compound. Such methods are prone 

to interferents, such as other oxidising agents, ascorbate and L-cysteine as well as others. As a 

result, increasing specificity by employing coupled enzyme systems has been a focus of recent 

research [5.21]. By using permeable polymer layers over the enzyme surface some improvement 

can be made. However, this is sensitive to cracks or peeling allowing penetration of the interferents 

into the enzyme surface. 

In [5.21], a multi-layered recognition layer was presented (Fig. 5.41), which showed promising 

reversible reaction within seconds. The next series of experiments was intending to reproduce the 

results and prove the fact that CTPP4 based dye can be used for lactate and pyruvate as well. 

A microscope slide is functionalised by Aldehyde (from Sigma-Aldrich, 10µL in 500µL DI water) 

in order to make it less hydrophobic. Followed by the activation of PAMAM dendrimer 4th 

generation (from Sigma-Aldrich), where 10µL of PAMAM was diluted in 500µL DI water. This 

serves as an intermediate layer that functionalises the surface by increasing the adhesion between 

the layers deposited afterwards. The porphyrin layer (made of1mg in 500 µL DI Water and 20µL 

Ethanol) was deposited onto the PAMAM, followed by the GOX layer (1mg in 500µL DI Water). 

Each layer was deposited by solvent casting, which is simply placing a droplet of 20µl of the 

solution on the target area, then soft baked at 80 degrees for 60-90 minutes. Following the soft 

baking, the sample was rinsed with 25mM of Phosphate buffer (from Sigma-Aldrich) to remove 

the excess material. The overall dye structure is illustrated on Fig. 5.42, showing the adhesion of 

glucose molecules and its optical interrogation normal to the microscope slide surface. Because of 

the binding molecules to the CTPP4-GOX layer, the extinction coefficient changes resulting in a 

large change of optical absorption. Once the chemical reaction is over, the sample is rinsed with 

Phosphate Buffer (at pH 7) removing the analyte from the surface and therefore reversing the 

process. 
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Figure 5.42 – Multi-layered recognition layer illustrating the binding reaction with glucose molecules and 

the use of a Phosphate buffer for reaction reversal 

The same process described in [5.21] was carried out and tested for glucose, lactate and pyruvate. 

The binding reaction resulted in a decrease (Fig. 5.43) in optical absorption at 420nm and finished 

within 10 seconds. The reaction time was shorter than the practically possible shortest measurement 

time. The red line represents the finished reaction curve after 10 seconds, following that the 

25mM/L buffer fluid was applied. 

 

 

Figure 5.43 – CTPP4-LOX compound reaction when 0.1mM/L of lactate applied and reversed 

when 25mM/L Phosphate buffer was applied 

The Phosphate buffer reversed the reaction resulted an absorption returned to 98,5% of its 

original value compared to the value when no analyte was present (Table 5.6). The same 
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glass slide measurement was carried out for pyruvate with similar results (Fig 5.44, Table 

5.7). The absorption decreased in both cases with 13,7% for lactate and 46,2% for pyruvate. 

Table 5.7 – Absorption change [AU] of CTPP4-LOX compound at 420nm for 0.1mM of lactate 

 No Analyte 0.1mM of Lactate Applied Buffer applied 

A(420nm) 0.9733 0.8564 0.9885 

Percentage of 
change 

 
0 

 
-13.7 

 
1.5 

 

 

Figure 5.44 – CTPP4-POX compound reaction when 0.1mM of pyruvate applied and reversed when 

25mM/L Phosphate buffer was applied 

Table 5.8 – Absorption change of CTPP4-POX compound at 420nm for 0.1mM/L of pyruvate 

  
No Analyte 

 
0.1mM/L of Pyruvate Applied 

Buffer 
applied 

A(420nm) 0.8780 0.6008 0.8645 

Percentage of 
change 

 
0 

 
-46.2 

 
-1.5 

 

The addition of 25mM Phosphate buffer reversed the reaction, however in some occasions the 

LOX/POX layer was removed as well the analyte, highlighting the need to further improvement of 

the deposition method. Both the reaction and the reversal took place within a few seconds. It was 

difficult to measure the exact value due to practical constrains, but it was below 10 seconds. 

The absorption maxima for all the analytes were at 420nm, which means the same wavelength of 

light can be used for optical interrogation, simplifying the sensor structure as well as lowering the 



Chapter 5 – Device fabrication and experimental results 

139 

 

 

cost of the device. The concentration of lactate and pyruvate was kept low in order to achieve fast 

response times. Lactate and pyruvate oxidase compounds were significantly more expensive than 

glucose limiting the in-depth investigation. However, these measurements proved that the CTPP4 

based dye in conjunction with the three oxidase compounds capable to produce reversible reactions for 

three analyte of interest. 

 

Recognition layer attachment to Siloxane polymer samples 

The previous experiments showed compatibility of CTPP4 for all the oxidase solutions and 

therefore proved that all three of the target analytes can be monitored in a reversible manner. 

Moreover, all reactions were finished within a few seconds at a 0.1 mM/L concentration of glucose and 

the Phosphate buffer resulted in complete reaction reversal in a similar time frame. 

The next step in the development process was the addition of a polymer layer as a substrate made of 

siloxane core material. At this point it was essential to determine whether this method can be 

integrated onto the siloxane polymer waveguide technology. The deposition of CTPP4 appeared to be 

more difficult as the polymer was very hydrophobic and the buffer fluid removed all the layers from 

the polymer in a matter of minutes. Further deposition refinements were required in order to match 

PAMAM-CTPP4 layers and enhance their adhesion to the polymer material. The thickness of CTPP4 

layer was not conform and often aggregated (clump together) (Fig. 5.45(a)), which made it of difficult 

to make consecutive measurements. 

  

(a) (b) 

Figure 5.45 – CTPP4 Deposited onto (1) siloxane polymer waveguide samples (2) after exposition to 

Phosphate Buffer at 50mM/l concentration 

The high degree of surface roughness and uneven dye thickness incorporated errors into the 

measurements as it changed the optical path of the sample. Moreover, refractive index changes 
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occurred as a result of water molecules infiltrating into the polymer material. An insulating layer 
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made of graphene was introduced to prevent this effect, which later turned out also highly beneficial for 

the quality of deposition. 

 

The introduction of a graphene layer to the GTPP4-GOD complex 

Graphene is a one-atom-thick planar sheet consisting of sp2 carbon atoms in a form of densely 

populated honeycomb crystal lattice [5.43]. It has attracted significant interest due to its high 

surface area and electronic conductivity, high Young modulus, thermal conductivity, and optical 

transmittance [5.44-45]. 

 

Figure 5.46 – Schematic diagrams of graphene structures in 0D,1D and 3D [5.46] 

 

Graphene has two oxidation states: graphene oxide (GO) and reduced graphene oxide (rGO). rGO has 

good conductivity and poor solubility in water, while GO has low electronic conductivity and excellent 

water solubility [5.47-48]. This is primarily due to its rich oxygen-containing and hydrophobic 

groups such as hydroxyl, epoxide, carboxyl and carboxylic. As a result, GO will then be converted into 

a π-conjugation-rich graphene, which makes it a good combination with porphyrin. 
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Figure 5.47 – Schematic Representation of covalently bonded GO and TPP [5.48] 

The porphyrin-modified acceptor nanoparticles along with the 2D (Fig. 5.46-47) 18 π-electron 

porphyrins exhibit good optoelectronic properties [5.49-55]. Therefore, as expected the 2D 

nanometer scale graphene with the optoelectronically active porphyrin molecules can lead 

to interesting applications in the field of optical sensing. 

The creation of this GO-CTPP4 hybrid layer required a new graphene transfer methodology as 

the standard process [5.55-56] involving PMMA and polymer etching by ethyl-acetate (or 

acetone) would also affect the siloxane polymer. The developed process is illustrated on the Fig. 

5.48. 

 

 



Chapter 5 – Device fabrication and experimental results 

143 

 

 

 

Figure 5.48– Schematic describing the deposition of graphene oxide on siloxane polymer coated glass 

substrate, (1) Imprinting, (2) UV exposure, (3)  ETFE peel off and Copper Etching,  (4) Water treatment 

The glass slides were spin coated with siloxane polymer core material (~20 µm, 2000 RPM for 45s). 

The copper sheets containing multi layered GO (was provided by CMMPE group) on both sides 

were placed on the sample and it was placed in a desiccator for 2 hours in order to remove the 

oxygen bubbles. Afterwards, the sample was placed in the Obducat Nano Imprint Lithography 

System (covered with a soft transparent fluoropolymer, called ETFE), which applied pressure (10 

bar for 300 seconds) and partly cured the polymer and flattened the copper/polymer sheet (also 

removing any remaining bubbles). A 10 second long UV exposure (Step 2) was required to finish 

curing the polymer and therefore create a covalent bonding between the graphene oxide and 

siloxane polymer materials. The ETFE sheet was then peeled off and the copper was etched away 

using Iron III Chloride solution. The sample was mounted on the sidewall of a glass beaker filled 

with the etching solution (34mg Iron II Chloride dissolved in 250 mL DI water). The beaker 

was placed on a magnetic stirring plate, thereby creating a constant flow of the etchant over the 

copper sample, enhancing the etching process as well as removing the etched copper residue. 

The final stage was to repeat the same process by replacing the Ferro-chloride solution with 

DI water. Leaving it overnight removed all the remaining of the copper from the graphene oxide 

layer. 
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The final step of creating a hybrid GO-CTPP4 layer was to deposit the porphyrin layer on the 

surface of the graphene via solvent casting. The CTPP4 solution was prepared by dissolving 1mg 

of CTPP4 in 500 µL of Ethanol (99%) and shaken for 30 minutes, followed by dilution in water 

based on the required concentration for the corresponding glucose oxidase solution. Once the 

porphyrin solution was sufficiently dissolved 10µL was applied to the grapheme coated siloxane 

polymer sample. The porphyrin solution instantly spread evenly out where the graphene oxide was 

present creating an even coating (Fig. 5.49). Once the ethanol evaporated, it was soft baked for 90 

minutes then placed in a water bath overnight. 

   

(a) (b) 

Figure 5.49 – Images of the GO-CTPP4 layer deposited onto a (a) siloxane polymer coated glass slide and 

its surface image shown on microscope (b) 

A small microfluidic chamber made of PDMS was installed on the top of the sensing region in 

order to maintain the optical path and limit the evaporation of the fluids from the sample. A 

microfluidic chamber, with a volume of 2 µL, was fabricated by SU8 based soft lithography. Before 

the microfluidic chamber was attached to the porphyrin coated siloxane sample, both samples were 

exposed to oxygen plasma in order to create free radicals on the surface (except the sensing region) 

and therefore covalent bonding took place when they came in contact. The final sensor sample with 

the attached microfluidic well is illustrated on Fig. 5.50. Inlet and outlet tubing was inserted into 

the PDMS in order to have the ability to inject and flush out the microfluidic wells between 

measurements. 
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(a) (b) 

Figure 5.50 – Schematic showing the (a) hybrid GO-CTPP4 layer with the PDMS (2µL) well attached, (b) 

photo of the test sample 

Unfortunately, the sensing region could not be completely covered and therefore some of the 

deposited regions were exposed resulting in lower reaction intensity. Moreover, the PDMS layer 

also limited the optical detection as it increased the optical path and therefore scattering effects. 

The experiment was carried out using test analytes synthetized by researchers at NCCU. The 

analytes provided were made of several interferents that can be present in an actual brain fluid. The 

glucose solution was prepared in CNF perfusion fluid and its components are listed in Table 5.8. 

Table 5.9 – List of components in the analyte under test 

Content Concentration [mM/L] 

NaCl 147 

KCL 2.7 

CaCL2 1.2 

MgCl2 0.85 

Glucose Sodium 5 

 

The blank measurement was taken with CNS perfusion fluid (blue line on Fig. 5.45) in order to 

avoid any errors in the measurements as a result of pH changes. Afterwards, the previously 

described analyte was injected containing 5mM/L glucose solution. As illustrated in Fig. 5.51, a 

strong reaction occurred at the 420nm when the analytes were injected into the system, resulting in 

a decrease in absorption in the Soret band, with hardly any changes in the Q-band peaks. 
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Figure 5.51 – Absorption Spectrum of siloxane polymer sample functionalised with CTPP4-GOX and 

exposed to artificial brain fluid containing 5mM/L of glucose. 

Table 5.10 Absorption change of CTPP4-GOX functionalised on siloxane polymer at 420nm 

 Perfusion Fluid
 (No analyte) 

5mM/L of Glucose 
Applied 

25mM/L Buffer 
Applied 

A(420nm) 0.413 0.28 0.331 

Percentage  of 
change 

 
0 

 
-47.50 

 
-24.77 

 

Unfortunately, the reaction was only partly reversible as the microfluidic channel detached from 

the polymer layer. There could have been several reasons, one is the partial remain of the original 

analytes as well as the optical path change due to pressure build up in the well. Moreover, it is also 

possible that the buffer fluid concentration was too high resulting in additional dye removal from 

the substrate. As a result, consecutive measurements were not possible in the way of quantitative 

analysis. 

5.4.4 Waveguide Measurements 

The optimal optical interrogation was established at a wavelength of 425nm, where the binding 

event results in a significant optical absorption change. During the experiments the main issue was 

to overcome the water effects due to pressure changes in the microfluidic channel. As the analyte 

or buffer fluid was injected into the sensing well, the PDMS based microfluidic channel extended 
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as the pressure increased in the well thus changing the optical path. The sensing reaction was 

interrogated using a VIS spectrometer, where the light propagated through the sensing layer normal 

to the surface through the PDMS layer. It leads to the conclusion that the only way to overcome 

this issue is to interrogate the sensing layer evanescently. 

In Chapter 5.3 a new fabrication process based on the Thermal NIL technique is described for 

siloxane polymer. Based on the analysis in Chapter 3 and Chapter 4, fabrication with such a high 

precision at this feature size would allow the formation of a highly sensitive optical waveguide 

based on single mode waveguide structures leading the way towards the realization of photonic 

lab-on-chip sensors. The previously described hybrid GO-CTPP4 recognition layer can only be 

formed if inverted waveguide structures are used. Therefore, the sensor development started by 

fabricating the highly sensitive inverted waveguides as discussed in section 5.3.2 using direct 

imprint lithography. However, even after trying several different silanisation recipes [5.19] – in 

order to reduce the natural adhesion of the silicon mould – the siloxane material was sticked to the 

mould resulting in the destruction of the hard mould. The microscope images shown on Fig. 5.46 

show the patterned cladding layer following the demoulding. The sidewalls of the trenches formed 

in the cladding material were of poor quality (Fig. 5.52) due to the rough demolding. The sidewalls 

were often damaged and the quality of the trenches varied. 

   

Figure 5.52 – Inverted waveguide pattern formed by direct imprinting 

The standard process for depositing graphene was also attempted [5.56] on ridge waveguides. The 

graphene coated copper sheets were coated with either PMMA or polystyrene by spin coating. The 

samples are left to dry overnight followed by copper etching (Iron Chloride solution described 

earlier). The samples are placed in water bath for couple of hours, before imprinted on the 

waveguides at 110 ºC temperature and pressure (at 2 bar). The intermediate polymer had to be 

etched away using ethylacetate or acetone. The polymer etching trials either resulted in damaging 

the waveguide core or leaving a residual polymer layer as illustrated below. 
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An alternative method is the standard process [5.55], where the grapheme coated polymer is simply 

placed on the top of the waveguide features following the water bath. The samples are left to dry 

overnight, before etched away using the Iron Chloride solution. However, neither of these processes 

were successful as the graphene did not bond with the siloxane waveguide core properly. Fig. 

5.53 (b) shows the residula layer (shaded areas) remained, where the PMMA remained ont he top of 

the graphene layer. In contrast, Fig 5.49 the graphene layer shows clear image of the top of the 

siloxane layer. It has been concluded that the graphene can only bond with the siloxane polymer 

material if it is cured while in contact with the graphene. In Chapter 5.4.3.3, the graphene was 

deposited on the flat siloxane material by directly imprinting the copper sheet into a spin coated 

substrate. The sample was cured either thermally or by UV exposure enabling covalent bonding 

between the two material. In these cases, this bonding did not occur therefore the graphene was 

usually washed (Fig. 5.53 (b)) away with the intermediate polymer during the polymer etching. 

  

(a) (b) 

Figure 5.53 – Microscope images showing the waveguide array after the graphene transfer trials by (a) 

imprinting PMMA resulting in a residual layer (shaded area) and the standard process, (b) unbonded 

graphene washed away 

As a result, the original multi-layered dye recipe was used (Fig. 5.54) for the waveguide 

experiments based on the techniques described in Chapter 5.4.3. The schematic below illustrates 

the sensing layer structure consists of Aldehyde/PAMAM/CTPP4/GOX, where the biochemical 

reaction is interrogated using evanescent field sensing. 
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Figure 5.54– CTPP4-GOX recognition layer structure deposited on the waveguide core and interrogated 

evanescently 

Once the siloxane waveguides were fabricated, a microfluidic well was formed in the cladding 

using UV Photolithography (Fig. 5.55). The deposited cladding material at the beginning and the 

end of the waveguide provides better input and output coupling efficiency, reduces light scattering. 

Moreover, the PDMS layer can be simply placed on the top of the cladding layer enclosing the well 

around the sensing layer. 

  

(a) (b) 

Figure 5.55 – Fabricated high quality siloxane waveguide arrays (2.5-5 µm wide and 3µm high) (b) with 

microfluidic well (a) formed by the patterned cladding 

The only difficulty assembling the sensor chip is the attachment of the PDMS layer with strong 

adhesion. The standard procedure for attaching the PDMS layer is to expose both surfaces to 

oxygen plasma. However, it also effected the recognition layer as it removed some part of the 

CTPP4 and GOX layers. While the glucose oxidase were completely removed, the CTPP4 remained 
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on the surface. For this reason the glucose oxidase had to be deposited after the enclosure is placed 

on the sensing well. The GOX solution was injected into the well by a syringe and activated 

over 2 hours as was originally done in [5.21]. Following the activation step, the GOX solution 

was flushed out by water using a syringe pump. This process was verified by replicating a waveguide 

sample on a Dow Corning quartz glass and performing this deposition process. As both the glass 

and the siloxane polymer were transparent the chemical reaction was tested on the previously 

described (Chapter 5.4.3.3) experimental setup in order to verify that the CTPP4-GOX reaction is 

possible even after the CTPP4 layer is exposed to oxygen plasma. 

On Fig. 5.56 the experimental setup is shown with the attached PDMS layer on the optical bench. 

 

 

(a) 
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(b) 

Figure 5.56 – Experimental Setup (a) of Optical lab-on-chip sensing with sensing layer, optical waveguide 

sensor and microfluidic channels attached, (b) image of sensor unit during measuremet with inlet tubes 

pumping fluids into the microfluidic chamber 

The first experiments highlighted an issue, where the optical power drifted away from the optimal 

point. As a result, the power decreased on a 0.2-0.5 dB/min rate due to mechanical drift causing 

misalignment in the launch conditions. It made reliable consecutive measurements impossible. 

Also, the presence of water molecules at the vicinity of the siloxane polymer core created a 

strong noise component in the measured signal due to the significant change in refractive index 

profile. Water molecules diffusing into the polymer core also contributed to the random 

absorption changes as well as the power loss and scattering effects. 

This was somewhat mitigated when larger waveguide were fabricated with a height of 4µm 

and with the deposition of a 5nm Ta2O5 layer over the core material. As it was described in 

Chapter 4, the two main advantage of depositing a Ta2O5 layer on the polymer core are 

compensating water effects (RI profile shifts) and enhanced sensitivity. However even at this point 

only proof of concept measurements were possible. Fig. 5.57 shows the result of an experiment, 

where the optical sensing was coated with the CTPP4-GOX complex and microfluidic channels 

were attached. The measured power on the Ta2O5 coated waveguide core before the dye 

deposition was -50 dBm on the 4x4µm core waveguide and the highly absorbing dye added a 

-25 dB absorption into the system. The maximum allowed dynamic range of the sensor was 25 
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dB. The expected reaction was an absorption decrease as this is what was observed previously in 

the glass slide measurements. 
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Figure 5.57 – Optical sensing experiment with glucose at 10mM/L concentration (noise 

There was a 3dB signal swing present in the system, however the glucose reaction was clearly 

visible. The absorption decreased to -65dBm, when the glucose was injected and naturally reversed 

once the reaction finished. Unfortunately, as it was often the case with the glass slide measurements 

the PDMS layer detached, thus it was difficult the flush out the fluids from the well following the 

first reaction, making it difficult to make consecutive measurements, which would allow the 

estimation of the dynamic range. There was a gradual drift present in the measurement along with 

the previously mentioned signal swing. The swing was probably due to the movement of air within 

the lab moving the tip of the fibers in the setup responsible for light coupling. Even though air 

conditioning was turned off it was still present. The drift could have been due to the misalignment 

of the alignment stage that gradually moved which was probably due to mechanical vibration from 

the environment.     The change in background noise level is probably due to diferent ambient 

lighting.  During this experiment the light in the lab were turned off, while in the previous waveguide 

measurements shown on Fig. 5.30. the lights were left on.



Chapter 5 – Device fabrication and experimental results 

154 

 

5.5 Conclusion 

This chapter summarised the development of a novel fabrication technique of siloxane polymer 

waveguide technology and illustrated it potential in the formation of optical lab-on-chip sensors. 

The adoption of Nano-imprint Lithography was essential in order to extend our fabrication 

capability. This technique has already been adopted by other members of the Photonic Research 

Group and will allow the realization of more advanced photonic waveguide structures. Along with 

this fabrication method, the standard technique was briefly introduced providing a good 

comparison between the two technologies. 

The development of the fabrication has spanned over a year until the very last months of the PhD 

limiting the realization of all the mentioned sensor structures such as the asymmetric Y-junction. 

Some issues of with silicon patterning mentioned were not investigated further due to the time limit 

in the clean room as well as the outages of the EBL system, where most of the work was carried 

out. The formation of single mode waveguide junctions were successful, however highlighted the 

need for a new technique for light coupling. The standard edge-fire light coupling technique based 

on fiber coupling has been sufficient for the large core siloxane waveguides, as misalignment 

tolerances for these features were tolerable using the alignment stages available. However, during 

the experiments, it became clear the in the case of single mode waveguides with cross sections 

below 4x4µm the misalignment tolerance has become an issue. Performing measurements where 

high sensitivity is required became impractical as the power levels often drifted away due to 

mechanical vibration from the environment. 

The previously discussed CTPP4-GOX recognition layer have been tested on a conceptual level 

using glass slides and proved that with further work more robust sensors can be realised. The sensor 

chip has been assembled and tested, however some question remained. It has been proved that the 

new dye can react for all three analytes, but only showed convincing reversible reaction on glass 

slides. 

The deposition technique of the recognition layer has been adjusted successfully siloxane polymer 

based waveguides, however the buffer fluid removed the dye when it contacted with buffer fluid 

following the first measurements. Another issue that needs to be addressed is the improvement of 

PDMS-siloxane polymer adhesion. The standard technique attaching microfluidic channels to 

sensor chips is based on the use of oxygen plasma exposure in order to create free radicals on both 

surfaces. Afterwards, the two surfaces are attached creating a covalent bonding between the sensor 

chip and PDMS based microfluidics. During our experiments, it became clear that this process was 
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not necessarily sufficient. The two surfaces often detached during the experiments, which means 

the two materials were either not compatible or further recipe refinement is necessary. 

Regardless, the Ta2O5 coated waveguides with GO-CTPP4 recognition layer showed a strong 

reaction. The optical power increased by 9 dB when 10mM/L of glucose was applied. The reaction 

time was longer than expected around 300 seconds, however this can be attributed to increased 

diffusion time of glucose molecules into the sensing layer. The recognition layer thickness was 

greater than the evanescent penetration depth therefore molecular diffusion time might be an issue. 

Further adjustments to the sensing layer deposition can certainly reduce the reaction time as the 

glass slide measurements proved the chemical reaction itself is fast. 

Based on the result that are presented here, it can be concluded the functionalization of siloxane 

polymer waveguide have a great potential in realising biochemical sensors in the future. The new 

fabrication technique will allow the formation of more robust and complex lab-on-chip sensors 

based on this material. 
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Chapter 6 - Appendix 

6.1 Review of optical sensing techniques for brain microdialysis 

The editors of the Lancet Neurology journal have described traumatic brain injury as a 

silent epidemic [6.1] as result of the recent revelations in the annual US incidence reports 

[6.2]. According to them, TBI related incidences are higher than breast cancer by almost 4 

fold and cost and estimated $60 billion in 2000 [6.1]. These incidences include 

intracerebral haemorrhage, cerebral contrusion or axonal injury. Following an accident, the 

injured area becomes “ischemic” due to loss of blood flow. As a result, biochemical changes 

occur in the brain metabolism that can serve as a good indicator to monitor the outcome of 

patients. Approximately 40% of TBI patients deteriorate in the day following their injury, 

while treated in intensive care units. 

By monitoring the cerebral extracellular biochemistry using microdialysis, researchers at 

NCCU have identified the metabolic derangements associated with such events. Their study 

[6.2] assessed the distribution of glucose, lactate and pyruvate changes in the first 72 

hours following a brain injury in various different patient groups over a six-month period. 

Samples were collected every hour and analysed by the previously mentioned ISCUS flex 

microdialysis analyser. It was concluded that the main indicator is the lactate/pyruvate ratio 

as the most persistent predictor for patient outcome. The lactate/pyruvate ratio can 

discriminate between favourable and unfavourable outcomes in addition to mortality. Other 

groups have verified the lactate to pyruvate ratio (L/P) and lactate to glucose ratios (L/G) as 

being the most prominent predictors [6.3] as well as providing a comparison between 

biochemical changes occurring in the arterial blood and brain fluid. “Cerebral microdialysis 

is important for detailed insight into cerebral metabolic alterations, which are missed by 

simply investigating the impact of insulin on changes in arterial blood glucose levels” [6.4]. 

The majority of the research is focusing on blood glucose. However, the range at which 

glucose needs to be monitored is much higher (3-50mM) than is required for brain micro 

dialysis (0-5 mM). Moreover, sample volumes for brain microdialysate analysis are very 

low (nanoliters) for continuous monitoring as the maximum brain fluid extraction rate from 
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the cerebral is 0.3 µL/min. Faster flow rates may perturb the local biochemistry in the 

microenvironment around the catheter tip.  The  rest  of  this  chapter  is  aimed  at  providing  

an  overview  of  different  optical  sensor technologies used in conjunction with various 

biochemical recognition elements relevant to this application. 

6.1.1 Glucose Sensing Review 

There are approximately 150 million people around the world currently suffering from 

diabetes. This number is estimated to double by 2025 according to a study in [6.4]. The 

glucose sensor industry is probably the biggest single one in the diagnostic field, estimated 

to be 30 billion Euros per year. The demand for continuous online blood glucose monitors 

has dramatically increased as it often requires insulin administration several times a day. 

Fortunately, there are dozens of low cost commercially available devices available, most of 

them based on electric transduction. Optical sensing schemes have not had the success of 

electrochemical schemes. However, they are a matter of active research. Methods such as 

absorptiometry, reflectometry, fluorescence, and surface plasmon resonance had the 

greatest success. However, almost all reversible continuous sensors are based on either 

fluorescence or surface plasmon resonance (SPR). No reflectometric or interferometric 

method is known that could enable continuous reversible sensing either in blood or in brain 

fluid [6.5]. 

Sensor Classification based on method of recognition 

Selection recognition or metabolism in the case of enzymes is the main prerequisite for glucose 

sensing. There have been several proposed methods with different limitations in terms of 

dynamic range, reversibility, lifetime and sensitivity. The first continuous sensing schemes were 

based on detection of oxygen consumption [7.6] according to equation (7.1) that catalyzed 

by glucose oxidase (GOX). Alternatively, the H2O2 generation can be monitored as well. 

β-D-Glucose + O2 D-gluconol-1.5-lactone+ H2O2 (6.1) 

Another option is to monitor the formation of protons (i.e. via the decrease in pH) e.g. in equation 

6.2. 

D-glucono-1.5-lactone + H2O2 gluconate + H+ (2) (6.2) 

Another enzyme glucose dehydrogenase reaction is also used to sense glucose by monitoring 

the glucose to gluconolactone according to equation (6.3). 

β-D-Glucose + NAD+ D-gluconol-1.5-lactone+NADH (6.3) 
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One way of monitoring the NADH formed is to excite the dye at 340nm, which 

results in fluorescence at 460nm [6.7]. Unfortunately, the NADH monitoring is irreversible, 

therefore cannot be used for this application. 

Another enzymatic procedure to monitor glucose levels by sensing cofactor FAD, a 

yellow coenzyme with a strong intrinsic green fluorescence, is converted into its reduced 

form (FADH2) before being converted back by molecular oxygen. [6.8] 

β-D-Glucose + FAD D-gluconol-1.5-lactone+FADH2 (6.4) 

FADH2 + O2 FAD + H2O2 (6.5) 

The ISCUS device is using an old-fashioned irreversible dye based on the GOD-POD 

method, Glucose is oxidized by glucose oxidase (GOD) to produce gluconate and hydrogen 

peroxide. The hydrogen peroxide is then oxidatively coupled with 4 amino- antipyrene (4-

AAP) and phenol in the presence of peroxidase(POD) to yield a red quinoeimine dye 

(eq. 6.6) that is measured at wavelength of 505nm. The absorbance at 505 nm is 

proportional to the concentration of glucose in the sample. It is not applicable for continuous 

sensing. Moreover, it also requires elevated temperature. The enzymatic activity is most 

efficient at 37 degrees, which means it requires temperature control. 

2 H2O2 + phenol + 4-amino-antipyrine quinoneimine + 4 H20   (6.6) 

There are five main methods for the recognition of glucose, their main features are 

summarized in Table 6.1. 

1. Kinematic Enzymatic Assays: The recognition of glucose by certain enzymes 

(or coenzymes) that subsequently undergo changes in their intrinsic absorption 

and/or fluorescence, or carry a (fluorescent) label placed near the site of interaction. 

Enzymes such as glucose oxidise (GOX), glucose dehydrogenase or glucokinase. 

2. Affinity binding of glucose: Measurement of formation or consumption of 

metabolites as caused by certain enzymes (such as GOX). The enzymatic factors 

that could be monitored: oxygen consumption, hydrogen or acid produced during 

the enzymatic reaction. 

3. Organic Boronic Acids: These are robust molecular receptors. However, they 

are rarely specific for glucose, therefore interference is an issue. Therefore, it is used 

for blood glucose measurement, where it has a relatively high concentration 

compared to other substances, this is not the case for brain fluid. 

4. Affinity binding for ConA: Based on affinity binding of glucose to the plant 

lectin concanavalin A (ConA). This utilises competitive binding and a labelled 
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carbohydrate such as dextran or glycated protein. 

5. Glucose Binding Proteins (GBP): Specifically engineered proteins, which are 

capable of changing their optical properties on binding glucose. Although, they 

can be only detected 

in the UV light regime, unless labelled with fluorophores to shift the change of optical 

signal towards the visible range of the spectrum. The use of a labelled protein is 

preferred, because it enables the optical properties of the system to be finely tuned. 

Table 6.1 – Summary of the different recognition methods 

 

Method of 

Recognition 

 
Pros 

 
Cons 

Feasibility for 

clinical Application 

Kinetic Enzymatic 

Assays using GOx 

Fully Reversible, 

Range of 1- 20mM 

Short enzymatic life 

time, critically time 

dependent 

Short Enzymatic 

lifetime 

 
Affinity binding of 

glucose to apo- 

GOx 

Stable, Fully 

reversible, not 

time dependent 

Short        dynamic 

range (1µL- 

100µL), specific 

labelling is needed, 

pH dependent 

Very small 

dynamic range 

 
Boronic Acid 

Stable Slowly reversible, 

strongly pH 

dependent 

Not applicable for 

continuous sensing 

 
ConA 

Dynamic Range: 1-

200mM, no pH 

dependence 

Fairly specific for 

glucose, slow 

system, ConA is 

toxic 

Not applicable for 

continuous sensing 

 

 
GBP 

Fully reversible, 

fairly simple, 

Refractive Index 

change at binding, 

hardly pH 

dependent 

Fairly  specific  for 

glucose,  low 

concentrations only

 unless 

genetically 

engineered 

Complex chemistry,

 only one

 example of 

GBP  with 

refractive index 

change at binding 
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Absorption based Glucose Sensors 

Absorption based glucose sensors have been actively researched since the mid 80’s and they 

are currently the most widely used lab instruments due to their simplicity and low-cost. 

There are a number of different strategies for designing an absorption-based optical biosensor. 

One is to detect the light absorption directly, which relies tracking the changes in the optical 

absorption lines or bands of the measure and at a convenient wavelength, at which the 

absorbance is directly proportional to the concentration. Indirect absorption is another 

method, where a secondary reagent is used to mediate the sensing, e.g pH sensors use an 

indicator dye whose colour/absorption characteristics change as a function of pH. 

A summary of absorption based sensors is in Table 6.2. Where all the sensors use indirect 

sensing monitoring, usually using oxygen as an indicator. The most successful schemes are 

based on optrodes in conjunction with a flow injection system. The employment of such 

system provides higher dynamic range, but often on the expense of the detection limit. A 

HPLC pump was employed in order to provide chemical mixing and temperature control. 

For continuous sensing reversibility is crucial, however their work did not investigate it. The 

only waveguide-based glucose sensor [6.9] has a good dynamic range of 3.4-100mM, 

however the detection limit is very high compared to ISCUS, where it is 0.1mM. Horseradish 

peroxidise was also used with GOx for glucose immobilisation with good detection limit 

around 1.5µM, however at the expense of dynamic range. The system responded very fast 

to various concentrations in a few seconds. One of the most successful real online glucose 

sensor was [6.10], where they used Meso-tetra(4- carboxyphenyl) porphine (CTPP4) 

which binds reversibly to immobilized glucose oxidase (GOD), resulting in an absorbance 

peak for the CTPP4–GOD complex at 427 nm. The dynamic range was 1.1-10mM and it 

responded to glucose in 6 seconds. This immobilisation technique could be a good start for 

a polymer-based online waveguide system. However, further investigation is required to find 

out how compatible this receptor could be for lactate and pyruvate. 
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Table 6.2. – Summary of absorption based glucose sensor 

 

Technology Analytical 
Range 

Detectio
n Limit 

Reversibility Response 
Time 

Laser Benefits Comment Reference & 
Year 

Polymer        waveguide 
sensor for early diagnostic 
and wellness monitoring 

2.78- 
27.78 mM  

0.56mM , No 3min LED, ?nm   [6.11] 2011 

Planar Optical 
Waveguide, Absorption, 
K9-Glass 

3.4- 
110 mM  

3.4mM  NA NA 488 nm,argon 
laser 

waveguide  based 
absorption sensor. 

GOD-POD Method [6.12] 2007 

Fibre optic Optrode 
Sensor 

2-10 mM  2mM  2-15min 10  s  to  5 
min 

490nm Reversible and 
fast 

GOD-POD/ FAD, 30 
C temp. control 

[6.13], 1997 

Reagentless flow- 
through sensor 

1.5-55uM  1.5uM  2min Few 
seconds 

Working: 
376/450nm 

Very fast, 
reversible, 
“reagentless” 

Flow 
Rate:0.85mL/min 
GOx/HRP 

[6.14] 2007 

Reagentless, Abs. 
Sensor 

1.5-300 uM  1.5uM  5min Few 
seconds 

424nm Very fast, 
reversible, 
“reagentless” 

HRP/H2O2 [6.15], 2007 

Novel optical solid-state 
glucose sensor 

1.1-11 mM  1,1mM  Yes 6s 424nm  GOD  with  CTPP  , 
reversible dye 

[6.10],2002 
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Fluorescence Glucose Sensors 

Fluorescence based continuous glucose sensors are one of the most actively researched areas. 

This approach is usually based on measuring the consumption of oxygen using probes 

whose fluorescence is quenched by oxygen. Typical probes (summarised in Table 6.3) for 

oxygen include luminescent complexes of Ruthium, platinum or palladium which are 

strongly quenched by oxygen. These probes are usually fabricated on the top of the 

waveguide/fibre core with a thickness of 2-10µm, while the enzymes are immobilised in 

or on this layer. Various probes have been reported whose fluorescence or lifetime is 

quenched by molecular oxygen. Decacyclene complexes, such as Pt(II), Pt(II), Ruthium 

dyes are the most widely used, because they can be excited with visible light. 

The most robust sensor architectures are usually optical optrodes [6.16-20] combined with 

a microfluidic flow-through cell. A flow-injection system is used to create the enzymes 

complex such as glucose oxidase then it is pumped through a micro cell, where it interacts 

with the probe. The oxygen variations are sensed by the probe, which in turn emits the light 

at a specific wavelength and intensity as a function of the glucose concentration. GOD 

displays absorption maxima in the visible region at about 380 and 450 nm and an intrinsic 

fluorescence emission maximum at about 530 nm with a decacyclene probe, as it was 

investigated in [6.16,7.18-19]. Alternatively, the GOX- FAD reaction has its absorption 

maxima around 470nm, while its fluorescence is monitored above 480- 520nm [6.20]. One of 

the earliest continuous fluorescence-based glucose sensor with FIA was done in 1989 [6.21], 

where they used the GOD enzyme with decacyclene as reversible oxygen indicator. They 

achieved a 0.01-2mM analytical range within 60 seconds. Moreover, the addition of a dialysis 

membrane protected the membrane from protein contamination resulting in an extended 

dynamic range of 1-200mM with a response time of 2-5 minutes. From the aspect of brain 

dialysis, probably the work in [6.19-22] provides the best starting point for the research due 

to their reversibility and fast response. 

Almost all of the continuous sensor designs were based on optical fibre based rather than 

waveguides. Theoretically the pyruvate oxidase (POX) and lactate oxidase (POX) 

enzymatic processes can be monitored as well. An interesting research could be to combine 

a novel oxygen sensor architecture with a probe (Ruthium, Palladium or Platinum) to monitor 

glucose (Fig 6.2). 
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Figure 6.2 – Polymer Waveguide based oxygen sensor chip [6.28] 
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Table 6.3 – Summary of fluorescence based glucose sensors 

 

Technology Analytical 
Range 

Detection 
Limit 

Reversibility Response 
Time 

Laser 
Excitation/Emission 

Benefits Comment Reference & 
Year 

Online Oxygen 
Optrode with FIA 

0- 
30mM, 
Glucose 
and 
Lactate 

NA NA 50-80s 410nm/495nm Online and 
continuous, 

Stable for 4 
weeks, GOD- 
POD/POD, 
37C temp., 
control 

[6.22], 1990 

Fibre optic  Optrode 
Sensor 

1.5- 
2mM  

0.01mM 1-10min 2-30min 450nm/500nm  GOD- 
POD/Oxygen, 
FLU 

[6.23], 1989 

Fibre optic (NADH) 1.1- 
11mM  

0.6mM No  360nm/ 460nm   [6.24], 1989 

Fast responding fibre 
optic optrode flow- 
thourgh sensor 

0.01-2mM 
(possible 
up to 
200mM) 

0.01mM No 60s 
(3-5min for 
200mM) 

410nm/500nm Stable  up  to 
20 weeks 

GOD based, 
0.89ml/min, 
decacyclene 
probe 

[6.25], 1989 

FLU experiment 
based on  GOx 

2.5- 
20mM  

2.5mM NA 5min 278nm/340nm GOx 
entrapped  in 
membrane 

GOD/FAD [6.26], 2007 

Phosphorescence 
(Fiber optic) 

0.2- 
20mM  

NA Yes 2-5min 
range) 

 Compact, 
flow-through 

Platinum dye [6.27], 1999 

Optrode based, FIA 1-80mM  1mM NA 100s 465/610nm  2D crystalline 
bacterial 
surface layers 

[6.18],1996 

Optical Fibre based, 
Ruthium based 
Continuous, Optrode 

0.1- 
30mM  

0.1mM Yes 20s 460/600nm 30 days 
lifetime 

GOx  and  Ru 
probe, Sol-gel 

[6.19], 2007 
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Interferometric Sensors 

Interferometric structures are very popular due to the fact that they can be easily integrated, 

are compact and can be highly sensitive. The interaction between the sample and the optical 

signal propagating in the sensor produces a change of optical mode effective index and then 

in its phase. The phase to amplitude conversion is done by interferometric optical architectures. 

One previously mentioned architecture is the Mach-Zehnder approach (Fig. 6.3), which 

provides high sensitivity and is widely used. The optical signal is split by a Y-junction in to 

two signals, one travels through the reference arm, while the other travels through the sensing 

arm. At the sensing arm the cladding is removed and layered with a receptor that either changes 

its refractive index as a function of the analyte concentration (homogeneuous sensing) or 

changes the thickness of a molecular layer (surface sensing). 

 

Figure 6.3. – MZM Interferometer Sensor [7.29] 

 

A simple example for such sensor is shown on Fig 6.4 [6.30], where they used a HeNe laser 

at 633nm without any receptors. The relation between the concentration of sugar and the output 

signal from the interferometer is nearly linear in the range from 0% to 1% concentration of 

the sugar solution, which caused 1.4 x 10 -4 refractive index change. As the figure below 

shows the concentration of sugar was much higher than what is expected in the brain fluid 

(0.1mM – 5.56mM), which clearly indicates the need for binding proteins or enzymes to 

achieve the required sensitivity. 
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Figure 6.4. – Sensitivity of label-free MZM [6.31] 

 

The other promising approach is based on Young Interferometry, therefore the change in 

refractive index is determined by the change in the interference pattern, which is captured 

by a CCD camera (Fig. 6.5). The change in the interference pattern is analysed by taking 

the FFT of the interference pattern. 

 

Figure 6.5 – 4-arm young interferometer [6.29] 

 

Another type of interferometric sensor (Fig. 6.6) is based on the measurement of phase 

difference due to polarisation rotation. In [6.32] the linearly polarised light passes through 

the glucose solution and the left and right-circularly polarised light experiences different 

refractive index. The dynamic range of the sensor was 0-11mM with a resolution on 

0.22mM, which is promising. However, the system requires a quarter-wave plate and the 

sample cell needs to be rotated by a motor, which makes the PCB integration questionable. 
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Figure 7.6 – Schematic of the High-precision optical metrology system for determining 

refractive index of liquid glucose solution. [6.32] 

An optical fibre based heterodyne interferometer that is proposed in [6.33] shown on Fig. 

6.7 was capable of rapid glucose measurements in 3 second with the dynamical range of 

0.1-7.6mM. 

 

Figure 6.7 – Schematic of the heterodyne interferometer based fibre sensor [6.33] 

 

The same group a year later in 2011 improved the system with an additional reference fibre. 

The sensor was reusable, while the sensitivity remained the same [6.34]. 



173 

Chapter 6 - Appendix 

 

 

Based  on  the  interferometric  techniques  summarised  in  Table  6.3,  the  MZM  and  

Young architectures proved to be highly sensitive. However, they have been only 

implemented at the near 

IR wavelength range, where recognition selectivity is limited.. The recognition elements 

designed for biochemical sensing are mostly designed to operate in the visible spectrum. 

Low-cost high quality light sources are not available for photonic integration at visible 

wavelengths at the moment. As a result, designing a practical low cost lab-on-chip sensor is 

not possible at the moment. Without the required binding agents at the longer wavelengths 

the sensor would have low selectivity. 
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Table 7.4. – Summary of Interferometric Glucose Sensors 

 

Technology Material Detection 
Limit 

Laser Benefits Comment Reference & 
Year 

Label-free Glucose, MZM Pyrex 
glass 

0.5mM, 633nm Label-free ∆n=10-4 [6.30] 1992 

Periodic MZM K9 glass 0.5mM    ∆n=10-4 [6.34], 1998 

Broadband MZM Silicon  (450nm- 
750nm) 

Good Dynamic 
Range 

Only proposed, 
simulation based 

[6.35],2008 

Integrated Young 
Interferometer 

Silicon 1.7mM    ∆n=10-8, 15mm optical 
path length 

[6.36], 2008 

Real-time measurement of 
glucose concentration and 
average refractive index using 
a laser interferometer 

NA NA NA, 
probably 
HeNe
 a
t 632nm 

Requires optics 
that difficult to 
integrate on PCB 

a polarized phase 
detection technique 

[6.31], 2008 

Fabrication of glucose fibre 
sensor based on immobilized
 GOD 
technique for rapid 
measurement 

Glass 
fibre 

1µM  HeNe
 a
t 632nm 

10uL Sample 
Volume, fast 
response below 
1s, Reusable on 
10x 

GOX, Dye: propyl 
aldehyde, suberic acid 
bis sodiumsalt with 
phosphate, Response 
time 3s 

[6.32-33], 
2010, 2011 
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6.1.2 Lactate Sensing Review 

Lactate sensors are essential in clinical analysis for diagnosis of lactate acidosis as a result of 

metabolic, respiratory, or haemodynamic disturbance. Typical fields of application are sport 

medicine for exercise control and the food industry. Four different kinds of enzymes are 

frequently used for L-lactate determination: Lactate dehydrogenase (LDH), cytochromc b2, lactate 

oxidase (LOD) and lactate monooxygenase (LMO). A reaction scheme of LMO is  shown in the 

following equation: 
 

 

 

 

 

 

 

 

 

The LDH reaction is most often used for discontinuous routine analysis in clinical laboratories. 

However, it is irreversible, and therefore it is not applicable for a potential continuous brain fluid 

analyser. Lactate sensors for continuous determination of lactate are mostly based on electrodes. 

Thus, lactate can be determined with an oxygen or hydrogen electrode by using the enzymes LMO 

or LOD. For optical sensing usually LDH, LOD and LMO are used. As the summary shows in Table 

6.5, the related articles are scarce compared to glucose. Real online monitoring of lactate has only 

been done in [6.37] by using absorption, but it is irreversible and requires temperature control. The 

fastest responding sensor was in [6.38], but it is based on LDH fluorescence, which is irreversible 

as well.  A summary of different pyruvate sensors is given in Table 6.5. 

 

 

LDH: L-Lactate + NAD+ pyruvate + NADH +H+ (6.7) 

Cytc.:L-Lactate + 2 ferricytochrome c pyruvate + 2 

ferrocytochrome 

(6.8) 

 

 

LOD: L-Lactate + O2 Pyruvate + H2O2 (6.9) 

LMO: L-Lactate + O2  acetate + CO  + H20 (6.10) 
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Table 6.5. – Summary of optical lactate sensors 

 

Technology Analytical 
Range 

Detection 
Limit 

Reversibility Response 
Time 

Laser 
Excitation/Emission 

Benefits Comment Reference & 
Year 

Absorption/  LDH 
based 

0.2- 
1mM  

0.2mM  No 60s Abs: 340nm Fast Sol-gel 
immobilisation, 
disposable 

[6.37], 2002 

Fiber Optic 
Optrode , FIA, FLU, 
LMO 

2- 
50mM , 
0.3- 
6mM  

2mM , 
0.3mM  

10min 2-3min, 2.5- 
5min 

410/450nm Reversible, 
Good Range 

Oxygen sensor, 
LOD1.2ml/min, 
V=20uL 

[6.38.], 1990 

Fibre Optic 

Sensor, FLU, 
LMO 

0-5mM  50µM  5min 3min 470/600nm Resistive to 
Interference 

Ruthium Dye, 
oxygen 
detection 

[6.39], 2001 

Fibre Optic 
Optrode, FLU, 
LMO 

0.5- 
1mM , 
3mM  
with FIA 

0.5mM  10min 1-3min 410/500nm Fully 
reversible 

Flow rate: 
1.2ml/min 

[6.40], 1989 

FLU sensor, fiber 
optic 

50nm- 
50uM  

50nM  NA 2min 315/425nm Very low 
detection limit 

LOX/HRP, 
Optrode 

[6.41], 1995 
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6.1.3 Pyruvate Sensing 

Pyruvate is the least researched substance out of the three analytes. The enzymatic process for 

the ISCUS device is the following, Pyruvate is enzymatically oxidised (PyrOx) in presence of 

inorganic phosphate (Pi). Peroxidase (POD) catalyses the reaction between the hydrogen 

peroxide formed, TOOS and 4-amino-antipyrine to form the red-violet coloured 

Quinonediimine. It is unfortunately irreversible and requires temperature control as it is 

the case for most of the previously described peroxidises-based processes. 

 

 

 

 

 

 

The enzymatic processes described in equations 6.11-15 are summarised on Fig. 6.8 where 

the required dyes are indicated as well [6.41-43]. As table 6.6 shows, a few of the relevant 

existing pyruvate sensors require temperature control and are non-reversible. 

 

Figure 6.8. – Pyruvate is a key intermediate in the anaerobic and the aerobic metabolism of 

almost all living organisms [6.41] 

The  currently  existing  optical  sensors  are  based  on  irreversible  enzymatic  recognition.  An 

alternative way of sensing pyruvate is to use a pH sensitive dye as discussed in [6.7]. 

POD: Pyruvate + Pi + O2 →     acetylphosphate +CO2 + H2O2 (6.11) 

POD Dye: 2 H2O2 + TOOS + 4-amino-antipyrine → quinonediimine + 4 H20 (6.12) 

LDH: NADH + Pyruvate →Lactate + NAD+ (6.13) 

LDH: FAD + Pyruvate →Lactate + FADH (6.14) 

ALAT: L-alanine + 2-oxoglutarate  pyruvate + L-glutamate (6.15) 

 

 



 

 

 

 

 

Table 6.6 – Summary of optical pyruvate sensors 

 

Technology Analytical 
Range 

Detection 
Limit 

Reversibility Response 
Time 

Laser 
Excitation/Emission 

Benefits Comment Reference & 
Year 

Spectrum Analysis of 
pyruvate oxidase, ABS 

NA NA NO 7min ABS:550nm  POD method, 
37C temps 
control 

[6.42], 1990 

Dual-enzyme fiber 
optic biosensor for 
pyruvate, FLU, 
Optrode 

0.02- 
1mM  

0.0084 
mM  

No 24min 340/410nm  LDH, 30 C 
temp. 
Control, 

[6.43], 1997 

LDH, Sol-gel 
method, ABS 

0-1.5mM  50uM  No NA ABS: 340nm  LDH,TEOS 
dye sol-gel 
films, 37C 

[6.44], 1997 
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