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Abstract

The overall goal of this study was to develop a portable biological detection system with high sensitivity, accuracy and repeatability to be used in either the phytosanitary or the medical domain. This system is based on the Surface Plasmon Resonance (SPR) physical principle. Such a use of this principle is already achieved but leads to laboratory equipment.

The goal here is to democratize its use up to an on field or point of care measurement system. In this context and within the frame of the BIOSENS INTEREG FWVL project, I worked more particularly on several developments around the sensor. From all the existing biosensor technologies, surface plasmon resonance (SPR) sensing technology has received continuous attention due to its advantages of a high-sensitivity, label-free and fast response time. Although the SPR sensing technique being legend in the sensor community, currently the temperature of the sample needs to be carefully maintained and controlled because SPR signal varies with temperature and any change in SPR signal can be interpreted as a biological interaction. This gives a huge challenge in the portable application that is targeted since embedding of a temperature-controlled chamber size and energy consuming.

A SPR sensor design including 4 SPR channels has been made and the temperature is controlled in real time by using Joule effect. Temperature behavior has been modelled

under COMSOL and we experimentally demonstrated that the temperature modulation of SPR channel by Joule effect does not affect the detection scheme. Water was heated by injecting current through the plasmonic layer and the refractive index change of water due to temperature was measured and compared with the theory. We also demonstrated that the temperature of each of the 4 channels can be controlled independently without any thermal crosstalk. In order achieving a more precise monitoring of sample temperature, a temperature sensor was also fabricated on top of the plasmonic layer, allowing the real temperature at the sensor surface to be monitored in real time. This temperature control can so be used either to maintain the temperature of biologic samples or to identify the effect of temperature on biomolecular interactions. On addressing the cost of the sensing tool, a flexible and cheap SPR sensor made on tape has been fabricated and tested. Air and water plasmonic responses were measured using such a "tape sensor". A PDMS prism has already been investigated and combined to the tape sensor making then a very cheap sensing platform.

Introduction to bio-sensing

A biosensor is a device that allows obtaining a user-readable signal from a biological solution or interaction. Generally, biosensors determine the concentration of a specific biomolecule, called analyte, in a sample or analyse the interaction between specific biomolecules. In a first approach and a fully generic way, a biosensor can be globally illustrated by the combination of two main components that are a bio-recognition element [START_REF] Subrahmanyam | Application of natural receptors in sensors and assays[END_REF] and a transducer. The bio-recognition element can be antibody, DNA, enzyme, cell, or any other biologic species. The transducer is a physical device that can be based on one or a combination of electrical, mechanical, piezoelectric, acoustic, optical principle(s) [START_REF] Sheikh | Forecasting of biosensor technologies for emerging point of care and medical IoT applications using bibliometrics and patent analysis[END_REF]. 

Main techniques

As mentioned above, there are different physical transducing schemes, the most widespread ones are based on electrical [START_REF] Luo | Electrical biosensors and the label free detection of protein disease biomarkers primary[END_REF][START_REF] Roy | Nanostructure-based electrical biosensors[END_REF][START_REF] Shanmugam | A review on ZnO-based electrical biosensors for cardiac biomarker detection[END_REF], mechanical [START_REF] Lu | Low-concentration mechanical biosensor based on a photonic crystal nanowire array[END_REF][START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF][START_REF] Ziegler | Cantilever-based biosensors[END_REF], or optical [START_REF] Damborsky | Optical biosensors[END_REF][START_REF] Huertas | Advanced 154 Evanescent-Wave Optical Biosensors for the Detection of Nucleic Acids : An Analytic Perspective[END_REF][START_REF] Peltomaa | Optical Biosensors for Label-Free Detection of Small Molecules[END_REF][START_REF] Wood | XLII. On a remarkable case of uneven distribution of light in a diffraction grating spectrum[END_REF] principles. Types of transducers and the existing bio sensing techniques are mentioned in Table 1.1.

Table 1.1 Transducer types used for various bio-sensing techniques.

A very brief introduction on the types of transducers and the techniques that are currently used for bio sensing application are discussed below.

Electrical transducer:

They transduce the biological interaction into electrical signals like current or impedance that can be processed directly. There are various electrical transducers like capacitive, conductive and many other but the most promising among these devices which are used for bio-sensing application at the laboratory level is the NanoWire Field Effect Transistor (NW-FET) [START_REF] Chen | Silicon nanowire field-effect transistor-based biosensors for biomedical diagnosis and cellular recording investigation[END_REF][START_REF] Kim | Silicon nanowire biosensors for detection of cardiac troponin I (cTnI) with high sensitivity[END_REF][START_REF] Ahmad | Recent advances in nanowires-based field-effect transistors for biological sensor applications[END_REF][START_REF] Rubtsova | Biosensor Based on a Nanowire Field-effect Transistor for the Determination of Prostate Specific Antigen[END_REF][START_REF] Fan | Recent development of silicon nanowire FET biosensor for DNA detection[END_REF].

A NW-FET biosensor is composed of a semiconductor nanowire that can be considered as the channel of a classical FET device. The extremities of this nanowire can then act as the source and drain electrodes. Charged biomolecules that adsorb onto the nanowire act as a usual gate electrode, producing a surface electric field and varying the conductivity within the device. The resulting source-drain current can be then measured as a monitor of the biomolecule interaction.

Mechanical Transducer:

These biosensors use mechanical forces to report on a biomolecule presence or interaction.

Example of such a device is the micro-cantilever [START_REF] Kim | Highly sensitive microcantilever biosensors with enhanced sensitivity for detection of human papilloma virus infection[END_REF][START_REF] Ziegler | Cantilever-based biosensors[END_REF][START_REF] Pei | Glucose Biosensor Based on the Microcantilever[END_REF][START_REF] Raiteri | Micromechanical cantilever-based biosensors[END_REF]. Micro-cantilevers oscillate at a characteristic frequency, much like a tuning fork. This frequency is a function of the shape and material properties of the cantilever and therefore changes with its mass and so upon the adsorption of biomolecules. The detection and the change in oscillation frequency can be monitored by reflecting a laser off the surface and tracking its position, much the same way as in an atomic force microscope.

An alternative mechanical sensor is the quartz crystal microbalance (QCM), which relies on the oscillation of a crystal and the change in resonant frequency as material adsorbs.

This oscillation is stimulated electronically, but this frequency change occurs due to the mechanical coupling of bound biomolecules and the crystal surface [START_REF] Kim | Highly sensitive microcantilever biosensors with enhanced sensitivity for detection of human papilloma virus infection[END_REF], [START_REF] Dixon | Quartz crystal microbalance with dissipation monitoring: Enabling real-time characterization of biological materials and their interactions[END_REF].

Optical Transducer:

Optical biosensors use the interaction between light and matter to report the presence of the analyte. These technologies may be divided into two classes. The first one uses spectroscopy, under different declinations, to isolate the signal due to the analyte, including Fourier Transform Infra-Red (FTIR) spectroscopy [START_REF] Liao | FTIR-ATR detection of proteins and small molecules through DNA conjugation[END_REF] and ultraviolet-visible (UV-vis) spectroscopy [START_REF] Moore | Direct Surface Enhanced Raman Spectroscopic Detection of Cortisol at Physiological Concentrations[END_REF][START_REF] Ju | Sustained and Cost Effective Silver Substrate for Surface Enhanced Raman Spectroscopy Based Biosensing[END_REF]. The most common technique in this class is fluorescence, which involves the absorption of a photon by a molecule and the subsequent emission of a second photon of lower energy. Species that exhibit minimal fluorescence when exposed to a particular wavelength of light available for the experiment may be labelled with a fluorophore better suited to that wavelength to enable detection based on the intensity and spectrum of emitted light. The fluorescence signal is isolated using optical filters to eliminate background and excitation light, and collected using a detector (e.g. photodiode, photomultiplier tube, avalanche photodiode, or charge-coupled device).

Fluorescence technique exhibits two key drawbacks [START_REF] Gaigalas | The Development of Fluorescence Intensity Standards[END_REF][START_REF] Smith | Expanding the Dynamic Range of Fluorescence Assays through Single-Molecule Counting and Intensity Calibration[END_REF]. First, attaching a fluorescent tag to the analyte can interfere with the binding reaction that occurs during specific sensing.

Second, quantitative fluorescence measurements can be inaccurate in the limits of both high and low concentrations of the analyte [START_REF] Smith | Expanding the Dynamic Range of Fluorescence Assays through Single-Molecule Counting and Intensity Calibration[END_REF]. Alternative fluorescence assays range from classical biochemical methods, such as Western blots or ELISA assays, to new sensor technologies such as Total Internal Reflection Fluorescence (TIRF). In TIRF, one monitors the adsorption of material by measuring the amount of light given off by fluorescent tags attached to the surface-bound analyte molecules. These fluorophores are excited using the evanescent field that results from total internal reflection at the substrate, often a glass prism. Fluorophores may only be excited by the evanescent wave [START_REF] Axelrod | Evanescent excitation and emission in fluorescence microscopy[END_REF], ensuring that only those fluorophores within a short distance (< 100 nm) of the surface will contribute to the emitted fluorescence signal. This technique significantly improves the sensitivity of the measurement.

Currently, the most prominent optical biosensors are based on either surface plasmon resonance (SPR) or fluorescence [START_REF] Chen | Optical biosensors: An exhaustive and comprehensive review[END_REF] owing to their ability to detect minimum concentration levels as shown in Figure 1.2 [START_REF] Su | Label-Free Biological and Chemical Sensing Using Whispering Gallery Mode Optical Resonators : Past , Present , and Future[END_REF].

As can be seen from Figure 1.2, among the various kinds of biosensors, label free SPR based biosensor offer the shortest analysis time on the order of few seconds that can allow the real time monitoring of molecular interactions. But on the other hand, this technique exhibits the highest detection limit (minimum limit: 1nM) compared to other techniques.

However labelled SPR technique could reduce the limit of detection to 1fM even though loosing fastest reaction time (100min) and label-free assets.

It is also necessary for a biosensor to detect the smaller molecules as possible in shortest time since the interest of the application always lies in the scale lower than 1µm as shown in Figure 1.3.

Due to the advancement in optical microscopy technologies, the biological interaction of the bigger molecules is easily monitored. The experiments are conducted by using labels which improve to detect at femto-molar range at the expense of a compromised analysis time [START_REF] Yao | Sub-attomole oligonucleotide and p53 cDNA determinations via a high-resolution surface plasmon resonance combined with oligonucleotide-capped gold nanoparticle signal ampli W cation[END_REF]. Sensitivity improvement is an ever-lasting goal in biosensor development. The requirement for sensitivity indeed varies from case to case. For example, one does not need a very high sensitivity for glucose detection since glucose concentration is high in the blood. This is part of the reason for the success of glucose monitors. However, in many cases, it is very important to develop highly sensitive biosensors, optimally singlemolecule detection, to meet the requirement of molecular diagnostics and pathogen detection.

Advantages and drawbacks of transducer types

According to the type of transducers, the sensitivity and the performance of the bio-sensing differs. Some advantages and disadvantages of the currently used transducers are discussed in the Table 1.2. 

Application domain of biosensors

Figure 1.4 Biosensor market share in 2017 and its future expected developments [START_REF]Biosensor Market Size, Technology, Trends and Growth | Global Industry Forecast[END_REF].

As seen in Figure 1.4, the biosensor market is expected to double in the year 2023 compared to the year 2017. We can also notice that a lot of different application domains exits. With this hint, the research for the right transducer that can be better adapted to a particular application field is a real challenge since requests can be different from one domain to another. When it comes to the point of care testing [START_REF]Biosensor Market Size, Technology, Trends and Growth | Global Industry Forecast[END_REF], the main property of a biosensor is expected to be a noninvasive sensor. Non-invasive procedures are those which leave the skin intact and unbroken. They have become increasingly popular in recent years, not just because of the lack of a scar but because they often involve less time during treatment and afterward for recovery.

The second highest application domain of biosensors will be in the home diagnostics [START_REF] Gruhl | Biosensors for diagnostic applications[END_REF].

Likewise, the biosensors are not only used in the medical and clinical domains but also in various application domains as shown in the histogram (Figure 1.4). And few more biosensor application fields are life science research [START_REF] Bhadoria | Recent advances of biosensors in biomedical sciences[END_REF][START_REF] Teixeira | Recent Advances in Biosensor Technology for Potential Applications -An Overview[END_REF][START_REF] Bahamonde | Recent advances in graphene-based biosensor technology with applications in life sciences[END_REF], health care and medical diagnostics [START_REF] Kim | Wearable biosensors for healthcare monitoring[END_REF][START_REF] Gouvea | Biosensors for health applications[END_REF][START_REF] Masson | Surface Plasmon Resonance Clinical Biosensors for Medical Diagnostics[END_REF], environmental pollution monitoring, drug screening, and discovery, food safety and analysis and military applications [START_REF] Paddle | Biosensors for chemical and biological agents of defence interest[END_REF]52] based on interest. With such a myriad of diverse applications, the overall biosensors market is expected to reach USD 35,729.14 Million by 2025 (Source: MRFR Analysis [START_REF]Biosensor Market Size, Technology, Trends and Growth | Global Industry Forecast[END_REF]).

There is intensive research on biosensors and each biosensor is characterized by a method that translates the quality and quantity of analyte present in the sample into a user measurable signal. Biosensor research is a highly interdisciplinary venture that brings together physicists, biologists, chemists, doctors, and engineers. As can be seen from Figure 1.1, the different parts of biosensors have to be developed by a specialist and all parts to be collaboratively optimized for a bio-sensing system to work.

Application domain targeted in this work

The project I worked on is funded by the European Union through an INTERREG France-Wallonie-Vlaanderen programme, and more particularly within the BIOSENS project that is part of the SMARTBIOCONTROL portfolio (01/10/2016 to 31/12/2020). BIOSENS is a cross-border collaboration between physicians, micro-technologists, biologists, microbiologists, and agronomists to develop a portable biosensing equipment in the phytosanitary application domain. This equipment will be used for the early detection of pathogens for which the effectiveness of a biological treatment requires a quick response, before the appearance of the first symptomatic signs. A secondary application domain is set on the detection of pathogens in the medical domain. The link between those two is related to the pathogen to be detected that are fungi in both applications.

What are these pathogens and why they need to be detected at their early stage? As mentioned above, a first application is in the phytosanitary domain and more especially on the detection of a wheat crop fungus, Zymoseptoria tritici. It is a foliar disease that can reduce the yield of wheat by 30 to 50%, so having a huge economic impact. This fungal disease is difficult to control because populations contain extremely high levels of genetic variability and it has very unusual biology for a pathogen. Zymoseptoria tritici has an active sexual cycle under natural conditions, which is an important driver of septoria tritici blotch epidemics and results in high genetic diversity of populations in the field [START_REF] Torriani | Zymoseptoria tritici: A major threat to wheat production, integrated approaches to control[END_REF]. The BIOSENS project aims to develop real time detection equipment aiming to detect the fungus in its early-stage development, i.e. before symptomatic signs appear, and so to minimize the pesticide treatments. Moreover the other projects of the SMARTBIOCONTROL portfolio aim at determining, developing and producing alternative biopesticides that could force the agricultural community to change practices in the way of using chemical pesticides. At the end of the project, the expectation is to develop a portable equipment that can be used on fields without the request of high-level biology technicity. It should be able to survey the appearance of the fungus as well as to monitor the efficiency of the biopesticide treatment. The ultimate goal is then reaching a greener agriculture using bio treatments and optimizing their spreading. The medical application concerns a human fungus, Candida Albicans that is naturally present in human body.

During an immune or hormonal imbalance, it can proliferate and becomes then pathogenic by releasing toxins. This is usually mild but can be severe in case of immunocompromised patients. The goal is the same than in the previous case, i.e. to detect the pathogen proliferation as soon as possible in order to lighten the curative treatment. For this purpose during the BIOSENS project, we have developed a biosensing tool that can be used for detecting the presence of both fungal pathogens, Zymoseptoria tritici and Candida

Albicans. This biosensing tool consists of various elements such as sensor, a biorecognition element, a reading equipment and a data processing. The sensor and the biorecognition are combined together into a biosensor that transduces a biological interaction into a signal. This signal is read using a reading equipment and data processing is finally applied to convert raw results into user readable data. Finally, the integration of all these elements is a biosensing tool (see Figure 1.5).

Each part of this tool was developed by one of the project partners that are:

-the C.A.R.A.H institute (agronomists and micro-biologists): they were in charge researching the specific DNA sequence allowing the detection of Zymoseptoria tritici.

They also developed the process flow extracting DNA of the pathogen from the plant, soil or air environment up to the preparation of the test solutions. From their study, we got the DNA sequences to be used as probes on our sensors.

-the CHU de Lille (medicine, biologists); they were in charge researching the antibody for the detection of Candida Albicans fungus. This protein-based interaction is also planned to be implemented for the Zymoseptoria tritici at the end of the project.

-Materia Nova and University of Liège (physicists): they worked on the way using Localized SPR (LSPR) and more especially on the way fabricating "low cost" LSPR sensors.

-Multitel (Research and Innovation Center) was in charge fabricating the portable SPR equipment. They implement some aspects of optical reading system and sensor developments presented in this work.

-CSL (Centre Spatial de Liège) worked on the development of localized SPR sensing and corresponding reading equipment. -in order to get a portable detection system whatever it concerns detection in fields for the agricultural domain or point of care testing for the medical domain, idea was to remove the bulky temperature controlled environment that is commonly used by an integrated temperature control at sensor level.

-in order to ease the setting-up of the SPR sensor on the optical reading system and also, perhaps, to decrease the analysis cost, the use of polymer based optics was tested at coupling prism and sensor level.

Introduction to SPR biosensing

Visualization of the Surface Plasmon Resonance phenomenon can be firstly observed on the Lycurgus cup [START_REF] Freestone | The Lycurgus Cup -A Roman nanotechnology[END_REF][START_REF] Manley | Design Principles for Plasmonic Nanoparticle Devices[END_REF] shown in Figure 1.6, fabricated by the Romans in the 4 th century. 

Propagative surface plasmon resonance (SPR)

During an experiment performed by Woods in 1902 and 1912 at Johns Hopkins University, he noticed that when he shone a polarized white light on a diffraction grating, a pattern of unusual dark and bright bands appeared at the reflection [START_REF] Wood | XLII. On a remarkable case of uneven distribution of light in a diffraction grating spectrum[END_REF][START_REF] Wood | Diffraction gratings with controlled groove form and abnormal distribution of intensity[END_REF]. Although Woods experiment could not answer the real phenomena behind the bright and dark bands of light, Lord Rayleigh in 1907 found that the scattered field was singular at wavelengths for which one of the spectral orders emerged from the grating at the grazing angle [START_REF] Rayleigh | On the Dynamical Theory of Gratings[END_REF]. These singularities appeared only when the electric field of the optical electromagnetic wave was polarized perpendicular to the rulings of the gratings. His theory answered normally to the Woods experiment behaviour. Woods further research suggested that both P and S polarization anomalies exist but only P anomalies were found on gratings with deep groves [START_REF] Hessel | A New Theory of Wood's Anomalies on Optical Gratings[END_REF]. Finally, theoretical analysis by Fano in 1941 concluded that these anomalies were associated with surface waves (surface plasmon) supported by the network [START_REF] Fano | The Theory of Anomalous Diffraction Gratings and of Quasi-Stationary Waves on Metallic Surfaces ( Sommerfeld's Waves)[END_REF]. This phenomenon was later described during the 1970s in terms of excitation of electromagnetic evanescent waves at the surface of thin metal to excite the surface waves. The surface plasmon (SP) or surface plasmon polariton (SPP) is a non-radiative electromagnetic surface wave that exists at the interface between a metal (few tenths of nanometres) and a dielectric medium (air, water, fluid, etc). They do not exist spontaneously, but it is possible to excite them either by using an incident photon or electron bombardment. Optical stimulus is nevertheless the easiest and commonly used way creating SPPs.

Basic principles

To obtain the surface plasmon to be in a resonant condition, the incident photons must have the same momentum as that of the surface wave. Few techniques could satisfy the above conditions to achieve the resonance and generate different operating principles:

1. Angular interrogation, 2. Spectral interrogation, 3. Phase interrogation, that distinguish upon the way excitation and observation of plasmon resonance is made.

Angular interrogation:

Using a monochromatic input light beam, the plasmon resonance phenomenon is angle and polarization dependent [START_REF] Isfort | Polarization dependence of surface plasmon polariton emission[END_REF]. Hence one can send a p-polarized light through a glass prism in a certain fixed angle to increase the wavenumber and achieve the resonance condition at a particular wavelength (as shown in Figure 1.ç). This configuration of exciting surface plasmon waves is known as Kretschmann configuration [START_REF] Ziegler | Cantilever-based biosensors[END_REF][START_REF] Presnova | Biosensor based on a silicon nanowire field-effect transistor functionalized by gold nanoparticles for the highly sensitive determination of prostate specific antigen[END_REF][START_REF] Kretschmann | Radiative Decay of Non Radiative Surface Plasmons Excited by Light[END_REF][START_REF] Ma | Integrated color filter and polarizer based on two-dimensional superimposed nanowire arrays[END_REF][START_REF] Agranovich | Surface Polaritons, Electromagnetic Waves at Surfaces and Interfaces[END_REF][START_REF] Quail | Optical Second-Harmonic Generation with Long-Range Surface Plasmons[END_REF] (attenuated total reflection [START_REF] Agranovich | Surface Polaritons, Electromagnetic Waves at Surfaces and Interfaces[END_REF][START_REF] Raether | Surface Plasmons on Smooth and Rough Surfaces and on Gratings[END_REF]). The p-polarized light passes through the prism of known refractive index and is reflected from the thin metal surface. Collimating lenses allow a small dispersion in the value of the input beam angle around the assumed one corresponding to the matching of the momentum of light and plasmonic waves. An evanescent wave is created at the junction of the prism surface and the metal which can interact with the SP waves existing at the metal-dielectric interface. The s-polarized light occurring perpendicular to the plane of incidence cannot excite the electronic plasmonic wave. When the plasmonic wave is created, its related energy disappears in the output beam that is reflected from the metal. That leads to a black spot or line in this output beam that can be detected using a camera.

A variant of this technique is denominated SPRi (i for intensity) where instead of following the shift of the minimum of the plasmonic response over an output angle detection range, the detector only receives the output light in a dedicated angle; the shift in angle is then translated into an amplitude variation. This is almost the reciprocal situation of the angular interaction scheme, using a fixed injection angle the plasmon resonance phenomenon is wavelength and polarization-dependent [START_REF] Golden | Distanceand wavelengthdependent dielectric function of Au nanoparticles by angle-resolved surface plasmon resonance imaging[END_REF]. The optical configuration used for the spectral interrogation is similar to that of the previously discussed angular interrogation technique except collimating lenses furnish here a parallel beam. P-polarized polychromatic light is sent through the prism block to the surface of the thin metal and reflected light is detected and analysed by using a spectrometer. Once the momentum of the optical and plasmonic waves matches, there is a loss in the reflected spectra as shown in Figure 1.10.

Spectral interrogation

Phase interrogation

In the phase interrogation technique, the transducer part remains the same as compared to the previously mentioned technique. This technique is polarization and phase-dependent [START_REF] Deng | Phase-Sensitive Surface Plasmon Resonance Sensors : Recent Progress and Future Prospects[END_REF], so the input polychromatic light source passing through the phase meter is sent to the metal surface and the reflected beam is guided to another phasemeter. Both input and output beam phases are compared and any change reflects a refractive index modification at the sensor surface. But this technique is more complicated than the previous ones and requires more optical components, modulation instruments, and image processing techniques, which make an instrument more expensive. The classical SPR interrogation schemes that are used for bio-sensing application are angular and wavelength interrogation schemes (see §1.2.2). These interrogation schemes have been developed and can be used to characterize and identify the concentration of chemical and biological samples, based on their interactions with target-specific molecules, such as antibodies, DNA, proteins, enzymes, etc. With the advancement in this interrogation schemes the detection limits are drawn to 5 orders of magnitude better than the other immunoassays [START_REF] Yao | Sub-attomole oligonucleotide and p53 cDNA determinations via a high-resolution surface plasmon resonance combined with oligonucleotide-capped gold nanoparticle signal amplification[END_REF][START_REF] Taylor | Single-Molecule Plasmon Sensing: Current Status and Future Prospects[END_REF][START_REF] Kvasnička | Toward singlemolecule detection with sensors based on propagating surface plasmons[END_REF]. And nowadays SPR systems are developed by many industries with many numbers of throughputs and with many inbuilt technologies.

Sensitivity is the most important parameter for every bio-sensing technique [START_REF] Ahmad | An overview of sensitivity and selectivity of biosensors for environmental applications[END_REF] but, as it will be detailed in chapter 2, one must be aware that the sensitivity of the full detection system is a complex mix between hardware (SPR sensor, SPR detection scheme, SPR optical reading implementation) and software (post-data treatment). So currently research is to improve the sensitivity of SPR by developing different SPR interrogation schemes.

For example Phase-sensitive SPR sensors have recently been developed rapidly because of their high sensitivity and high throughput when compared with conventional intensity-, angle-and wavelength-interrogated SPR systems [START_REF] Deng | Phase-Sensitive Surface Plasmon Resonance Sensors : Recent Progress and Future Prospects[END_REF]. Likewise all the research are quite progressive among sensing platforms developments, particularly in its prominent features such as its sensitivity, real-time detection, label-free assay, throughput, portable system and cost efficiency.

Academic research on SPR biosensor

The Table 1.3 presents the typical performance of SPR sensors based on angular, spectral and phase interrogation detection schemes [START_REF] Huang | Detecting Phase Shifts in Surface Plasmon Resonance : A Review[END_REF]. Here the performance of a SPR sensor is given by its resolution and dynamic range. The resolution is given by the smallest change in the refractive index of the sensed medium that produces a detectable change in the sensor output. It is then more especially a characteristic of the whole sensing equipment than only linked to the sensor itself. In SPR the resolution is said as bulk index resolution.

The sensor dynamic range is defined as the highest to the lowest refractive index difference (so the limit of detection (LOD)) that a SPR system can measure. LOD and dynamic range, identically to the sensitivity are characteristics of the whole sensing equipment.

It can be seen that the phase detection scheme offers a better sensitivity but as discussed earlier the phase detection scheme is more complicated than the classical angular or wavelength detection schemes and to setup a phase interrogation SPR system requires expensive optical components, modulation instruments and important image processing technologies and techniques. All these ads up to increase the cost of the system and at the same time it is not easy to make the system portable by integrating this complex optical instrument. 

SPR Interrogation techniques

Conclusion

In the context of the BIOSENS project exposed in §1.1.3, a first goal was to investigate angular and spectral detection schemes in order to determine the solution that will be best suited for the integration in a portable equipment. My study was initially based on the results obtained in a previous project within the research group focused on angular detection scheme in the near IR wavelength range (1550nm) [START_REF] Wijaya | Design and optimization of Surface Plasmon Resonance (SPR) biosensors[END_REF][START_REF] Hottin | Comparison of Gold and Silver/Gold Bimetallic Surface for Highly Sensitive Nearinfrared SPR Sensor at 1550 nm[END_REF][START_REF] Szunerits | Recent advances in the development of graphene-based surface plasmon resonance (SPR) interfaces[END_REF][START_REF] Wijaya | Surface plasmon resonance-based biosensors: From the development of different SPR structures to novel surface functionalization strategies[END_REF]. I started so working on such a detection system and set up a spectral detection system afterwards. Those two experimental set-ups are described in Chapter 3. Before that, I will describe the modelling approach and results at the sensor level in Chapter 2.

One of the most factor that could affect the sensitivity of a SPR detection system is temperature [START_REF] Zekriti | Temperature Effects on the Resolution of Surface-Plasmon-Resonance-Based Sensor[END_REF]. The change in the ambient temperature introduces modification in the refractive index of the biological solution that be interpreted as a change linked to a molecular interaction. Some of the commercial available SPR instrument works on the temperature controlled environment but this instruments are bulky and so they are not portable. So targeting this ultimate portable system, it was not envisaged implementing a temperature control system. Moreover, our system shall work on different surface functionalizations, i.e. DNA and proteins that might require the control of temperature of the biological solutions. Chapter 4 describes a novel way we investigated in order controlling and monitoring the temperature of the sensed media by using the plasmonic layer as a localized Joule's heater.

Since a secondary, but not the least, goal for the developed system is to democratize the use of SPR, we investigate optical solutions at sensor level in order either to ease their use either to decrease their cost. For that, polymer optics as well as sensor substrate were investigated and they are described in chapter 5.

Chapter 6 looks back on the use of bi-metallic sensors, i.e. based on a silver-gold plasmonic layer, in order to determine if their use would be beneficial increasing the sensitivity of the system.

Conclusion will sum up main results and give perspectives of the work following the obtained results.
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Chapter 2: THEORY OF SURFACE PLASMON RESONANCE

APPLIED TO BIOSENSING

In this chapter, I will briefly introduce the history of plasmons and their mathematical derivations. Further I will focus on the simulation results which are rendered for both angular interrogation and spectral interrogation SPR sensing methods. As result of this modelling activity, I will conclude by giving the rules for the design of SPR sensors in order they will be used for performing the experiments reported in the next chapters.

2.1 Theory

This chapter aims to introduce the theory of surface plasmons and their mathematical derivations that can be used for modelling surface plasmon waves. Surface plasmon resonance (SPR) or surface plasmon polaritons (SPP) is the non-radiative electromagnetic surface wave that exists between negative and positive permittivity material [START_REF] Zeng | Nanomaterials enhanced surface plasmon resonance for biological and chemical sensing applications[END_REF] (metaldielectric) which can be stimulated by incident light under certain conditions [START_REF] Bozhevolnyi | Dynamic components utilizing long-range surface plasmon polaritons[END_REF][START_REF] Kano | Excitation of surface-plasmon polaritons by use of a zeroth-order Bessel beam[END_REF][START_REF] Otto | Excitation of nonradiative surface plasma waves in silver by the method of frustrated total reflection[END_REF]. One of the main conditions is that the incident photon has to match its momentum to that of the plasmon wave [START_REF] Bozhevolnyi | Dynamic components utilizing long-range surface plasmon polaritons[END_REF]. The first method to provide the incident light photons with additional momentum has been discovered and explored by Wood [START_REF] Wood | XLII. On a remarkable case of uneven distribution of light in a diffraction grating spectrum[END_REF][START_REF] Wood | Diffraction gratings with controlled groove form and abnormal distribution of intensity[END_REF], which we have already seen in the previous chapter.

This phenomenon was later described during the 1970's in terms of excitation of electromagnetic evanescent waves at the surface of thin metal to excite the surface waves [START_REF] Rayleigh | On the Dynamical Theory of Gratings[END_REF]. However, this phenomenon of exciting plasma waves can be mathematically derived by considering the interaction of the electromagnetic fields at the conducting surfaces [START_REF] Powell | Effect of Oxidation on the Characteristic Loss Spectra of Aluminum and Magnesium[END_REF][START_REF] Ritchie | Plasma Losses by Fast Electrons in Thin Films[END_REF]. In this case, it is being necessary to understand the electromagnetic properties of the conducting surfaces. Below is shown the derivation of the electromagnetic and dielectric properties of metals that are strictly needed to excite plasma waves at the metal-dielectric interface.

To derive the equation associated with surface plasmon (SP) waves we could begin with Maxwell's equations. Maxwell's equations are the foundation of the electromagnetic theory explaining the creation of the electric and magnetic fields [START_REF] Sugawara | Properties of AdeABC and AdeIJK efflux systems of Acinetobacter baumannii compared with those of the AcrAB-TolC system of Escherichia coli[END_REF]. Here we could begin with the classical Maxwell's equations to understand the surface plasma waves.

Gauss law gives the relation between the electric flux density and the free charge density in a material. It is stated that the strength of the electric flux depends on the number of free charges present in a material.

Gauss's law

𝛁 • 𝑫 = 𝝆 𝒇 2:1 Gauss's law for magnetism 𝛁 • 𝑩 = 𝟎 2:2
Gauss's law of induction 𝛁 × 𝑬 = -𝝏𝑩 𝝏𝒕

2:3

Ampere's law 𝛁 × 𝑯 = 𝑱 𝒇 + 𝝏𝑫 𝝏𝒕

2:4

where D is the electric flux density, B the magnetic flux density, E the electric field, H the magnetic field, ρf the free charge density and Jf the free current density. For homogeneous, isotropic, and linear dielectric materials, D and B can be related to E and H by:

𝐃 = 𝜺 𝟎 𝑬 + 𝑷 = 𝜺 𝟎 𝜺 𝒓 𝑬 2:5 𝐇 = 𝑩 𝝁 𝟎 -𝑴 = 𝑩 𝝁 𝟎 𝝁 𝒓 2:6
where P is the polarization, M is the magnetization, ε0 and µ0 are the electric permittivity and magnetic permeability in free space, respectively. εr and µr are the relative electric permittivity and relative magnetic permeability of the material, respectively. The material permittivity and the permeability are given by:

𝛍 = 𝝁 𝟎 𝝁 𝒓 2:7 𝛆 = 𝜺 𝟎 𝜺 𝒓 2:8
Deriving from equation 2:3 and equation 2:4, the electromagnetic wave equation in the free space are given in terms of both electric field (Equation 2:9) and magnetic field (Equation 2:10): Let's assume that all materials used in this discussion are non-magnetic with a relative permeability µr = 1. Then the relative permittivity and refractive index of the materials, which are complex quantities, are given by Equation 2:11 and Equation 2:12 respectively:

𝛁 𝟐 𝑬 - 𝜺 𝒓 𝝁 𝒓 𝝏 𝟐 𝑬 𝑪 𝟐 𝝏𝒕 𝟐 = 𝟎 2:9 𝛁 𝟐 𝑩 - 𝜺 𝒓 𝝁 𝒓 𝝏 𝟐 𝑩 𝑪 𝟐 𝝏𝒕 𝟐 = 𝟎
𝜺 𝒓 = 𝜺 𝟏 + 𝒊𝝐 𝟐 2:
11

𝒏 𝒓 = 𝒏 𝟏 + 𝒊𝒏 𝟐 2:12
Where ε1 and ε2 are the real and imaginary components of the permittivity of the material respectively. n1 and n2 are the real and imaginary components of the refractive index of the material respectively. From here we aim to use the material for optical bio-sensing purposes it will be encouraging to relate the material electromagnetic property with the refractive index of the material and also its optical properties so further we could use this property for the optical bio-sensing application. Firstly, the relationship between permittivity and refractive index of the material can be found in the following equations:

𝒏 𝒓 = √𝜺 𝒓 2:13 ε1 = 𝒏1 2 + 𝒏2 2 2:14 𝜺 𝟐 = 𝟐𝒏 𝟏 𝒏 𝟐 2:15
Till here we have seen the electromagnetic properties of the material. From here let us derive the optical properties of the material as we aim to excite the plasmon at the metaldielectric interface using photons. To answer the question of what is plasma, we rely on the Drude's model of electrical conductivity [START_REF] Hille | Second Harmonic Generation from Metal Nano-Particle Resonators: Numerical Analysis on the Basis of the Hydrodynamic Drude Model[END_REF][START_REF] Hampson | Determination of electrical conductivity parameters of metals from infrared measurements[END_REF][START_REF] Galuza | Optical functions of the Drude model: Transformation of the spectra over wide ranges of parameters[END_REF].

The Drude's model proposed in 1900 [START_REF] Galuza | Optical functions of the Drude model: transformation of the spectra over wide ranges of parameters[END_REF] by Paul Drude assumes that the metal is formed by a lattice of positive charge ionic cores with negatively charged gas. The negatively charged gas is formed by an ensemble of electrons moving freely inside the metal and is also called plasma. This model is used to describe the optical properties of a metal [START_REF] Lorentz | The Theory of Electrons and Its Applications to the Phenomena of Light and Radiant Heat[END_REF][START_REF] Sokolov | Optical Properties of Metals[END_REF].

If a volume of plasma is displaced by a distance, x, it results in polarization, P. This leads to the formation of an electric field, E, with the following relationship:

𝑬 = -𝑷 𝜺 𝟎 = 𝒏𝒆𝒙 𝜺 𝟎 2:16
Where n is the electron density and e the electronic charge. The Drude's model only considers electron motion damping from the collisions, represented by the mean free time τ, between collisions.

When there is a collision between objects that are in motion, then it is necessary to consider its acceleration force and its frictional force during collision then the equation of motion of a free electron can be written as:

𝒎 𝒅 𝟐 𝒙 𝒅𝒕 𝟐 + 𝒎 𝟏 𝝉 𝒅𝒙 𝒅𝒕 = -𝒆𝑬 = - 𝒏𝒆 𝟐 𝒙 𝜺 𝟎

2:17

Where 𝑚 

𝑫 = 𝜺 𝟎 (𝟏 - 𝒏𝒆 𝟐 𝜺 𝟎 𝒎 (𝝎 𝟐 + 𝟏 𝝉 𝒊)
) 𝑬

2:22

The natural frequency of oscillation of electron in a metal associated with the plasma is known as the plasma frequency and it is defined as:

𝝎 𝒑 = √ 𝒏𝒆 𝟐 𝜺 𝟎 𝒎

2:23

Where ω p is the plasma frequency.

Then Equation 2:18 changes into:

𝑫 = 𝜺 𝟎 (𝟏 - 𝝎 𝒑 𝝎 𝟐 + 𝟏 𝝉 𝒊
) 𝑬

2:24

From the comparison between Equation 2:5 and Equation 2:24, the relative permittivity of metal can be written in terms of its plasma frequency as follows:

𝜺 𝒓 = 𝟏 - 𝝎 𝒑 𝟐 𝝎 𝟐 + 𝟏 𝝉 𝒊𝝎

2:25

And the real and imaginary components of εr are:

𝜺 𝟏 = 𝟏 - 𝝎 𝒑 𝟐 𝝉 𝟐 𝟏 + 𝝎 𝟐 𝝉 𝟐 2:26 𝜺 𝟐 = 𝝎 𝒑 𝟐 𝝉 𝝎(𝟏 + 𝝎 𝟐 𝝉 𝟐 )

2:27

Below the plasma frequency, the dielectric function is negative and the field cannot penetrate the sample meaning that for angular frequencies, ω, below the plasma frequency (ω < ωp), the permittivity of the metal is negative and the metal is reflective. At frequencies above the plasma frequency (ω > ωp), the permittivity is positive and the metal becomes mainly absorbing or the light waves can penetrate the metal. From this analysis, it is found that for SPR to take place, and the plasmon to propagate along with the interface in the form of an evanescent wave, the incident field must be a TM wave or p-polarized. In this type of polarization, the electric field is parallel to the incidence plane, and thus the magnetic field perpendicular to it.

Furthermore, the continuity conditions establish that for the evanescent waves to exist, it is required for the two materials in the interface to have dielectric functions of opposite signs, for example metal and fluid interface or metal and air interface. A metal-dielectric interface satisfies this condition, since metals have a large negative real part of their dielectric function, while for dielectric materials this property is positive. From 

𝑲 𝒔𝒑𝒓 = 𝑲 𝟎 √ 𝜺 𝒅 𝜺 𝒎 𝜺 𝒅 + 𝜺 𝒎 2:28
Where KSPR is the surface propagation constant of the plasmonic wave along with the interface (x-axis), 𝐾 0 is the wavenumber given by𝐾 0 = 2𝜋 𝜆 , εd the permittivity of the dielectric medium and εm the permittivity of the metal. Nevertheless, incident light cannot be directly coupled with the surface plasmon to produce resonance (see Figure 2.3), it is necessary to match the propagation constants of the incident light and the surface plasmon through an excitation scheme.

The first method to match those propagation constants has already been described by Wood [START_REF] Bozhevolnyi | Dynamic components utilizing long-range surface plasmon polaritons[END_REF]: a periodic corrugation in a metal surface can diffract incident light into the plane of the metal-dielectric interface, resulting in the resonant coupling of light with surface plasmons. The schematic illustration of this method is shown in Figure 2.2a).

The second most common excitation method is based on prism coupling as shown in Figure 2.2b) (total internal reflection (TIR)). This excitation method can be applied in two different configurations. The first configuration is known as the Otto configuration [START_REF] Otto | Excitation of nonradiative surface plasma waves in silver by the method of frustrated total reflection[END_REF],

where there is a gap between the metal and the TIR surface. The gap is filled with a lower refractive index medium, which can be useful in the study of SPR in solid phase media [START_REF] Maegawa | Discussion on Surface Plasmon Resonance Technique in the Otto Configuration for Measurement of Lubricant Film Thickness[END_REF]. However the gap reduces the SPR efficiency, it is less useful for applications using fluidic media (biological solutions). For the applications with solutions the most common method used is Kretschmann's configuration, which is also based on attenuated total reflection (ATR). In this configuration the metal is directly coated on the TIR surface (prism) and the photons are made incident on the metal surface. In total internal reflection (TIR), the reflected photons create an electric field on the opposite side of the metaldielectric interface and the surface plasmons are excited at the metal-dielectric interface showing a sudden dip in the light reflectance. Although prism coupling is the most commonly used technique for SPR sensing, the basic principle of this method is the same as grating coupling where the propagating surface plasmons at the interface of metal and dielectric react to changes of the refractive index of the dielectric medium, resulting in detectable changes in the reflected light for a given angle, as adsorption occurs on the metal surface. This results in a shift in the effective refractive index at the metal surface. This physical principle is used as a biosensor.

The need of using prism is shown in As can be seen from Equation 2:29, the plasmonic response can be altered by either the wavelength or the refractive index of the prism. To model the plasmonic response, a Matlab code was used. It has been then possible to determine the effects of the prism optical refractive index, of the thickness of the metal constituting the plasmonic layer, of the incidence angle and of the wavelength on the plasmonic response. The following paragraph will present this plasmonic response model and its application to both the angular and spectral interrogation methods.

Performance of a plasmonic sensing technique

The performance of a SPR sensor can be given by its sensitivity, resolution, limit of detection, and dynamic range [START_REF] Omar | Quantitative and selective surface plasmon resonance response based on a reduced graphene oxide-polyamidoamine nanocomposite for detection of dengue virus E-proteins[END_REF]:

-The sensitivity, Sopt, is given by the ratio of change in the optical output signal (angle in degrees, , or wavelength in nm, , for angular and spectral interrogation scheme, respectively) per change in the refractive index (n) of the sensed medium. Change in refractive index is often referred in refractive index unit (RIU), 1 RIU being a refractive index difference of 1. For angular interrogation and spectral interrogation schemes, the sensitivity of the biosensor is then given in degree °/RIU and wavelength nm/RIU, respectively.

-The resolution is given by the smallest change in the refractive index of the sensed medium that produces a detectable change in the sensor output. It is then more especially a characteristic of the whole sensing equipment than only linked to the sensor itself. So the resolution is lowest sensor out's lower limit that can detect a small change is set by the level of uncertainty in the sensor output (noise in the instrument). In SPR the resolution is said as bulk index resolution.

-The limit of detection (LOD) is almost well described by its composing words; it corresponds to the lowest refractive index difference the sensor can detect. Here too, it is almost a characteristic of the whole sensing system that is linked to the noise level in the detection circuit (optics, electronics). It is commonly evaluated as 2 or 3 times [START_REF] Desimoni | About Estimating the Limit of Detection by the Signal to Noise Approach[END_REF][START_REF] Reprinted | Electronically Reprinted from October 2003[END_REF][START_REF]The Limit of Detection | Chromatography Online[END_REF] the measured noise level of the system.

-The sensor dynamic range is defined as the highest to the lowest refractive index difference (so the LOD) that a sensor can measure. As for the LOD, it is also a limitation of the whole sensing equipment.

So, the only characteristic that is only dependent on the sensor itself is the sensitivity. It has also to be noticed that all other characteristics are strongly dependent on the data treatment that is done on the raw SPR measurements results. It is then difficult to compare these values from one system to another since both hardware and software solutions that are implemented will modify the results.

In order to evaluate the sensitivity, the above mathematical equations were used to model the plasmonic responses using a Matlab code. Both angular interrogation and spectral interrogation methods were modeled and respective results are shown and discussed further.

We introduce a figure-of-merit (FOM) for the plasmonic response and so the sensor performance [START_REF] Omar | Quantitative and selective surface plasmon resonance response based on a reduced graphene oxide-polyamidoamine nanocomposite for detection of dengue virus E-proteins[END_REF][START_REF] Liu | Plasmonic sensors with an ultra-high figure of merit[END_REF]101] that is defined as the ratio of sensitivity to the FWHM of the response:

𝑭𝑶𝑴 = 𝑺 𝒐𝒑𝒕 𝑭𝑾𝑯𝑴 2:30 2.3 Modelling of the SPR 2.3.

Influence of the refractive index of coupling optics

The influence of prism material (refractive index) and wavelength on the plasmonic resonance angle is shown in Figure 2.4. Resonance angle is defined as the incident light beam angle for which the minimum of intensity is obtained on the reflected beam. The light intensity reflected to the detector is calculated by using Fresnel's equation for a multi-layer system. For the near infrared wavelength range (from 800nm to 1550nm), a prism refractive index below 1.345 cannot excite plasmon since incident light beam is almost parallel to the plasmonic layer surface. In the visible wavelength region from 450nm to 800nm, the minimum prism refractive index value is much more dependent on the used wavelength. It has to be noticed that the wavelength-angle correspondence is also slightly depending on the thickness of metal that is used as the plasmonic layer. In Figure 2.4, the plasmonic layer was 35nm thick and made of Au.

Figure 2.4 Relationship between prism material refractive index and resonance angle for various wavelengths (plasmonic layer is 35 nm-thick gold).

For the subsequent modelling, we fix the prism refractive index to that of H-ZF1 glass (e.g.

1.62 at 1550nm wavelength [102]) since the experimental set-up (angular interrogation scheme) I started working on was effectively using a coupling prism made of this material.

Influence of plasmonic layer thickness

For this study, we considered an angular interrogation scheme at 1550 nm wavelength. The plasmonic layer is composed of gold. Its thickness was varied up to 50nm and the plasmonic responses were calculated considering water (refractive index of 1.3180 at 1550 nm) [START_REF] Hale | Optical Constants of Water in the 200-nm to 200μm Wavelength Region[END_REF] as a dielectric medium (Figure 2.5). The resonance angle decreases when the thickness of the metal Au is increased but it tends to converge around 56.2° for the thicker films. Also, the full width at half maximum (FWHM) of the response curve is larger for the smallest thickness, i.e. 25nm. The variation of the FWHM of the plasmonic response for various metal thicknesses is discussed below. When continuing increasing the plasmonic layer thickness above 50 nm, it is noticed that the resonance angle effectively modifies slightly (see Figure 2.7) but the contrast of the response drastically decreases. Up to a thickness value of 85nm, the contrast is mainly affected by the decrease of the maximum value ("white level") of the response intensity (Figure 2.6a). Between 85 and 100nm, this is mainly the intensity value at the resonance peak ("dark" value) that increases (Figure 2.6b, see also Figure 2.8). From the modelling, it is found that using 75nm thickness of the plasmonic layer could provide the highest sensitivity. Nevertheless, referring to Figure 2.6a, the response contrast has already decreased for that thickness. A 45nm-thick plasmonic layer (Au) provides a just slightly lower value and will be then preferred for practical implementation since the contrast of the response is not affected. The sensitivity is calculated to be close to 69.085 °/RIU and 66.637 °/RIU for 75nm-and 45nm-thick metal layer, respectively. It can also be noticed that there is little evolution of sensitivity value when the film thickness changes, this is also an asset for practical cases where fabrication variability can modify a little bit the film thickness from one fabrication batch to another. 

Influence of wavelength

In the previous paragraph, interrogation beam was at 1550 nm wavelength. Hereby we modelled the effect of wavelength tuning on the sensor plasmonic response. Figure 2.10 reports the effect of such a wavelength tuning on the sensor response (that is still composed of a 35nm-thick Au film). In practical cases, wavelength variation can be due to the temperature dependence of the optical source but only small variations (up to some tens of nm) should be taken into account [START_REF] Kai-Qun | Temperature Effects on Prism-Based Surface Plasmon Resonance Senso[END_REF][START_REF] Chiang | Effects of temperature on the surface plasmon resonance at a metal-semiconductor interface[END_REF]. Nevertheless, in this modelling we made a huge variation of wavelength. It can be first noticed that for "small" variations of wavelength, i.e. between 1500 and 1600nm, the plasmonic response varies slightly, as well as the FOM (Figure 2.11). Nevertheless, it can be noticed that the FOM value varies greatly at 1400nm. That is to say that if one wants maximizing the FOM value, plasmonic layer thickness shall be fitted to operation wavelength. 

Matching plasmonic layer thickness to interrogation wavelength

The above study has been replicated for interrogation wavelengths starting in the visible range and reaching the near-IR one. Commonly, visible wavelengths are used for SPR systems since they ease the system implementation and minimize its cost, mainly by the use of lower cost detection systems. Here we compared the sensitivity that is obtained on the 500 nm to 1600 nm wavelength range for different values of plasmonic layer film thickness.

Sensitivity of the SPR system was calculated like previously by calculating the shift of the plasmonic response peak versus changes in sensed refractive index. This was reiterated for various wavelength from visible to near infrared range (Figure 2.12). From Figure 2.12, it is seen that the sensitivity of the system in the visible wavelength range is dependent from the metal layer thickness, it can range roughly values as 90  20 °/RIU. A thickness around 50 nm seems achieving higher sensitivity. In the near-IR wavelength range, the sensitivity is almost independent of plasmonic layer thickness.

Obviously, this result is a general trend and more fitted calculations shall be done depending on the experimental conditions that are envisaged.

Spectral interrogation

As mentioned in chapter 1, spectral interrogation scheme is almost the duale implementation of angular interrogation scheme. Here the angle is fixed but a wide spectrum source is used. The SPR phenomenon appears then as a dip in the output spectrum. The model presented above can easily be tuned to simulate this spectral interrogation scheme. We present modelling results in the visible wavelength range since it corresponds to that of the bench that has been implemented. We kept the same coupling prism made of H-ZF1, its refractive index of 1.639 in the visible wavelength region. First, we investigate the effect of the Au film layer thickness (Figure 2.13) (water is still used as sensed medium and incident beam angle was modified in order to get the resonance peak at same wavelength, or so). The corresponding values of FWHM are given in Figure 2.14. The sensitivity of the sensor has been determined by modelling the plasmonic responses for different solutions of diluted ethylene glycol as sensed medium (Figure 2.15). The incident angle was varied corresponding to the gold thickness that were tuned from 30 nm to 52 nm. From sensitivity and FWHM values, FOM has been calculated (Figure 2.16). It is seen that the FOM curve exhibit a peak for plasmonic layer thickness around 45nm. However, we must keep in mind that overall SPR system performance will be the combination of hardware and software solutions and some conclusions that can be drawn at this sensor level could be modified at global level. 

Influence of plasmonic layer composition

In above modelling, we considered the plasmonic layer as entirely made of gold. Here we will present some results about a bi-metallic variant, i.e. made of silver and gold. Silver is often presented as exhibiting better plasmonic properties than gold [START_REF] Hottin | Comparison of Gold and Silver/Gold Bimetallic Surface for Highly Sensitive Nearinfrared SPR Sensor at 1550 nm[END_REF][START_REF] Gupta | Preparation and characterization of surface plasmon resonance tunable gold and silver films[END_REF][START_REF] Sun | Surface plasmon resonance biosensor based on Hg/Ag-Au film[END_REF] but it cannot be used as it since it oxidizes quickly especially when liquid solutions are used, which is the case in bio-sensing. We modelled so the behaviour of a sensor whose metallic layer is composed by a silver film protected by a gold film.

Plasmonic wave is characterized by two main parameters that are the penetration depth (δ) and the propagation length (L) of the evanescent wave into the metal and the dielectric medium. For sensing application, the main important characteristic is the penetration depth within the sensed medium. One can think that higher the penetration of the evanescent wave into the dielectric medium is higher the sensitivity of the system will be.

Nevertheless, we must be cautious about that since, in the case of biomolecular interaction monitoring that uses surface functionalization protocols, the relevant data is located just at From Figure 2.17, it can be seen that the penetration depth of the evanescent wave into the dielectric medium (air and water) is slightly higher by using silver as plasmonic layer.

Same remark can be made for the propagation length (Figure 2.18). Even if there is few interest knowing it for practical matters, Figure 2.19 shows the penetration of the plasmonic wave into the plasmonic layer made of Ag or Au (35 nm 48 thick). One thing to be noticed is that penetration depths in sensed medium and metal are balance, i.e. higher it is in sensed medium, lower it is in metal and vice-versa. Plasmonic response was calculated for both interrogation schemes, angular and spectral.

Same parameters as for above modelling were used, i.e. for 1) angular interrogation scheme: 1550nm monochromatic light source and H-ZF1 coupling prism having refractive index value of 1.62 and 2) spectral interrogation scheme: wide spectrum (500nm to 900nm) light source and same prism exhibiting a mean refractive index value of 1.639 in this wavelength range. Sensed medium is water. As an example, we only report here the results obtained for angular interrogation scheme. 51 As can be seen, only one case distinguishes, the Ag/Au (30nm:5nm) with a FOM value roughly 3 times higher than for other configurations. 52

Conclusion

In this chapter, I presented the results of the modelling tool that has been developed for the calculation of the plasmonic response of a sensor. The tool allows to model both investigated interrogation schemes, angular and spectral, in wavelength range from visible to near-IR.

At sensor level, it allows to determine what would the "best" layer thickness keeping in mind that performance parameters such as sensitivity, FWHM and FOM are somehow tricky to handle when the sensor is placed in its operational context, i.e. with surface functionalization and post-data treatment. Moreover, such as for bi-metallic sensor, some conclusions can be issued.

For the next experiments, and whatever the interrogation scheme is, we will use for the plasmonic film of the:

-mono-layer sensor: Au (35 nm)

-bi-layer sensor: Ag/Au (30nm:5nm)

A Ti (2nm) layer is always deposited as first layer as adhesion layer.

Concerning the experimental set-ups presented in next chapter, it allows to determine the injection parameters, i.e. mainly angle, of the input beam and so quickly reduces the setting time of the benches. In order to ease fluidic measurements, PDMS microfluidic channels are integrated on the sensor (Figure 3.4) (See Appendix A for their fabrication details). A peristaltic pump is used launching the fluids into the channels. Such microfluidic channels have been used on the different sensors that have been tested on the different benches. A centroid calculation is used to follow the shift of the plasmonic curve. The sensitivity that is so obtained is closed to 6362pixel/RIU (Figure 3.6). 

59

This sensitivity value (in pixels/RIU) cannot be used to compare with theoretical results.

Indeed, it is a representation of the sensitivity of the system since the pixel position is an image of the angular position. To compare experimental and modelling results, we had to convert the change in pixel position to a change in the resonance angle. This was done using:

∆𝜽 = 𝟐 𝒙 𝐭𝐚𝐧 -𝟏 ( ∆𝑷𝒊𝒙𝒆𝒍 × 𝑷𝒊𝒙𝒆𝒍 𝒔𝒊𝒛𝒆 𝟐 𝒙 𝒅𝒊𝒔𝒕𝒂𝒏𝒄𝒆 𝒇𝒓𝒐𝒎 𝒔𝒆𝒏𝒔𝒐𝒓 𝒕𝒐 𝒅𝒆𝒕𝒆𝒄𝒕𝒐𝒓 ) 3:1
where Δθ is the change in resonance angle.

For our system, the relationship between angle and pixel position is  = 10.18 x 10 -3 Pixel. Using this relationship, the sensitivity can be converted into °/RIU and the obtained value is close to 65.05°/RIU that is in the range of the theoretical calculated one (see Figure 2.8). Figure 3.7 is then the sensitivity of the system; it is the same curve than in Figure 3.6, pixel coordinate has only be changed in angle value. 62

Finally, we have also evaluated the noise of the system. The experimental overall noise level can be due to several causes that are almost hard to distinguish: vibrations, optical noise, pixel noise, temperature, etc. The fluctuation of the baseline of a sensorgram (Figure 3.11) is evaluated at 0.028 pixel that corresponds to 285x 10 -6 °. If we consider that the minimum detectable signal is that providing a signal at least twice the amplitude of the noise level, the minimum detectable signal will be corresponding to 0.056 pixel. The limit of detection of our system should be there around 8.60 x 10 -6 RIU.

3.2 Spectral interrogation method

Set-up overview

The schematics of the spectral bench is shown in Figure 3.12. Compared to the angular interrogation setup, it was built more compact to develop the portable system. The input source is a fibered stabilized broadband (360 nm -2600 nm) light source (Thorlabs SLS201) and the detector system is a compact spectrometer with a detection bandwidth of 500nm to 1000nm (Thorlabs CCS175). Ultimately, this spectrometer will be replaced by a proprietary spectrometer from the partner (Multitel) of BIOSENS project in charge of the fabrication of the whole portable system. Figure 3.13 shows the experimental implementation of the spectral interrogation optical setup. 

Set-up calibration

The input injection angle was determined from the simulation so that the plasmonic response can be observed in the wavelength range of the spectrometer. We chose it as 60.71° in order the response peak to be almost centred on the higher intensity levels of the full optical chain (source -SPR systemspectrometer). Although the data post-processing has the same goals (averaging, filtering, centroid calculation) than for the angular 64 interrogation scheme, it shall have been adapted to the output signal of the spectrometer (Figure 3.14). Injection of solutions is also made the same way than for the angular interrogation scheme, i.e. peristaltic pump and PDMS fluidics. After post-processing, we compared the experimental and theoretical evolutions of the response curves. (Figure 3.16). Experimental curves are slightly broader than theoretical ones but minimum position is located as the same position. We first calculate the sensitivity with a centroid calculation using wavelength boundaries (Figure 3.17).

Figure 3.17 Calibration of the spectral interrogation scheme set-up using reference solutions made of different concentrations of ethylene glycol solutions (% EG by weight in water indicated above each data point). ΔRI is the refractive index difference of the solutions to pure deionized water (0%) and Δλ is the shift of plasmonic response obtained by centroid calculation using spectral boundaries.

The obtained value was 1965 nm/RIU that fits pretty well with the calculated value using same centroid calculation on theoretical curves. In order to show that this sensitivity value Sensitivity 1965 nm/RIU 66 can be very sensitive to the data processing and so the values that can be encountered here and there, we applied another centroid calculation algorithm to both theoretical and experimental response curves. This second algorithm is based on calculation boundaries fixed by an adaptive level governed by the minimum of spectra. The result is presented in 

Conclusion:

In this chapter, we presented the two benches I worked on. Experimentations were firstly conducted on the angular bench and, as going along with its implementation, they were conducted on the spectral bench whose principle has been used in the portable equipment developed in the BIOSENS project. Owing to its higher potential compactness and the ability of the MULTITEL partner of the BIOSENS project to fabricate multi-channel spectrometers, the spectral interrogation scheme has been kept to be integrated within the portable equipment that has been developed by this partner.

Chapter 4: SPR SENSOR WITH INTEGRATED TEMPERATURE CONTROL

In this chapter, we will present the innovative way that has been studied in order avoiding the use of a bulky temperature system control for implementing the SPR set-up in a compact environment.

The way that is proposed allows not only the temperature control of the sensed medium but also permits to control independently the temperature of several channels. This temperature control can be used two ways:

-to control and so maintain a constant temperature during experiments, this is the usual way temperature control is used in SPR system -to tune finely the temperature during a SPR measurement. This is a totally innovative use that allows to observe the behaviour of molecular interactions versus temperature.

For the purpose of demonstration and following a global discussion within the BIOSENS project, mainly with the biologist partners, a number of 4 channels has been chosen. All demonstrations have been so made using such a sensor that is made on 2.5 cm x 2.5 cm glass substrate.

Basic idea that governs the implementation of the integrated temperature control

In the basics of surface plasmon resonance phenomenon (see Chapter 2), we saw that plasmonic wave senses the medium in the so-called penetration depth. The value of this characteristics either for the angular interrogation system we used in the near -IR band or the spectral interrogation system in the visible range, is very small, between 200nm in the visible range up to 1µm in the near-IR (Figure 4.1). Then, the plasmonic response only reflects the temperature effect occurring within this penetration depth, all other temperature effects (i.e. bulk of the sensed medium) is not taken into account. The idea is then to control the temperature in this very close vicinity of the sensor surface, where the measure takes place. We chose to investigate the use of the Joule effect using directly the plasmonic layer metal as heater.

In order to get 4 channels (but this is even valid for 1 channel or even more channels), we cannot any more have a full surface coverage of the plasmonic layer and only delimitating the different channels by the PDMS microfluidics. The plasmonic layer shall be then patterned in order to control the path of current and so the heat behaviour. It would also allow separate electrical feeding of the channels.

Design and fabrication of multichannel SPR sensor

The SPR sensor is always fabricated on a glass slide (H-ZF1 in our case) that is compatible with the SPR test set-ups that are employed (see Chapter 3) which uses such a glass type coupling prism. Obviously, the use of any other glass substrate is possible; it does not affect the principle that is hereby presented. As above mentioned, the plasmonic layer has to be patterned to afford the possibility of different heating on each channel. So, each sensing channel is materialized by a separate plasmonic layer.

The glass substrate is first cleaned into a piranha solution (H2SO4:H2O2) and placed onto a hot plate at 90 o C for dehydration. AZ1512 photoresist is then spin coated to obtain a 1.5µmthick layer (10s at a rotation speed of 2600rpm with acceleration of 4000rpm/s and in a closed environment. Photoresist post-bake is made on a hot plate at 110 0 C in order evacuating solvent. In order to get an easy versatility in the design, laser lithography was used. We use a DILASE 650 equipment from KLOÉ [111] (Figure 4.2a). The laser writing parameters i.e. writing speed, laser power, spot size, spot focus etc... were adjusted to obtain the patterns with good aspect ratio. After different dose tests, optimized parameters were defined as 25% power ratio, 50mm/s writing speed and 10µm spot size. After insulation, resist is developed using a AZ400K solution (AZ400K/water, 1:3) by dipping the insulated substrate during 25s. During development of the pattern, exposed area of the resin was removed by the developer and non-exposed areas were hardened. This makes the photo-resin to stop reacting with the photons anymore. To verify that the area of interest was removed by the developer, the sample was viewed under optical microscopy. From this observation it can be verified that patterns have the right dimensions and are fully developed, i.e. that no resist is still present at bottom. The thickness of the photoresist was verified using a contact profilometer [START_REF] Nanofab | NanoFab Tool: Bruker Dektak XT contact profilometer[END_REF] (BRUKER DEKTAK XT-A) in order insure a correct ratio between photo resist thickness and metal thickness that will be deposited. This ratio is commonly taken as 5 in order no problems occur during the lift off process. The measured thickness of photoresist is 1.5µm (Figure 4.2b). This thickness is much more the minimum one that should be required for metallization of the plasmonic layer, since roughly 200 nm would have been sufficient, but it will necessary for further processes (see § 4.7.2.2). Doing so, optimization of one process is enough for all the metallization steps I will have to use during this work. Subsequently, the developed sample was classically metalized with very thin layer of 2nm of titanium (Ti) and followed by gold (Au) of 35nm thick using e-beam evaporation in a high vacuum system (base vacuum level of 10 -8 mbar). The thin layer of Ti (2nm) was deposited to make the strong bonding between the gold and the glass substrate. During the vapor deposition method the metal was deposited on all over the surface of the sample. To remove the metal from all over except in the region of interest, we have carried out a liftoff process. Using a photoresist stripper, the resist and the metal deposited above are removed from the substrate leaving only the metal that was deposited directly on glass (exposed areas during insulation step). This process was carried out at 70°C with the sample immersed inside a resin stripper solution (AR 300-76) for an hour. An overview of the main fabrication steps is shown in Figure 4.3a and an optical microscope view of a 4-channel sensor in Figure 4.3b. Channel width is 1.5mm, channel length is 1cm and channel spacing is 4mm edge to edge.

4.3 Plasmonic channel as a Joule's effect heater.

Since the conductivity of the plasmonic layer will directly affect the resistance of the channel, it shall be measured, moreover versus the temperature. The sensor has been placed on the hotplate of the thermal measurement system (see § 4.5.1) and the resistance of a channel has been measured in a classical four probe scheme. Taking into account the dimensions of this channel (see § 4.2 above), the conductivity and resistivity of the plasmonic layer has been calculated. The result is shown in Figure 4.4. In the 20°C -100°C, resistivity value is between 41 and 46 nΩ.m which is in very good agreement with values reported for such thin films [START_REF] Sambles | The temperature dependence of the electrical resistivity of gold films[END_REF][START_REF] Vries | Temperature-dependent resistivity measurements on polycrystalline SiO2-covered thin nickel films[END_REF]. The value of the Temperature Coefficient of Resistivity (TCR) has been determined as 1.65x10 -3 /° that is in good agreement with reported values for evaporated thin films of gold on glass [START_REF] Tellier | The temperature coefficient of resistivity of polycrystalline radio frequency sputtered aluminium films[END_REF]. This value of TCR is used to extrapolate the resistivity value to higher temperatures. The current has been injected into one channel. A typical graphical output is shown in Figure 4.6. As it will be detailed afterward (see Figure 4.7), lateral thermal expansion is limited to the close vicinity of the channel. This has particularly two main repercussions:

-it consolidates our original goal having independent control of each channel, -it allows us to narrow the modelling window (white delimitation in Figure 4.6) and so to considerably decrease the calculation time. The temperature profile across the modelled section is reported in Figure 4.8. Hightemperature rises can be obtained but practical cases, for biological interactions, for instance, will mainly concern temperature rises in the order of some tens of degrees.

It can be observed a temperature gradient along the channel width, the higher temperature at the channel centre than on channel edges. Outside the channel, the temperature is quickly decreasing. The residual temperature outside the channel is even higher as the temperature is increased in the channel. Such a temperature gradient is quite classical for flat wires and has already been described for PCB lines [START_REF] Brooks | Trace Currents and Temperatures Revisited[END_REF] or integrated circuit interconnects [118].

However, this modelling reflects the case of this particular plasmonic layer that is very thin and deposited on glass.

The maximum temperature rise (value at the channel centre) versus the injected current is reported in Figure 4.9 (w/oKPT curve). 

Matching the modelling with the experiments

As will be discussed in the experimental section dedicated to thermal measurements (see § 4.5.1), a 50µm-thick polyimide film (Kapton) has to be inserted for temperature measurements by infrared flux detection. To check the impact of such a film on the temperature that is measured, it has been inserted in the modelling. A block representing this film is stacked over the full surface area. Its parameters are: = 1300 kg/m 3 , K = 0.25 W/(m.K) and Cp = 1000 J/(Kg.K) [START_REF] Palm | Wavelength and temperature dependence of continuous-wave laser absorptance in Kapton ® thin films[END_REF]. The modelling has then been conducted the same way than previously. Figure 4.9 shows the results for both uncovered (w/oKPT) and covered (wKPT) channels with Kapton. For the polyimide film covered case (wKPT), the temperature at its surface is slightly lower than for the uncovered case. A mean value of 1.8% variation is obtained over the full temperature range. This modelling shows that the polyimide film slightly affects the experimental measurement and that its effect is computable anyhow. 

Time dependence

For both cases (wKPT and w/oKPT), the time evolution has been modelled for different injected currents. The 10%-90% rise time is reported in Figure 4.10. The overall behaviour exhibits a slight decrease in rising time when the value of injected current increases.

Comparing both cases, wKPT and w/oKPT, shows that:

-the slope is almost the same for both cases, -the mean value of rising time is lower for the w/oKPT case, reflecting the slight heat capacitance behaviour of the polyimide film.

The rise time is then around 1.6 s  10% and 1.75 s  10% for the w/oKPT and wKPT cases, respectively, for the whole range of investigated currents. -this holder is maintained at 60°C. The number of emitted photons for 1° temperature rise is then higher at a base temperature of 60°C than at 20°C since it increases as a cubic function with absolute temperature [120].

-a 50µm-thick adhesive polyimide film (Kapton) is placed onto the sensor to enhance emissivity. The evaporated gold thin films, that can be considered as polished gold, have low emissivity coefficient value, a commonly agreed value is between 0.01 and 0.02, the one of Kapton is between 0.75 and 0.85 [START_REF] Okada | Analysis of thermal radiation properties of polyimide and polymeric materials based on ATR-IR spectroscopy[END_REF]. The difference can be clearly observed on 

Thermal measurements

In order to determine experimentally the influence of Kapton on the IR imaging thermal measurement, two experiments were carried out:

1) the plasmonic channel was fully covered with kapton tape (Figure 4. The fully covered channel case corresponds to the wKPT case of the theoretical study. Both experimental and theoretical results are then represented in Figure 4.17 It can be noticed that the temperature falls quickly at the sides of the plasmonic channel.

This phenomenon gives a way for locally controlling the temperature of a plasmonic channel without affecting neighbour channels.

By comparing, the theoretical and experimental cross-sectional temperature profiles, are in good agreement within the channel width but, outside the channel, the experimental ones exhibit a lower temperature decrease. This can be linked to a too low Cp value for glass in the modelling. Nevertheless considering our sensor configuration with a channel separation of 4mm edge to edge (see § 4.2), no temperature crosstalk should be observed for the moderate temperature rises (around 60°C maximum value) that will be used in biological experiments.

4.6 Thermal measurements on SPR experiment.

Thermal behaviour has been tested on the spectral interrogation bench presented in § 3.2.

Two needle probes have been used in order to inject the current in the channels (Figure For the thermal behaviour testing, a deionized water drop was deposited over a channel and current was injected into the plasmonic layer. The driving currents and corresponding temperatures are reported in Table 4.2. Maximum temperature rise is that at channel centre and mean temperature rise is the mean value of temperature over the full channel width taking into account the lateral profile shown in Figure 4.19. An algebraic mean value has been calculated which shall not be the right way to obtain this mean value but it gives an idea of the difference between maximum and mean value especially its evolution when absolute value of temperature is increasing. is the one corresponding to 20°C that is the base temperature, i.e. without any current injection. The theoretical curve is obtained using the water refractive index variation versus temperature given in [START_REF] Bashkatov | Water refractive index in dependence on temperature and wavelength: a simple approximation[END_REF]. For the experimental curves, both maximum and mean values of temperature (mean value is a "basic" algebraic mean value, it would not reflect the exact mean temperature value as would be determined by thermal laws) rise have been used as parameters (see Table 4.2). The variation of refractive index (RI) is obtained from the plasmonic response shift using the calibration data presented in Figure 3.16. We can notice that a rather good agreement is obtained between experimental and theoretical curves as far as the mean value of temperature rise is taken into account. It has to be mentioned that no influence of current injection on the plasmonic response has been inserted in the calculations. Following the modelling presented in [START_REF] Bliokh | Electric-current-induced unidirectional propagation of surface plasmonpolaritons[END_REF], no incidence on the part of the plasmonic response that is used for the determination of the plasmonic shift (bottom of response curve) should be expected. Nevertheless, such a modelling might be done, mainly to check if the influence of high current densities could explain the increasing discrepancy between experimental and theoretical curves when current (and so temperature) is increased. 

Current

Inbuilt-real time temperature sensor

In previous experiments, we demonstrated that the temperature rise due to current injection can be determined knowing the characteristics (dimensions, film resistivity) of the plasmonic channel. Nevertheless, targeting a portable equipment working on fluidic solutions, several matters can be controversial:

-even if the temperature rise obtained by Joule's heating can be precisely determined, the absolute temperature is not. Up to now, ambient laboratory temperature has been used. It is known, commonly, with a precision that is lower than that of the Joule's heating and can then bring higher incertitude on the absolute temperature than the developed process.

Moreover, integrating the whole bench in a portable equipment and outside operation will increase the incertitude of the temperature surrounding the sensing area.

-up to now, validation tests have been made using a drop of fluid. Using a real fluidics flow can modify the temperature since "fresh" fluid is continuously launched onto the sensor.

-as it has been seen on cross-sectional temperature profile on channel width which a zoom is shown on In order to circumvent those points, we decided to integrate a platinum (Pt) temperature sensor directly onto the channel that will be used to monitor the absolute temperature of the fluids at measurement point. The Pt resistor is commonly used as a temperature sensor since Pt has an accurate resistance/temperature relationship. Before implementing the temperature sensor on the plasmonic channel, some tests have been made to calibrate the Pt film that will be used. Nevertheless, this value can be dependent on the way platinum is fabricated. We decided to measure the temperature coefficient of the Pt material that we will used. Pt film was so deposited on a glass substrate using e-beam evaporation. Different 300µm-wide wire lengths, from 1.5 mm to 20 mm were fabricated (see insert in The resistance of fabricated Pt resistors (300µm wide, 2 to 20 mm long) was measured at room temperature (20 0 C) using a 4-probes system (Figure4.24). The resistivity (@20°C) was determined to be 1.72 x 10 -7 Ω.m. Concurrently, the resistivity of a Pt film elaborated the same manner, but in a different processing batch, and deposited "full-wafer" on a glass slide was measured to be 1.88x10 -7 Ω.m using a resistivity measurement set-up. Those value are in good agreement taking into account the tolerance on film thickness due to fabrication. For that purpose the sensor were placed on the hot plate of the thermal camera and needle probes were used to measure the Pt resistance on varying chuck temperature (Figure 4.25).

The temperature coefficient, , has been determined to be 3.2 x 10 -3 /°C, that is slightly less than the commonly used value (3.8 x 10 -3 /°C) for Pt. This could be linked to the low temperature anneal that is here used (300°C) compared to the one that is used on usual Pt thermistor (around 550-650°C) [START_REF] Corruccini | Annealing of platinum for thermometry[END_REF]. The resistance of Pt at room temperature, i.e. 20 °C, is extrapolated to be 81.7Ω that leads to a Pt thickness close to 44 nm that is consistent with above measurements. 

Fabrication

Except the technological steps that are needed to fabricate the sensor, some other ones are added in order this sensor not to be short-circuited by either the plasmonic layer or the sensed fluid. Two steps of Atomic Layer Deposition (ALD) of an Al2O3 film are then inserted for that purpose.

The integration of the Pt sensor requires much more fabrication steps than the basic one.

Start of fabrication, i.e. obtaining a 4-channel sensor device is identical as the one presented in Figure 4.3a. Supplementary steps are the added to fabricate the temperature sensor:

1) full surface deposition of Al2O3 (50nm) film by ALD technique at 300°C

2) laser lithography for delimitating the Al2O3 surface area (under Pt resistor and its connection) in order to avoid the Pt sensor short-circuited by the plasmonic layer The presence of Al2O3 film has been investigated in order to check its effect on temperature gradient whatever it is between plasmonic layer and sensor or sensor and fluid since same thickness of Al2O3 is used for both cases. The corresponding parameters are = 3965 kg/m 3 , K = 2.25 W/(m.K) and Cp = 755 J/(Kg.K). As can be seen from Table 4.3, thin film of aluminium oxide affects slightly the temperature rise at the metal plasmonic channel. Proportionally, it impacts more low temperature increase (low injected current) than high injection levels.

Thermal characterization

Thermal IR imaging

The characterization set-up is the same as used in § 4.5.1.SPR sensor including Pt resistors was placed on the chuck of the thermal imaging system. Current was injected through the plasmonic channel and the rise in the temperature due to injected current was determinated.

A view of a sensor under test is shown in Figure 4.29a) in a case where two different currents are injected in adjacent channels. As for previous experiments, temperature at channel centre was recorded and compared to the modelled one (Figure 4.29b). Agreement between theoretical and modelled value is good and replicates that obtained on sensor without Pt resistor (see Figure 4.17). Such behaviour was almost predictable since the Pt resistor shall not modify the Joule's effect in the plasmonic layer. Increasing discrepancy is still observed for the higher temperature rises as it was also observed on SPR measurements reported in Figure 4.21. There are so some conclusions concerning those observations:

-as it could have been intuitively forecasted, the maximum temperature rise is not the real temperature of the sensed medium. Obviously, it is the simplest parameter to correlate modeling and thermal imaging temperature measurements, -even if the current way calculating the real value of temperature within the sensed medium is not the right one (basic algebraic mean value calculation), it allows approaching much more the results obtained in SPR measurements and using the Pt sensor for high current levels and so high temperature range.

-always using this "mean" temperature assumption, the more and more pronounced bellshape of the temperature cross-section profile over the channel width might explain the non-linear discrepancy that is observed, In order to facilitate the electrical connections which number becomes significant and may cause some congestion on test bench, electrical contact pads have been arranged as those existing on a USB connector. There are so 8 rectangular contact pads each side of the sensor 97 that can be all together connected using modified commercial USB connectors. 

Validation of multi-channel temperature operation

The other advantage of the Joule's heating is to afford the possibility controlling independently each channel temperature. In Figure 4.36, this temperature delimitation is also clearly observed. It can also be observed a fine temperature control on each channel with no crosstalk. We saw in the modelling section (see for example Figure 4.19) that, for higher current injection levels, the temperature gradient outside the channel can lead to non-return to zero temperature rise. We injected a high current value in one channel, 355 mA, and checked the temperature crosstalk in an adjacent channel (Figure 4.37b). For those "extreme" conditions, a crosstalk of a mean value around 2°C is observed. 100

The Figure 4.39 represents the temperature profile on both kinds of sensors. Same current is injected in both channels, each time. We can notice that:

-temperature of sensor using improved design is higher than that of sensor using initial design. The difference is increasing as temperature rise increases, -on improved sensor design, several drops of temperature can be observed. They correspond to the delimitation of the metallic layers. At those locations, the temperature drops to the temperature level of that of initial sensor, i.e. on temperature on glass substrate. Comparing both sensor configurations -initial design with metallic layer only at channel location and improved design with metallic layer almost everywhere, we can so notice a higher mean temperature level for the second one due to lower heat dissipation outside channels.

Conclusion

In this chapter, we modelled and characterized the use of Joule's heating to control locally the temperature of a SPR channel. We also integrated a temperature sensor, i.e. a Pt resistor, on the SPR channel in order to get live monitoring of temperature during SPR measurements.

We saw that:

-COMSOL modelling and thermal IR imaging of a SPR channel under current injection give results in good agreement, -SPR measurements on a heated water drop as well as Pt sensor measurements gave a corresponding value of sensed medium, -agreements between, on one hand, COMSOL and thermal IR imaging and, on the other hand, SPR and Pt sensor measurements are obtained. However, those two series of measurements do not correlate especially for high values of temperatures; this has been linked to the more and more pronounced bell-shape of the temperature profile across the channel. Taking into account a more realistic "mean" value of temperature (instead of maximum value that was taken for comparing COMSOL and thermal IR imaging results) tends to lower discrepancy at high levels of injection current. A more complete thermal behavior understanding shall be requested to fit perfectly experimental and theoretical values on this range (see Appendix C where a first approach has been launched).

Nevertheless, a good agreement is obtained between all results up to temperature rises of 50-60°C that would be enough for most of practical biomolecular experiments. 105

Flexible SPR sensor

As we saw before, we have used a specific glass substrate (H-ZF1) for the sensor fabrication, due to its optical properties matching those of the coupling prism. We planned to fabricate a sensor that is flexible and also cheaper. Simultaneously, we will try to remove the use of matching index liquid for coupling the sensor with the prism that is always a delicate step of the experiment, especially envisaging the use of the system by a nonspecialist user. So, we have fabricated a SPR sensor on a 3M optically clear adhesive (8213 series) [127] that allows to be set without any matching index fluid on the coupling optics and to be cut into any dimensions that suits the optical setup.

Modelling a tape based sensor

The support tape was modelled as a layer of 50 µm thickness (given on manufacturer datasheet). First, both tape and glass-based sensors have been modelled as to be used on the angular interrogation set-up, i.e. at 1550 nm wavelength. Same gold layer, 35 nmthickness, was used. Figure 5.1 shows the plasmonic response for water refractive index for both glass and tape sensors. The refractive index of the tape in the near infrared region in 1.473. The coupling prism is always the same (H-ZF1) and its refractive index is 1.62 in the near infrared region.

Contrary to when using a glass sensor made up of same material than prism, the use of a tape sensor that presents a difference in refractive index generates interferences in the response curve (Figure 5.1). Due to this refractive index difference, the resonance angle is also slightly different, by 0.017 °. In this modelling, using a tape sensor gives a resonance peak that is sharper compared to that using a glass sensor. The FWHM for the tape and glass sensor is calculated to be 0.1065° and 0.191°, respectively. As previously made, the refractive index corresponding to different ethylene glycol solutions have been simulated in order to determine the sensitivity of the sensor. Since the tape is primarily an adhesive, it is backside covered by an adhesive layer (76 µm) protected by a release liner (50 µm). Depending on prism material, either those two are be removed (PDMS prism) or only the release liner (glass prism). The release liner is easily removed by peeling off. The adhesive layer is removed using alcohol. At the end of this process, the tape sensor is the only a 50µm flexible substrate with a plasmonic layer on one side. The image presents the moiré as previously observed without any water above and a plasmon dip appeared as soon we placed a small drop of water on top of sensor (Figure 5.7 a). The corresponding plasmonic curve reflects the moiré effect but, anyhow, the plasmon response can be clearly distinguished (Figure 5.7b).

This tape sensor was not implemented on the bench with a microfluidics interface. So to measure its sensitivity, we have just used the various ethylene glycol solutions as drops on the sensor surface. Successive concentrations were deposited as drops and after roughly one minute they were removed with a help of absorbing paper. The shift in the plasmonic resonance peak is recorded in function of time as shown in the plot Figure 5.8. Two sensors, one on glass substrate and one on tape substrate were fabricated within the same fabrication batch in order obtaining the same metallic layer thickness. Figure 5.11

shows the comparison of experimental sensitivity. The sensitivity of glass sensor (66.91°/RIU) is noticed to be slightly higher than that of tape sensor (53.54°/RIU). 111

In order to remove interference phenomenon as well as trying achieving polymer coupling, the use of a PDMS prism was investigated. This is reported in the next paragraph.

5.2 Optical coupling prism using PDMS

Modelling

Microfluidics that is used is based PDMS (PolyDiMethylSiloxane) material (see Appendix A). Owing to its ease and versatility in fabrication, we decided trying its use for the fabrication of an optical coupling prism. In the PhD progress, the first sensor to be tested with a PDMS prism was the glass (H-ZF1) sensor. So the plasmonic response was calculated by using the combination PDMS prism/glass sensor. The refractive index of the PDMS in the visible wavelength region is 1.4 (as a reminder, H-ZF1 refractive index is 1.639 in visible wavelength region). Here we have modelled the plasmonic response in spectral interrogation scheme. Figure 5.12 shows the plasmonic response using PDMS prism and glass sensor when nothing is set on sensor, i.e. for air as sensed medium. In order to best match with our experimental conditions, the resonance angle for air plasmon was chosen to 48.25 ° (obviously, this angle changes with the spectral region the plasmonic response is desired to appear). We compare this response with a full glass (H-ZF1), i.e. prism and sensor, scheme. Figure 5.13 shows the comparison of the calculate air plasmon using glass and PDMS prism (sensor is glass). It can be seen that the air plasmon for both the materials shows the same shape and intensities. Nevertheless, achieving the same spectral response requires the incidence angle to be changed; it is 39.84° for H-ZF1 prism and 48.25° for PDMS prism. We have considered the limitations of our spectral interrogation system (roughly, 500 nm to 1100 nm) and have simulated the shift of air plasmon versus an incidence angle change (Figure 5.14). In order to be located in the maximum amplitude of our experimental bellshaped system response (around 700-850 nm wavelength range), the incidence angle shall be within the 48°  0.5° angle range. 113

Concerning water, and more generally fluid medium, plasmonic response was not achievable using the combination PDMS prismglass sensor since incidence angle is too small. To observe it, either PDMS has to be directly metalized or a substrate having same refractive index as PDMS has to be used. Then, we have modelled the water plasmon for a PDMS prism that would have been metallized directly. To get the plasmonic peak within the experimental spectrum, an incidence angle close to 84.8° is then requested (Figure 5.15). The experimental implementation is shown in § 5.2.4.

Fabrication of PDMS prism

In order to be inserted with minor modifications of the optical set-up, the facet angle of the prism was designed to be 60°. This allows the height of the prism handling system not to be hardly modified changing glass prism to PDMS prism. A 3D printing technique was used to fabricate the prism mould. Such as, the roughness of 3D printed mould is disastrous having optical quality facets. In order achieving those -input and output facets as well as top surface -the corresponding side walls of the mould have been fitted with silicon wafer pieces. In order avoiding the PDMS (preparation of PDMS is detailed in Appendix A) from sticking to the surface of silicon and easing the demoulding of the prism, 10nm of Teflon was deposited (using PECVD) on silicon pieces before their assembling with the 3D mould. So the two angled facets (input and output facets) were covered with a Teflon coated silicon piece. Likewise the larger opening (sensor surface) was also covered with a piece of silicon. The so "silicon coated" mould was put upside-down (larger opening at bottom) and the PDMs solution was poured into using the smaller opening (prism base).

The PDMS filled mould is then kept inside oven at 70°C for 2 hours in order to enhance the polymerization process. After two hours the sample is removed from the oven and then 

Using PDMS prism (with a glass sensor)

The fabricated PDMS prism was then fixed on the spectral interrogation setup in order to observe air plasmon. Owing to PDMS surface properties, the glass sensor was deposited on the prism surface without any matching index liquid. The incident beam was almost horizontal (2° towards horizontal plane) in order to achieve the resonance angle (around 85° on Figure 5.15) taking into beam deflection at air-prism interface. Figure 5.14 shows the spectral interrogation setup with the fabricated PDMS prism and glass sensor. 116

This plasmonic response using PDMS prism was compared with using a glass prism.

Figure 5.16 shows the comparison of air plasmon using both prisms, either experimental or theoretical. In order plasmonic peak to be located at same wavelength, incidence angle is 40.04° for glass prism and 48.25° for PDMS prism. Good agreement is obtained correlating the bottom of the responses, larger correlation cannot really be made since theoretical curves do not take the bell-shaped form of the experimental spectrum. 

Using PDMS prism (with a flexible sensor)

As seen is §5.2.1, water plasmon using a PDMS prism can only be observed if PDMS prism is directly metallized. Nevertheless, the prism being more than 1 cm high, it cannot be inserted within the e-beam evaporator. We decided so to use a thin (2mm) PDMs film that will be metalized (Figure 5.17). As the coupling prism is made of PDMS and owing to selfsticking properties of PDMS, it was possible to fix the PDMS sensor over the PDMS prism without any matching index liquid. In order to get to parallel surface with optical quality, the same fabrication method as for the prism was used, i.e. two silicon wafer pieces that were previously Teflon coated were placed on both sides of a 3D mould. In such conditions, the plasmonic response obtained for air sensed medium (Figure 5.18) is rather badly defined (Figure 5.18). We do not have a clear explanation for the observed phenomenon. We can nevertheless challenge the quality of the interface between prism and sensor that we initially supposed to be seamless. In order trying to clear this phenomenon we decided to use the tape sensor (see § 5.1) in combination with the PDMS prism (Figure 5.19). The incidence angle was fixed at 47.98°. Water plasmon was also measured (Figure 5.21) but the result was not so convincing.

Interferences appeared, may be due to the numerous successive use of the tape sensor that finally degrade its adherence to the prism. 

Conclusion

We reported there the use of polymer based optical components in order decreasing the cost of elementary tests.

We first investigated a SPR sensor made on a flexible tape. We characterized it on the angular tests bench at 1550nm. Even if interferences occur due to refractive index difference between tape and glass coupling optics, sensitivity lower but in the order of that obtained with a glass sensor have been recorded.

Secondly, we investigated a coupling prism made of PDMS material. Using a glass sensor only allows to measure air as sensed medium. Using the previous tape sensor allows also air plasmon to be measured. Water plasmon even if existing was not so clearly observed.

Astonishingly, a PDMS based sensor did not provide convincing results.

For those experiments, PDMS prism angle was 60°. Changing this angle might allow to ease the experiments since incidence angles, especially for refractive indexes of water or so (i.e. biological solutions), were here too large.

Tape sensors have also been fabricated using the channelled design used for temperature control (see § 4.2) (Figure 5.22). 120 Bimetallic sensors are fabricated the same way that classical gold sensor (see § 4.2) except the deposition step that is here shared into Ti (2 nm), Ag (30 nm) and Au (5 nm). Once the substrate was metalized, the metal thickness was checked observing a cross-section under scanning electron microscope. For that characterization we used a piece of a silicon wafer that was jointly metallized with the sensor. From the SEM image, a thickness around 45nm could be determined (but observation was not so easy) instead of 37nm that shall have been deposited. Nevertheless, it is all the more difficult to differentiate Ag and Au on SEM pictures. In order trying to determine the thickness of each layer, we tried to model the plasmonic response of water and to compare it with experimental result (Figure 6.1).

Effectively, the modelled plasmonic curve for a Ag/Au (30 nm:5 nm) does not fit with the experimental curve but when the thickness of Au was slightly changed to 10nm the modelled plasmonic curve fits fine with the experimental one. The variation of the thickness of the Au film is nevertheless within the tolerance of the deposition process for such low thicknesses. The best fit is obtained for a thickness of 30 nm and 10 nm for Ag and Au, respectively. These values will be used for further modelling.

124

This sensor has been declined into a 4-channel sensor (Figure 6.2) 125

Sensitivity has been calculated and compared to the theoretical prediction using a Ag/Au (30 nm:10 nm) sensor (Figure 6.4). Sensitivity value of 68.43° has been achieved that is in good agreement with theory. 

Comparison between gold and bi-metallic sensor

The experimental plasmonic responses for sensors using classical Au and bi-metallic Ag/Au layer were compared with each other (Figure 6.5a) and with theoretical predictions (Figure 6.5b). The theoretical results have been made using the layer thicknesses that maximize the fitting between experiment and theory. The discrepancy that appears is linked to fabrication tolerance.

The sensitivity of both sensors has been evaluated (Figure 6.6). From this comparison, both sensors exhibit almost the same sensitivity value, 68.43°/RIU and 65.05°/RIU for Ag/Au and Au sensor, respectively. There is not a so high difference between both sensitivity values but, as mentioned in § 2.3.5, the penetration depth of silver based layers is higher when compared to gold layers. Anyway, for the detection of molecular interactions that are 126 located at the close interface level, achieving a higher penetration depth might not reflect an increase of sensitivity, and may be, may induce the reverse effect. From the baseline of a sensorgram (Figure 6.7b), the standard deviation can be evaluated at 0.037 to be compared to 0.028 (Figure 6.7a) obtained for Au sensor. Taking the same 127 assumption that in § 3.1.2, i.e. that the minimum detectable signal is that providing a signal at least twice the amplitude of the noise level, the minimum detectable signal will be 1.13

x 10 -5 RIU (8.60 x 10 -6 RIU was obtained for Au sensor). 

Comparison between gold and bi-metallic sensor

The sensitivity of both sensors has been compared (Figure 6.9). From this comparison, both sensors exhibit also almost the same sensitivity value as previously obtained using angular interrogation scheme (see § 6.2). Sensitivity values of 2108.6 nm/RIU and 1965.5 nm/RIU for Ag/Au and Au sensor, respectively. 129

Identically to the angular interrogation set-up, noise level has been evaluated from the baseline of a sensorgram (Figure 6.10b), the standard deviation can be evaluated at 0.054 to be compared to 0.024 (Figure 6.10a) obtained for Au sensor. Taking the same assumption that in § 3.1.2, i.e. that the minimum detectable signal is that providing a signal at least twice the amplitude of the noise level, the minimum detectable signal will be 5.5 x 10 -5 RIU against 2.4 x 10 -5 RIU for Au sensor. 

Conclusion:

Experiments using bi-metallic silver/gold sensors were performed on both the interrogation optical setups and the results were compared with the modelling. No particularly noticeable difference on the sensitivity of the SPR system, whatever it is, including either a bimetallic or an Au sensor has been recorded. As seen in chapter using silver as a plasmonic layer might improve the penetration depth of the plasmonic wave into the sensed dielectric medium but this can result in an opposite effect on the sensitivity in biomolecular interaction monitoring. Effectively, the bulk optical refractive index will then have a higher impact on measurement since biomolecular events are located at the very close distance from interface due to surface functionalization (nevertheless, this also depends on the size of the molecules to be detected).

CONCLUSION AND PERSPECTIVES Conclusion

As mentioned in Chapter 1, the aim of this thesis work was to develop a SPR bio-sensing system approach ultimately dedicated to be part of a portable detection system. Keeping this in mind, I have first worked on the modelling of plasmonic response in the angular interrogation scheme working at 1550nm wavelength and tuned the various parameters which can improve the performance of the system and came up with the simulation results

as shown in the From the Table C.1, it can be seen that the FOM value which was calculated using the plasmonic curve FWHM and the sensitivity that has been calculated using refractive indexes that can be replicated in the experimental part (ethylene-glycol solutions). 132

Experimental

The calculations of FWHM and FOM for modelling and the experiments were made in the same way in order both the results could be compared. Further all the three types of sensors were fabricated, and experiments were performed on an angular interrogation bench working at 1550 nm. The corresponding results are shown in the Table C.2. As already obtained in the modelling section, the FOM value was higher for the tape sensor when compared to the other two types of sensors (Au and Ag/Au). Fabrication of the SPR tape sensor was a novel advancement in the field of SPR biosensors. As this is a flexible use and throw sensor that can be used directly on the coupling optics without any need of additional requirements like matching index oil. This sensor could also reduce the cost of the system. The "classical" sensor type, using either Au or Ag/Au plasmonic layer exhibited almost same characteristics. It has nevertheless to be noted that the performance of Ag/Au sensor is highly depending on its composition (modelling results) and that reproducing it at experimental level requires high process control. Calculating FWHM on experimental curves is also somehow tricky since white level is often biased by experimental conditions.

I developed then a spectral interrogation scheme set-up since this kind of interrogation scheme was more particularly envisaged for the design of the portable equipment. I calculated the plasmonic responses like previously for the angular interrogation scheme (Table C.3). Here the modelling results show that the FOM for bimetallic Ag/Au is higher than that of Au sensor. I developed the spectral interrogation optical setup which is 3 times smaller than the angular interrogation setup as this was to be converted into a portable system. The system was built and validated by performing various experiments as will be discussed further. As can be seen the experimental results are almost in agreement with the calculation that were performed before.

Modelling

All those results allow to compare sensors on a specific bench, comparison of performance between different interrogation schemes is not really significant since data are completely different. Concerning the plasmonic layer type, we saw that its composition does not greatly impact the performance in the near-IR domain that is not the case in the visible domain.

As a portable SPR system will developed for the detection of pathogens, one of the main problems that could affect the systems sensitivity is temperature. This is the reason some of the commercially available SPR bio-sensing systems are facilitated with a temperature control. And due to this temperature control system, the system becomes bulky and its implementation in a portable system almost unrealistic. So, I investigated the use of Joule's heating using the plasmonic layer as heater. The sensor is then declined as a 4-channel sensor in order to control the temperature independently. COMSOL modelling has been used to predict behaviour, thermal IR imaging to validate the results experimentally. Good agreement has been obtained comparing those results. Experimental heating of a drop of water showed that refractive index of hot water could be measured and positively compared to theoretical values up to temperature rises of around 30°C. This temperature range should be sufficient for the follow-up of most of biomolecular events. For particular ones, such as DNA strands de-hybridization, that should require higher temperature rises some discrepancy is observed. This has been confirmed using an integrated Pt sensor as temperature monitor. Due to the bell-shaped temperature profile across a channel that is more and more pronounced as temperature rises, the mean value that seems more probably to be measured by the Pt sensor as well as the SPR measurement is less and less close to the maximum temperature (at mid channel) that was taken previously to compare results.

Taken such a mean value improve the agreement between modelled and measured temperatures. It was also shown that for practical cases of biomolecular interactions, i.e.

for temperature rises of some tens of degrees, the 4-channel design we used allows independent control of temperature on the different channels. An improved design of this 136

Up to now, the temperature control and monitoring have not been inserted, this can be a perspective for the improvement of measurement capabilities of this system. The portable system is currently used within the BIOSENS project for pathogens detection, i.e.

Zymoseptoria Tritici in the agricultural domain and Candida Albicans in the medical domain [START_REF] Bakouche | Fonctionnalisation de surface et développement de biocapteurs SPR microfluidiques pour la détection du Zymoseptoria Tritici et de Candida Albicans[END_REF].

A tentative for integrating even higher the SPR sensing head has been made (Figure P.3).

Optical input and output are out of plane and micro-mirrors are used to direct respective optical beams that are now vertical. The coupling place has been kept enough free around to insert the sensor with temperature control facilities. Halogen lamp is planned to be replaced by a broadband LED source. Unfortunately, this system could not have been tested

during the PhD for lack of time. The fluidic integration is also a primary concern of system integration. It has been handled

by an other student of the BIOSENS project [START_REF] Bakouche | Fonctionnalisation de surface et développement de biocapteurs SPR microfluidiques pour la détection du Zymoseptoria Tritici et de Candida Albicans[END_REF].

Polymer optics shows encouraging preliminary results. It could reduce the price of the portable system and of tests as well as it is easy to use. The fabricated PDMS prism and the results obtained using different sensors coupled on the PDMS prism are shown in However, this does not reproduce the broadening of the experimental response curve. It has been reported that the change of the relative electric permittivity of gold with the temperature also affects the resolution of the SPR measurements [START_REF] Zekriti | Temperature Effects on the Resolution of Surface-Plasmon-Resonance-Based Sensor[END_REF]. The modelling should so be revised in order to include it. We also seen (Figure 4.22) that temperature that is sensed all across the channel is not homogeneous. Broadening can also be due to the superposition of several response curves at different temperatures. Abstract:

The overall goal of this study was to develop a portable biological detection system with high sensitivity, accuracy and repeatability to be used in either the phytosanitary or the medical domain. This system is based on the Surface Plasmon Resonance (SPR) physical principle. Such a use of this principle is already achieved but leads to laboratory equipment. The goal here is to democratize its use up to an on field or point of care measurement system. In this context and within the frame of the BIOSENS INTEREG FWVL project, I worked more particularly on several developments around the sensor. From all the existing biosensor technologies, surface plasmon resonance (SPR) sensing technology has received continuous attention due to its advantages of a highsensitivity, label-free and fast response time. Although the SPR sensing technique being legend in the sensor community, currently the temperature of the sample needs to be carefully maintained and controlled because SPR signal varies with temperature and any change in SPR signal can be interpreted as a biological interaction. This gives a huge challenge in the portable application that is targeted since embedding of a temperature controlled chamber size and energy consuming. A SPR sensor design including 4 SPR channels has been made and the temperature is controlled in real time by using Joule effect.

Temperature behavior has been modelled under COMSOL and we experimentally demonstrated that the temperature modulation of SPR channel by Joule effect does not affect the detection scheme. Water was heated by injecting current through the plasmonic layer and the refractive index change of water due to temperature was measured and compared with the theory. We also demonstrated that the temperature of each of the 4 channels can be controlled independently without any thermal crosstalk. In order achieving a more precise monitoring of sample temperature, a temperature sensor was also fabricated on top of the plasmonic layer, allowing the real temperature at the sensor surface to be monitored in real time. This temperature control can so be used either to maintain the temperature of biologic samples or to identify the effect of temperature on biomolecular interactions. On addressing the cost of the sensing tool, a flexible and cheap SPR sensor made on tape has been fabricated and tested. Air and water plasmonic responses were measured using such a "tape sensor". A PDMS prism has already been investigated and combined to the tape sensor making then a very cheap sensing platform.

Figure 1 .

 1 Figure 1.1 shows schematically the components of a biosensor.

Figure 1 . 1

 11 Figure 1.1 Generic constituents of a biosensor.

Figure 1 . 2

 12 Figure 1.2 Comparison of the Limit of detection vs analysis time for various bio-sensing techniques(transducer types)[12]. SPR = Surface Plasmon Resonance; SMR = Suspended Microchannel Resonators; NW = Nanowires; LFA = Lateral Flow Assay; MRR = Microring Resonator; MC= Microcantilever; QCM = Quartz Crystal Microbalance; BBA = BioBarcode Assay; IFA = Immunofluorescence Assay.

Figure 1 . 3

 13 Figure 1.3 The size of biomolecules being a limit for the optical microscopies.

  The sensor was developed by Material Nova and CSL (LSPR) and IEMN (SPR). The biorecognition element was developed by CHU Lille and Carah where CHU was developing antibodies for both pathogens, Zymoseptoria tritici and Candida albicans, and Carah was developing the DNA for the Zymoseptoria tritici. Both, antibodies and DNA, entities have to be functionalized on the sensor surface. The reading equipment was developed at CSL, IEMN, and Multitel. The data processing was shared between IEMN and Multitel. In the end, the integration of all those elements was done at Multitel. All the elements of the biosensing tool and the project partners who worked on the development of each of the element are shown in Figure 1.5. During my thesis, I have worked on the development of both the element sensor and the reading equipment.

Figure 1 . 5

 15 Figure 1.5 BIOSENS project: activities of partners. My thesis work was carried out at Institut d'Électronique de Microélectronique et de Nanotechnologie (IEMN) at University of Lille and focused more especially on the study of different developments in the SPR detection technique aiming at matching its

Figure 1 . 6

 16 Figure 1.6 Lycurgus cup, an ancient Roman nanotechnology example.Under daylight, the cup appears as green colour (Figure1.6 left), but when a light source is placed inside the cup the transmitted colour will make it look like the glass glows in red as shown (Figure1.6 right). This phenomenon also happens to stained glass in the Sainte Chapelle, the transmitted light from outside not only shows exquisite colour but also exhibits varying colour based on the time of the day and the viewing point. Due to the changing solar incident angles, the different colour patches on the window show an intensity change and colour variation. These astonishing optical effects are effectively due

Figure 1 . 7

 17 Figure 1.7 Localized surface plasmon resonance in gold nano particlesThe LSPR is determined by the metal properties, the shape and size of the metal, and, similar to SPR, the refractive index of the surrounding medium which is the basis of the (L)SPR sensing applications.

Figure 1 . 8 LSPR

 18 Figure 1.8 LSPR Absorbance curve for varying refractive index around the Au nanoparticle [56].

Figure 1 . 9

 19 Figure 1.9 Angular interrogation technique: Left shown is the input monochromatic light source passing through the prism block with angle values around θi to the surface of the metal. At the right, the reflected intensity as it can appear on a CCD camera. The profile of the reflected light exhibits a loss in intensity which corresponds to the matching of input photons to the surface plasma waves and so the creation of the SPP.

Figure 1 .

 1 Figure 1.10 Spectral interrogation technique to excite the SP waves. At the left, the input light used is white light made to pass through the prism and reflected from the metal. A spectrometer captures the reflected spectra and the loss of a particular wavelength of the spectra corresponds to the SP wave.

Figure 1 .

 1 Figure 1.11 and when the data collected from commercial biosensors the number of publications may increase to more than 20 000 papers by 2016 (PubMed data) [74]. Not only the number of publications but also advances in the technology led to an improvement in detection sensitivity by roughly 100-fold up to 10 -8 RIU [70] (refractive index unit) or 0.01 RU (response unit that is used on Biacore systems, 1RU = 10 -6 RIU).
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 15 Figure 1.5 Number of publications on the topic of SPR biosensors in a research journal[START_REF] Schasfoort | Chapter 1. Introduction to Surface Plasmon Resonance[END_REF].
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 22 is the acceleration force, m the electron mass. force due to collisions and as a result, these collision energies are in the form of electric force which is given in the term -eE.A description of the time-dependent electric field is given in Equation2:18, and the oscillation of the electron response as a function of time is given in Equation 2:19: 𝑬(𝒕) = 𝑬 𝟎 𝒆 -𝒊𝝎𝒕 2:18 𝒙(𝒕) = 𝒙 𝟎 𝒆 -𝒊𝝎𝒕 2:19 Substituting into the motion equation presented in Equation 2:17 we obtain: -nex (Equation 2:16), we can rewrite Equation 2:20 as: Substituting this description of P into the relation for D in Equation 2:5 we obtain:

Figure 2 . 1

 21 Figure 2.1 Schematic representation of a surface wave (surface plasmon polariton) propagating along with a metal-dielectric interface.

Figure 2 .

 2 Figure 2.1 the wave amplitude away from the surface dies off exponentially (right-hand graph) and those fields are thus described as evanescent waves in the z-direction.

Figure 2 . 2

 22 Figure 2.2 Plasmon excitation a) using diffracted grating (Wood's experiment). b) classical Kretschmann's configuration.

Figure 2 . 3 . 29 Figure 2 . 3

 232923 Figure 2.3 Dispersion relation for SPPs: the solid black line represents the light wave in free space, the black dashed line the light wave passing through a prism and the blue dotted-dashed line the light wave passing through a prism with a different refractive index. The red solid curve is the dispersion curve of surface plasmons at the metal-dielectric interface. The black dots represent the resonance conditions.
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 25 Figure 2.5 Calculated plasmonic responses versus varying thickness of the plasmonic layer (Au). Sensed medium has been here taken as water.
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 2640227 Figure 2.6 Calculated plasmonic responses for varying thickness of the plasmonic layer (Au) above 50 nm. The green circles indicate the reduction of contrast that is then appearing up to thickness value of a) 85nm and b) 100nm. .

Figure 2 .

 2 Figure 2.8 shows the sensitivity of the sensor that was calculated for different thicknesses of the Au plasmonic layer. In this calculation, the refractive index at the sensed medium was varied by 0.928 x 10 -4 RIU that corresponds to the refractive index difference between water and 1% ethanol-glycol solution.

Figure 2 . 8

 28 Figure 2.8 Calculated sensitivity of sensor versus gold layer thicknesses (angular interrogation scheme @1550 nm, H-ZF1 coupling material).
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 22 Figure 2.9a) shows the calculated FOM for metal thickness from 25 up to 100 nm. As the sensitivity was almost constant with metal thickness, FOM value is mainly reproducing the FWHM behaviour (Figure 2.9b)). The smallest FWHM value, 0.191°, is obtained for a 35 nm film thickness. So highest FOM value is obtained for 35nm.

Figure 2 .

 2 Figure 2.10 Calculated sensor response for varying wavelength from 1100nm to 1600nm Sensor is made of a 35nm-thick layer.

Figure 2 .

 2 Figure 2.11 Calculated FOM of a sensor with a 35nm-thick Au plasmonic layer versus wavelength (in near infrared region).

Figure 2 .

 2 Figure 2.12 Calculated sensitivity of the system depending on wavelength for different metal (Au) thicknesses.

Figure 2 .

 2 Figure 2.13 calculated plasmonic responses versus thickness of the plasmonic layer (Au). Sensed medium has been here taken as water.

Figure 2 .

 2 Figure 2.14 Calculated FWHM of the plasmonic response for various thickness of the plasmonic layer (here: Au).

Figure 2 .

 2 Figure 2.15 Sensitivity versus metal thickness.

Figure 2 .

 2 Figure 2.16 Calculated FOM versus metal thickness.

Figure 2 .

 2 Figure 2.17 Penetration depth (δ) of plasmonic wave into the dielectric medium as function of wavelength a) for water refractive index b) for air refractive index (Au and Ag thickness is 35nm).

Figure 2 .

 2 Figure 2.18 Propagation length (L) of plasmonic wave as function of wavelength a) for water refractive index b) for air refractive index (Au and Ag thickness is 35nm).

Figure 2 .

 2 Figure 2.19 Penetration depth (δ) of plasmonic wave wavelength into the plasmonic layer metal (35nm-thick Au or Ag layer).

Figure 2 .

 2 Figure 2.20 shows the sensor response for different top gold layer thicknesses keeping the silver layer thickness constant and equal to 30nm. It can be particularly noticed that the beneficial effect on FWHM narrowing brought by silver quickly disappears as soon as gold surface layer is used. For 10 nm gold layer thickness, the effect of response FWHM narrowing due to silver has almost vanished.

Figure 2 .

 2 Figure 2.20 Modelling results of SPR curves for different thickness of gold when the silver thickness is kept constant.In the next plot (Figure2.21), the gold film thickness was kept constant to 30 nm and the silver film thickness was varied. Here the lowest FWHM value is 0.185° for the combination Ag/Au 5nm:30nm to be compared to 0.071° obtained for the Ag/Au 30nm:5nm configuration (on Figure2.20).

Figure 2 .

 2 Figure 2.21 Modelling results of SPR curves for different thickness of silver when the gold thickness is kept constant.

Figure 2 .

 2 Figure 2.22 FWHM variation versus bi-metallic film composition: blue line: Ag thickness is 30 nm and gold thickness is variable, red line: Ag thickness is variable and gold thickness is 30 nm.It appears than that the combination Ag/Au (30nm:5nm) confers the best (lowest) FWHM value. We then calculate its sensitivity using the same calculation way than before, i.e. by modelling the sensor response to different solutions of ethylene glycol/water concentrations (Figure2.23).

Figure 2 .

 2 Figure 2.23 Calculated plasmonic responses of Ag/Au (30nm:5nm) bi-metallic sensor for different concentrations of ethylene glycol diluted in water.

Figure 2 .

 2 Figure 2.24 Sensitivity value for different bilayer sensor configurations.

Figure 2 .Figure 2 .

 22 Figure 2.24 shows the sensitivity of the sensor by using various metal thickness combinations. Ag/Au (20nm:5nm) gives a slightly higher value compared to other combinations but the difference is weak.Figure 2.25 shows the FOM value for both types of bi-metallic layer composition that are above mentioned, i.e. either keeping the gold or the silver layer of at constant value.
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 551 Angular interrogation scheme3.1.1 Set-up overviewAn angular interrogation based SPR set up was already existing in the lab, it was developed during a previous INTERREG project and used in the PhD work of E. Wijaya[START_REF] Wijaya | Design and optimization of Surface Plasmon Resonance (SPR) biosensors[END_REF]. Its schematic is given in Figure3.1. Its implementation is shown in Figure3.2. It is working in the near-infrared wavelength range and more precisely at 1550nm; this wavelength being intensively used in the fibre telecommunication domain, lot of stabilized sources exist. We use a semiconductor DFB source or a tuneable source with single mode fibre. The prism is a semi-cylindrical H-ZF1 material having a refractive index of 1.62 in this wavelength range; as seen in the modelling part (Chapter 2), this implies an incidence angle around 60°. A mirror was mounted on a micro rotating stage to finely control the angle of the input beam and finally a camera working in the near-infrared region was used to capture the reflected light exiting from the prism, also using a rotating mirror. The output image of the camera was treated using LabVIEW software to monitor the plasmon shift in real-time. Some data processing (filtering, averaging) as well as resonance shift calculation (intensity, centroid) are implemented in order obtaining the final sensorgrams. The SPR sensor is tightly pressed onto the prism using matching index liquid (Cargille Series A, n = 1.63)[108].

Figure 3 . 1

 31 Figure 3.1 Schematics of the angular interrogation bench

Figure 3 .Figure 3 . 57 3. 1 . 2

 335712 Figure3.3a shows the raw image captured by the IR camera (here using a device with fluidics injection on a 1.5 mm wide channel (see § 3.1.2). Figure3.3b shows the corresponding plasmonic response after averaging, filtering and normalizing. At that time, the x-axis is only referring to a pixel position that is the raw data obtained from the IR camera. For bio-sensing applications, this x-axis labelling can remain in pixels, it would not affect the results. The conversion into angle position is only needed to feedback on modelling.

Figure 3 . 4

 34 Figure 3.4 Au plasmonic sensor with microfluidic PDMS channels.

  Figure 3.5 shows the resulting sensorgram (sensor used has a 35 nm gold layer) when injecting various concentrations of ethylene glycol solutions (0.2% to 1% by weight in water, increment of 0.1%). A water cleaning/rinsing is made between the injections of the different solutions. This calibration gives the relationship between the position (pixel of camera) and the refractive index (Figure 3.6).

Figure 3 . 5

 35 Figure 3.5 Sensorgram for various concentrations of ethylene glycol solutions. Resonance position (in pixel value) is given by a centroid calculation of the plasmonic responses.

Figure 3 . 6

 36 Figure 3.6 Relationship between changes in refractive index (ΔRI) vs change in the pixel position (movement of the plasmonic curve).

Figure 3 . 7

 37 Figure 3.7 Comparison of the experimental and theoretical variation of the resonance angle with that of refractive index. Linear regression gives the sensitivity of the system.

Figure 3 . 8

 38 Figure 3.8 Comparison of experimental and theoretical plasmonic responses (note: modelling curve has been reversed in order to range the angle the same way that in experimental results).

Figure 3 .

 3 Figure 3.8 represents the experimental and theoretical plasmonic responses. Targeted gold thickness was 35 nm. Using this value in the modelling gave a slightly different resonance angle. Simulated resonance angle fits for a gold thickness of 37nm. Nevertheless, this 2 nm difference is within the tolerance of the fabrication of the gold layer.

Figure 3 .

 3 Figure 3.9 shows the sensorgram of measured concentrations of ethylene glycol solutions for 4 different experiments.

Figure 3 . 9

 39 Figure 3.9 Reproducibility of the measurements: sensorgrams of four different experiments using ethylene glycol concentrations of 0.3%, 0.6%, and 0.9% in water. These sensorgram data were post-treated and the relation between the refractive index and resonance angle was plotted (Figure 3.10). The results of the four experiments are coherent with the previous one (see Figure 3.7). The sensitivity value is then 66.45  0.84 °/RIU, that is a rather nice results since, even all care has been taken in carrying out the experiments, it is still fully manual operation.

Figure 3 .

 3 Figure 3.10 Reproducibility of the measurements: results of 4 different trials compared to theory (theoretical sensitivity is 66.4°/RIU and mean value of experimental one is 66.5°/RIU).

Figure 3 .

 3 Figure 3.11 Fluctuation of system detection baseline.

Figure 3 .

 3 Figure 3.12 Schematics of spectral interrogation bench.

Figure 3 .

 3 Figure 3.13 SPR bench using spectral interrogation scheme.

Figure 3 .

 3 Figure 3.14 Plasmonic response a) raw data from spectrometer output, b) filtered spectrum.

Figure 3 .

 3 Figure 3.15 represents the spectra for the different solutions of ethylene glycol.

Figure 3 .

 3 Figure 3.15 Plasmonic response versus different ethylene glycol solutions, a) full spectrum b) zoomed part (corresponding to the part between dashed lines on a)).

Figure 3 .

 3 Figure 3.16 Experimental (exp_, dashed lines) and theoretical (M_, solid lines) plasmonic responses for different concentrations of ethylene glycol solutions (_XX% in weight)

Figure 3 . 18 .

 318 Figure 3.18. The sensitivity value is now of 38x10² nm/RIU.

Figure 3 . 18 :

 318 Figure 3.18: Calibration of the spectral interrogation scheme set-up using reference solutions made of different concentrations of ethylene glycol solutions (% EG by weight in water indicated above each data point). RI is the refractive index difference of the solutions to pure deionized water (0%) and  is the shift of plasmonic response obtained by centroid calculation.
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 41 Figure 4.1 Penetration depth of the plasmonic wave into water (35nm gold sensor)

Figure 4 .

 4 Figure 4.2 a) DILASE 650 laser writing system b) AZ1512 photoresist profile after development.

Fig 4 .

 4 Fig 4.3 a) main steps of fabrication process b) view of a 4-channel sensor.
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 44754 Figure 4.4 Electrical properties of the plasmonic layer versus temperature.
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 45 Figure 4.5 COMSOL simulated structure (metallic SPR surfaces are symbolized by yellow color)GlassGold Unit

Figure 4 . 6

 46 Figure 4.6 Typical graphical representation of sensor surface temperature under current injection (here 300 mA). The white delimitation refers to the narrowed surface area that will be used in further modeling.

Figure 4 . 7

 47 Figure 4.7 Narrowed surface area modelling window, under same current injection conditions than full sensor (see Figure 4.5)

Figure 4 . 8

 48 Figure 4.8 Cross-sectional temperature rise distribution versus injected current.

Figure 4 . 9

 49 Figure 4.9 Temperature rise at channel centre versus injected current and current density.

Figure 4 .

 4 Figure 4.10 Rise time of the heating process.

4. 5

 5 Characterization of the thermal behaviour of the plasmonic layer 4.5.1 Measurement set-up An InfraScope™ MWIR Temperature Mapping Microscope (Quantum Focus Instruments Corporation) was used for measuring the temperature of the channel under current injection. The sensor is placed onto the sample holder of the equipment (Figure 4.11). To improve the sensitivity of the measurement:

Figure 4 .

 4 Figure 4.12 where the left part of the channel has been covered by a Kapton film and the right part is a nude gold surface: weak signal is emitted from the uncoated part of the channel.

Figure 4 .

 4 Figure 4.11 MWIR temperature microscope and measurement set-up

Figure 4 .

 4 Figure 4.15 Follow-up of temperature at channel center under pulsed injected current a) fully covered channel and b) partially covered channel.

Figure 4 .Figure 4 .

 44 Figure 4.13 Probe testing of the plasmonic channel

Figure 4 .

 4 Figure 4.16 Comparison of temperature at channel center for fully and partially covered layer.
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 4410 Figure 4.18 for both cases. Comparing to the theoretical result (wKPT case) presented in Figure 4.10, we can first notice that experimental and theoretical mean rise time values are of the same order. However, experimental rise time (1.25 s) is lower that the theoretical one (1.75s). The major difference is observed of the trend of the curve versus injected current: increasing of current leads to a decrease of rise time in the modelling as the reverse is observed experimentally. Anyhow, this value between 1 s and 1.5 s is reasonable for conducting biological experiments since it is compatible with the reaction time of biomolecular events.

Figure 4 .

 4 Figure 4.17 Comparison between experimental (KPT full) and theoretical (wKPT) temperature rises versus injected current.

Figure 4 .

 4 Figure 4.18 Experimental rise times versus injected current.

Figure 4 .

 4 Figure 4.19 Cross-sectional temperature rise distribution versus injected current. .

4. 20

 20 ).

Figure 4 . 20 :

 420 Figure 4.20: Top view of spectral interrogation scheme based SPR set-up including two needle probes mounted on micro-positioners for current injection (zoomed view on right).

Figure 4 .

 4 Figure 4.21 reports the modification of the refractive index that has been calculated from the experimental SPR measurement and the theoretical one. The reference refractive index

Figure 4 .

 4 Figure 4.21 Variation of the refractive index of a heated water drop.

Figure 4 .

 4 [START_REF] Raiteri | Micromechanical cantilever-based biosensors[END_REF], there is a temperature gradient from channel centre up to channel edges that put some uncertainty on the effective temperature of the sensed medium, moreover when a fluidics flow will be used. A consequence of this temperature gradient has been potentially pointed out in the results shown in Figure4.21.

Figure 4 .

 4 Figure 4.22 2D heatmap of the plasmonic layer close environment.

4. 7 . 1

 71 Pt film calibration IEC standard platinum has a temperature coefficient, α, of 0.003851 /°C [124].

Figure 4 .

 4 [START_REF] Liao | FTIR-ATR detection of proteins and small molecules through DNA conjugation[END_REF]. The targeted thickness of the film was 50nm. Its observation by SEM was nevertheless slightly less, 45nm (Figure4.23).

Figure 4 .

 4 Figure 4.23 Thickness of Pt film

Figure 4 .

 4 Figure 4.24 Measurement of 300 µm-width Pt resistance for various lengths (@20°C and for a 45 nm-thick film). Pt resistors as used in the SPR sensor (see Figure 4.26) were then measured versus temperature. They are 45nm thick, 1.5mm long and 75µm wide. For those dimensions, their expected resistance at room temperature (20 0 C) is 80  3.5 Ω.

Figure 4 .

 4 Figure 4.25 Calibration of Pt resistance.

4. 7 . 2

 72 Design and fabrication of the multichannel SPR sensor integrating temperature sensor4.7.2.1 DesignA small modification was made on channel/plasmonic layer design in order to add supplementary contact pads for current injection. A Pt sensor has been integrated on each channel. The resistor is placed on the center of the channel width and on one side of channel length. Its width and length are 75µm and 1.5mm, respectively. Considering the calibration reported in §4.7.1, the resistor value should so be 76.8  at 0°C. As the sensing place is roughly at the middle of the channel length, further experiments (not made during this work) will allow to determine if temperature sensing would have any importance when made downstream or upstream the measurement zone.

Figure 4 .

 4 Figure 4.26 layout of one SPR channel including a temperature sensor

Figure 4 .

 4 Figure 4.26 shows the layout of the sensor. Largest green circles are the place of fluidics in and out, smallest green circles are for DC probing (medium size is for current injection into the channel and small ones for Pt resistor measurement).
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3 )

 3 Figure 4.27 resumes the main fabrication steps.

Figure 4 .

 4 Figure 4.27 Main fabrication steps of multichannel sensor with integrated temperature sensor.

92 4. 7 . 3

 9273 Modelling of SPR sensor with Pt resistor.The modelling has been built up based on the previously developed one on COMSOL (see § 4.4). Figure4.28 represents the simulated structure (one channel). Identically to previous modelling scheme, modelling window has been narrowed in order to reduce calculation time.

Figure 4 .

 4 Figure 4.28 Heatmap of channel including Pt resistor under current injection, here it is 245mA.

Figure 4 .

 4 Figure 4.29 a) Thermal camera image for 245mA current injection in the first channel (top) and 168mA in the second channel (bottom), b) temperature raise at the centre of channel..

Figure 4 .

 4 Figure 4.30 Pt sensor resistance value versus injected current.

Figure 4 .

 4 Figure 4.31 Compared temperature versus injected current from thermal imaging (value at channel centre) and thermal imaging measurements. Comparing to SPR water experiments (see §4.6 and Figure 4.21), it can be noticed that this discrepancy between experimental results and theoretical predictions arise almost for the

Figure 4 .

 4 Figure 4.32 Compared temperature versus injected current from thermal imaging ("mean" value calculated using an algebraic mean formula) and thermal imaging measurements.

96 - 4 . 7 . 5 Figure 4 .

 964754 Figure 4.33 Modified 4-channel layout: a) electrical connections have been made wider in order to lower access resistances and electrical pads have been made compatible with commercial connector (here USB) to ease electrical connections of all channel and Pt sensors simultaneously on the experimental bench, b) PDMS fluidics cover is shown in order to visualize the SPR channels.

Figure 4 . 33 shows

 433 the layout of this device and Figure 4.34 a picture of fabricated sensor. Except a different layout design, the fabrication steps are the same than for the previous 4-channel device (see § 4.7.2.2).

Figure 4 .

 4 Figure 4.34 Modified layout 4-channel SPR sensor with integrated temperature sensor on each channel. Zoom shows the Pt resistor sensing area (gold colour is related to the Al2O3 surface area).

4. 8 . 1

 81 Experimental validation using thermal IR imaging Current has been injected simultaneously in two adjacent channels (Figure 4.35). On these heatmaps, we can particularly notice a clear delimitation of heated zones. The corresponding temperature cross-sections are shown in Figure 4.36. On this figure, temperature rises are shown, i.e. base temperature of thermal IR imaging system has been subtracted.

Figure 4 .

 4 Figure 4.35 Slightly different currents are injected in two adjacent channels: heatmaps obtained under thermal IR imaging.

Figure 4 .

 4 Figure 4.36 Corresponding temperature rise cross-section profiles of thermal IR images of Figure 4.35.

Figure 4 .Figure 4 .

 44 Figure 4.37 Evidence of crosstalk for high current levels a) heatmap, b) cross-section temperature rise profile

Figure 4 .

 4 Figure 4.39 Compared evolution of temperature rise depending on sensor design.

Figure 5 . 1

 51 Figure 5.1 Modelled plasmonic response for the glass and tape sensor.

Figure 5 . 2

 52 Figure 5.2 Plasmonic responses of tape sensor (1550nm, water, angular interrogation scheme) for different gold layer thicknesses.

Figure 5 .

 5 Figure 5.2 represents the responses curve of tape sensor for various plasmonic film thicknesses. Sensed medium is water and wavelength is 1550nm in an angular interrogation scheme.

Figure 5 . 3

 53 Figure 5.3 Sensitivity of tape sensor depending on plasmonic layer thickness.

Figure 5 . 4 FOM

 54 Figure 5.4 FOM values of tape sensor depending on plasmonic layer thickness.

Figure 5 . 3 and 5 .

 535 Figure 5.5a.

5. 1 . 3 Figure 5 . 5 Figure 5 . 6 Figure 5 . 7

 13555657 Figure 5.5 Tape sensor: a) after fabrication, b) deposited on the coupling prism and c) with a drop of water on top.

Figure 5 . 8

 58 Figure 5.8 Plasmonic response shift versus different ethylene glycol solutions.

Figure 5 .

 5 Figure 5.9 shows the comparison of experimental and theoretical plasmonic curves. As for glass sensor previously, the gold thickness shall have been increased up to 37nm to perfect the matching of curves.

Figure 5 . 9 Figure 5 .

 595 Figure 5.9 Comparison of experimental and theoretical plasmonic responses for tape sensor. The experimental sensitivity has been calculated replacing ethylene glycol solutions by their respective difference of optical refractive index with that of water and pixel position by its correspondence in angle deviation (Figure 5.10). The sensitivity value is 53.54°/RIU that matches the predicted value.

Figure 5 .

 5 Figure 5.11 Sensitivity comparison of glass and tape sensor.

Figure 5 .

 5 Figure 5.12 Calculated plasmonic response for air.

Figure 5 .

 5 Figure 5.13 Comparison of calculated air plasmon using glass and PDMS prism for 39.84° and 48.25° injection angle, respectively.

Figure 5 .

 5 Figure 5.14 Plasmonic response shift versus incidence angle (sensed medium is air).

Figure 5 .

 5 Figure 5.15 Water plasmon for PDMS prism directly metalized with plasmonic layer (incidence angle is 84.78°).

Figure 5 .

 5 Figure 5.12 Mould for PDMS prism.

  the PDMS prism was removed slowly from the mould by removing the silicon piece over the large opening and pushing gently the opposite face. Views of de-moulded prism are shown in Figure5.13.

Figure 5 .

 5 Figure 5.13 Fabricated PDMS prism.

Figure 5 .

 5 Figure 5.14 Spectral interrogation optical setup embedding the PDMS prism.

Figure 5 .

 5 Figure 5.14 shows the observed air plasmon. The experimental response is focused on the bottom of the response peak. This explains the saturated spectrometer response in the upper band. Moreover the theoretical response spectrum does not take into account the bellshaped response of the experimental system, a flat (without plasmon presence) response is modelled all over the band.

Figure 5 .

 5 Figure 5.15 Comparison between theoretical and response curves of glass sensor on PDMS prism for air as sensed medium.

Figure 5 .

 5 Figure 5.16 Experimental (solid lines) and theoretical (dotted lines) of air plasmonic responses using glass and PDMS prisms.

Figure 5 .

 5 Figure 5.17 Metalized PDMS sensor that was used as a plasmonic layer on the PDMS prism: a) selfsticking on PDMS prism, b) setting-up in the spectral interrogation bench.

Figure 5 .

 5 Figure 5.18 Comparison of experimental and theoretical plasmonic responses using a PDMS prism coupled to a PDMS sensor (sensed medium is air, incidence angle is 48.17°).

Figure 5 .

 5 Figure 5.19 Tape sensor on PDMS prism.

Figure 5 .

 5 Figure 5.20 Measured air plasmon using PDMS prism and tape sensor.

Figure 5 .

 5 Figure 5.20 shows the comparison of the measured air plasmon and modelled air plasmon with PDMS-tape configuration. A clearer response is obtained than using the PDMS sensor.

Figure 5 .

 5 Figure 5.21 Plasmonic response of a water drop using tape sensor and PDMS prism

Figure 5 . 123 6. 1

 51231 Figure 5.22 Flexible 4 channel tape sensor.

Figure 6 . 1

 61 Figure 6.1 Comparison of theoretical and experimental bi-metallic plasmonic responses of water.

Figure 6 .

 6 Figure 6.2 4 channel Ag/Au sensor (here with fluidic facilities).

6. 2

 2 Experiments on angular bench at 1550nm6.2.1 CalibrationFor the calibration, same protocol using ethylene-glycol solutions as for classical Au sensor has been used (see Chapter 3). The sensorgram that is then obtained is represented in Figure6.3.

Figure 6 . 3

 63 Figure 6.3 Measured sensorgram for different concentrations of ethylene glycol solutions in water.

Figure 6 . 4

 64 Figure 6.4 Sensitivity of Ag/Au (30 nm:10nm) sensor.

Figure 6 . 5

 65 Figure 6.5 Plasmonic responses of Au and bi-metallic Ag/Au sensor for water a) experimental results, b) comparison of experimental and modelling results (experimental results mention the desired film thickness, theoretical results mention the thickness that match the observed experimental results).

Figure 6 . 6

 66 Figure 6.6 Deduced experimental sensitivity value for Au and Ag/Au sensors (theoretical evolutions are also reported for comparison).

Figure 6 . 7

 67 Figure 6.7 Fluctuations of detection baseline for a) Au and b) Ag/Au sensors.

Figure 6 . 8

 68 Figure 6.8 Experimental sensitivity comparison with modelling.

Figure 6 . 9

 69 Figure 6.9 Deduced experimental sensitivity value for Au and Ag/Au sensors.

Figure 6 .

 6 Figure 6.10 experimental noise level comparison for both Au and bimetallic sensor.
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 4 channel sensor integrating temperature monitoring on each channel has been fabricated. The use of USB-type electrical connectivity allows to insert the sensor into the spectral interrogation set-up while connecting all heaters and temperature sensors (Figure C.1).

Figure C. 1

 1 Figure C.1 Spectral bench with 4-channel sensor integrating with temperature sensors insertedThe use of polymer optics has also been investigated. A tape sensor allows reaching a sensitivity close to that of a glass sensor. Its use does not require refractive index matching fluid and simplifies the use on the field. A polymer prism has also been tested that could lower the overall cost of the coupling system.

Figure P. 1

 1 Figure P.1 Portable SPR system developed by project partner MULTITEL.

Figure P. 2

 2 Figure P.2 Portable SPR detection equipment including a 4-channel spectrometer.

Figure P. 3

 3 Figure P.3 Integrated SPR sensing head prototype.

Figure

  Figure P.4.

Figure B: 2

 2 Figure B: 2 Calculated plasmonic response for water using the sandwich resonance layers Au/Al2O3 (35nm:varying).From the Figure B:2 it can be noticed that by changing the thickness of Al2O3 above the plasmonic layer, the plasmonic peak shifts towards higher wavelengths; that is fully understandable since plasmonic wave is more and more propagating within Al2O3 medium and less and less in sensed medium due to its limited penetration length.

Figure C: 2

 2 Figure C:2 Matching experimental plasmonic responses with modelling ones by adjusting the simulated temperature. Same conclusions than drawn in § 4.6 and same range of temperature differences that shown in Table 4.2 arise. If those values are injected in the modelling, a better fitting with the experimental curve is obtained (Figure C:3).

Figure C: 3

 3 Figure C:3 Modelling of water drop refractive index difference versus temperature. Here, the modelled temperature is that fitting as much as possible the experimental plasmonic peak shift (contrary to Figure 4.21 where maximum channel temperature was used).

  

  

  

  

  

  

  

  

  

Table 1 .

 1 

	Transducer	Method	Advantages	Disadvantages	LOD
	Type				
				 Experiments has to be	
				performed in vacuum.	
				 Complex preparation of	
	Mechanical	QCM MC [32-36]	 High sensitivity  Label free  Easy to Fabricate  Real time. available.  Commercially	the experiment.  Mechanical way might damage the biological molecule due to stress or great challenge in a liquid medium is a  biochemical recognition strain.	1fM-1pM
				 Sensitivity limited by size	
				constrains.	
				 Surface functionalization	
				remains key issue.	
			 Extremely		
			sensitive.		
			 Commercially	 Difficult for fabrication	
		NW-	available	 Some bio molecules may	
	Electrical	FET	technology.	get damaged due to	1pM-1nM
		[37-40]	 Real time	electric field.	
			measurement.	 Sensitive to environment.	
			 Simple		
			interpretation.		
			 Wide range of		
			analysis.		
	Optical	SPR [34, 41, 42] SMR [130, 131, 132] MRR 134] [133,	 Real time.  High sensitive  Usage of only the same time. and label-free.  Good for liquid environment.  Having microfluidic facilities.  Measurement of multiple interactions at	 Dependence on surface functionalization.  Low sensitive compared to electrical and mechanical biosensor.  Required knowledge on the system mechanism.	1µM-1nM 1nM 1pM-nM
			small quantity		
			of samples.		

2 Some of the advantages and disadvantages of the currently used transducer types of a biosensor.

Table 1 .

 1 4 Main characteristics of commercial SPR biosensing systems.

	Angular	Spectral	Phase

Table 4 .

 4 

	Thermal conductivity (K)	0.85	300	W/(m.K)
	Heat capacity (Cp)	730	128.8	J/(Kg.K)
	Electrical conductivity ()		From measurement (see §4.3) S/m

1: Material parameters used in the COMSOL simulation

(mA) Maximum temperature rise (°C) Mean temperature rise (°C) Max-mean difference (°C)

  

	0	0	0	0
	100	6.3	4.2	2.1
	150	12.1	8.3	3.8
	200	19.8	15.8	4
	250	30.1	26.0	4.1
	300	44.0	38.6	5.4
	350	61.9	54.1	7.8

Table 4 .

 4 2 Driving currents and corresponding temperatures rises.

Table 4 .

 4 

			Difference in ΔT ( °C) due to various		Tolerance
				Al2O3 thickness.			± 0 C
	I (mA)	40nm	50nm	60nm	70nm	80nm	90nm	100nm	
	84	1.505	1.511	1.514	1.512	1.514	1.516	1.512	0.0032
	91	1.553	1.56	1.563	1.56	1.563	1.566	1.561	0.0037
	168	0.221	0.245	0.256	0.247	0.254	0.264	0.248	0.0125
	175	0.207	0.233	0.244	0.234	0.243	0.253	0.236	0.0133
	245	0.495	0.443	0.419	0.44	0.423	0.402	0.437	0.0271
	318	1.33	1.24	1.2	1.24	1.21	1.17	1.23	0.0464
	385	0.8	0.66	0.6	0.65	0.61	0.55	0.64	0.0722
	444	0.69	0.88	0.97	0.89	0.95	1.03	0.9	0.099

3 Calculated temperature drop due to various thickness of Al2O3 deposited on top of plasmonic layer.

  Table C.1.

			Modelling	
		Angular interrogation scheme (1550nm)	
	Sensor type FWHM (°) Sensitivity (°/RIU) FOM (RIU -1 )
	Au	0.093	66.4	714.0
	Ag/Au	0.077	65.6	846.3
	Tape	0.046	53.4	1148.0

Table C.1 Modelling results on various performance characteristics with three different types of sensors.

  Table C.3 Calculated performance characteristics of two different plasmonic sensors.

		Spectral interrogation (500-1100nm)	
	Sensor type FWHM (nm) Sensitivity (nm/RIU)	FOM (RIU -1 )
	Au	53	1987.5	37.5
	Ag/Au	43	2041.7	47.5

  Table C.4 shows the measured performance of those sensors in the spectral interrogation system. Table C.4 Experimental using the two different plasmonic sensors (Au and Ag/Au).

			Experimental	
		Spectral interrogation (500-1100nm)	
	Sensor type FWHM (nm) Sensitivity (nm/RIU)	FOM (RIU -1 )
	Au	53.4	1965.5	36.8
	Ag/Au	46	2108.6	45.8
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We also presented the calibration of those benches using different concentrations of mix water/ethylene glycol solutions. As far as same data treatment is used calculating the sensitivity of the full detection system, good agreements are obtained between theoretical and experimental results. We also noticed that sensitivity values are mainly governed by the post-data treatment than by that of the sensor alone.

-an angular interrogation set-up working in the near-IR (1550 nm) band -a spectral interrogation set-up working in the visible range (500 -900 nm) I also present the calibration process for both benches allowing to convert the raw data into calibrated data in Refractive Index Unit (RIU).

Chapter 5: USE OF POLYMER OPTICS FOR SPR

In this chapter, I will present two developments I investigated in order to lower experimental cost of SPR technique and so democratize its use. It was also targeting the possible single use sensor in order the non-specialist user getting free of all cleaning and regenerating issues. As the metal combination of Ag/Au (30 nm: 5nm) gave the better modelling results (see Chapter 2), the primary goal of fabrication process was to made such sensors.

They have been measured on both experimental set-ups and their experimental results compared to that of Au sensors. The use of higher refractive index polymer materials has to be investigated in order to validate the use for fluids. Up to now, results for air medium are only conclusive that limit the applicability of such an approach.

Appendix A: Fabrication of PDMS microfluidics PDMS based microfluidics have been used under the form of a 4-channel cover that is physically (on glass using Corona effect) or chemically (on Au surface) [START_REF] Ciddor | Refractive index of air: new equations for the visible and the infrared[END_REF] bonded to the sensor surface. The channel width is 1.5mm and 1 cm long. Two larger circular areas are provided at each end; they are located at injection places.

To fabricate the PDMS covers a mould using SU8 photo resist is firstly fabricated. This mould was fabricated on a 3" silicon (Si) wafer. We were interested to have fluidics channel depth around 250 µm and so equivalent SU8 resist thickness. First the Si wafer was cleaned using 10% hydro fluoric acid to remove oxides from the surface. After cleaning the wafer was dried using nitrogen and set on hotplate for dehydration. Si wafer is then spin coated with a SU8-2075 resist. The parameters used for the spin coating are as follows: speed of 500rpm, acceleration of 100rpm/s for 3s keeping the cover of the spin coater open and in a second stage speed of 2500rpm, acceleration of 100rpm/s for 15s. By utilizing those two stages for spin coating we ensure that the resist slowly covers all the area of the wafer homogeneously. For post-bake process, we used two hotplates at different temperatures (65°C and 95°C) in order that SU8 photoresists does not show cracks. First step is using a hot plate at 65 0 C in contact for 3minutes. Second, the sample is transferred to the hot plate at 95 0 C for 8 minutes, in contact. After hot plate removal, the sample is placed at room temperature for 15 minutes to cool down so that the resist relaxes. Laser lithography is used for patterning. The laser power was 100% at 50mm/s speed and a 10 µm spot was used since no high precision is here requested. Post-bake during 15min at 95 0 C is done before development. We used two beakers filled with SU8 and developed in one beaker for 15 minutes and continued to develop using the second beaker for other 15 minutes. By doing this we can be sure that the removed resist goes away from the substrate without being redeposited on it. After those 30 minutes of development the sample was cleaned using isopropanol solution for 30s and then dried using nitrogen. Once dried, the sample is placed inside a temperature controllable heater and again post baked. A thermal ramp process is used: it was set to increase by 10 0 C/min from room temperature up to of 75 0 C, to maintain 75 0 C for 2 hours and then the cool down is made using the reverse temperature ramp. After this SU8 hardening process, the SU8 mould is coated with a thin layer of Teflon using The SU8 mould is set into a plastic Petri dish using a double-sided scotch tape. This is fixed strongly so that the SU8 mould does not move during the PDMS preparation. To prepare the PDMS solution we weight 30gram of polymer (silicon elastomer) in a beaker and add 3g of silicon elastomer curing agent. This solution is then stirred vigorously till it shows up with lot of bubbles. It is then inserted into a vacuum chamber for degassing for 30 minutes. During the degassing process, bubbles disappear, and the solution become transparent. PDMS solution is then removed from degassing chamber and slowly poured into the Petri dish containing the SU8 mould. A film thickness of about 3mm is made. A bake at 70 0 C for 2 hours is made in order to enhance the polymerization process. After removal from the oven, the PDMS layer is peeled off slowly from the mould.

To fix the PDMS on the sensor surface, two techniques were used depending if sensor surface was 4-channel patterned or fully Au covered. In the first case, both PDMS and glass were treated using a Corona plasma and then pressed together for 1 minute. Then the bonding is ensured by placing in the oven for 1 hour at 70 0 C. In the second case, Au and PDMS surfaces are chemically treated instead of using Corona plasma [START_REF] Ciddor | Refractive index of air: new equations for the visible and the infrared[END_REF].

Appendix B: On the particular use of Al 2 O 3 layer

As Al2O3 film is deposited full surface on the plasmonic layer before its etching, we did an experiment using such a "bi-layer". SPR sensor was so composed by a 35nm-thick Au The Al2O3 film impacts greatly the penetration depth of the plasmonic wave into the dielectric medium and reduces so the sensitivity of the system to its refractive index.

Although the practical use can be extremely limited, it allows to determine the rough refractive index of a completely unknown solution.

So further modelling was performed to analyse the plasmonic properties due to Al2O3 as a sensing layer on SPR sensor. For this calculation we have used different refractive index of ethylene glycol (as made for the system calibration (see Chapter 3)). The calculated sensitivity is 1568.8nm/RIU which is roughly a quarter less than using just Au as plasmonic layer.

Appendix C: On the response curves for high temperature As mentioned in Chapter 4, section 4.6, in order obtaining a better fit between experimental and theoretical sensitivity values upon temperature, an algebraic mean value has been calculated. Obviously, it must not be the right way to obtain the real thermal behaviour.

Looking more deeply in the plasmonic responses of a water drop versus temperature (Figure C:1) and comparing them with theoretical predictions (made for maximum temperature that is recorded over the channel cross-section), it can be noticed:

-good agreement for low temperatures, i.e. up to some 30°C (so 10°C temperature rises), -FWHM broadening for higher temperatures and increasing discrepancy in the plasmonic peak position. The experimental plasmon shift is lower when compared to the modelled one. That effectively supports the assumption taken in § 4.6 where a mean, so lower, temperature value was set for the sensed medium. We try to match experimental and theoretical Appendix D: On the effect of current injection on polarization The experiment reported in § 4.6, i.e. measuring the plasmonic response of a water drop heated by current injection and using the spectral interrogation set-up was made using air as sensed medium and the angular interrogation set-up. During this experiment, we observed that the shift of the air plasmon with temperature was not measurable. First, the change of refractive index of air with temperature [START_REF] Ciddor | Refractive index of air: new equations for the visible and the infrared[END_REF] is much less than that of water and reaches the limit of detection of our system. Second, the plasmonic response contrast was