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General Introduction

The carbon is one of the most remarkable elements among all others in periodic table. It has a large number of allotropes. The carbon and carbon-based materials may exhibit exceptional properties such as chemical stability, high hardness, and thermal conductivity. The carbon is the building block of the carbon-based allotropes, such as graphite, diamond, fullerenes, graphene, carbon nanotubes, and amorphous carbon materials [ 1 ].

During the two last decades, the carbon has been the key element in the synthesis of thin coatings based on diamond, diamond-like carbon (DLC), various doped and alloyed DLC, carbon nitride and, more recently, graphene. There have also been in particular major developments in the field of disordered carbons. In general, the amorphous carbon (a-C) is a mixture of sp 3 , sp 2 and sp 1 hybridization of carbon atoms, with a possible presence of hydrogen, depending on the deposition process. The amorphous carbon with a high fraction of sp 3 bonds is known as diamond like carbon (DLC). The DLC have some extreme properties similar to diamond, such as high mechanical hardness, chemical inertness, optical transparency, biomedical and electrochemical applications and it is a wide band gap semiconductor. It is much cheaper to produce than diamond, and it have wide spread applications [ [2][3][4][5][6][7] ].

In 1989, Cohen and Liu predicted a β-C 3 N 4 phase with hardness comparable to diamond. However, the synthesis of super hard carbon nitride is technically very complicated and most of the synthesis led to other interesting types of materials, such as amorphous carbon nitride (a-C:N) material. In the past decades, the nitrogen doped amorphous carbon films have been studied extensively owing to their potential applications [ 8,9 ]. The a-C:N thin films are very attractive in electrochemical and bio sensors applications and molecular electronics with enhanced physical and chemical properties [ 10,11 ]. Especially, it is a very useful material in the detection of heavy metals and surface functionalization [ 12 ]. Now, the aim is to replace the high toxic electrode material like mercury and high temperature deposited Boron Doped Diamond (BDD) electrodes by amorphous carbon nitride (a-C:N) thin films material.

The production of high N content and more ordered graphitic-like structures are thus interesting to use in environmental analytical microsystems for electrochemical and biosensor devices.

To achieve this goal, various techniques have been used for the preparation of carbon nitride films under a wide range of deposition parameters [ 8 ]. Among these techniques, pulsed laser deposition (PLD) technique has a lot of advantages. Especially, the pulsed laser deposited carbon based coatings showed promising applications in electrochemical detection of heavy metals and bio-medical applications[ [13][14][15]. Until now, most of the work dealt with nanosecond PLD.

Recently, the deposition of carbon materials by femtosecond pulsed laser deposition (fs-PLD) has attracted a lot of interest. The carbon films deposited by femtosecond PLD showed good electrochemical performances and high sp 2 content [ [16][17][18] ]. The femtosecond PLD grown amorphous carbon nitride films may be attractive in the analytical microsystems for electrochemical and bio sensors devices integrated in microfluidic channels for quick detection of hazardous pollutants, heavy metals and bio pathogens at low concentration in lab-on-chip devices and grating surfaces by organic compounds to increase the sensitivity of electrode for detection of bio molecules.

The present PhD has been carried in the context of a research program financed by "Université de Lyon" within the PALSE (Programme Avenir Lyon Saint-Etienne). The project, entitled "POLCARB", has been performed through a scientific collaboration between Laboratoire Hubert Curien (Université Jean Monnet and CNRS), Institute des Sciences Analytiques (CNRS and Université Claude Bernard Lyon 1), and Laboratoire Georges Friedel (Ecole Nationale Supérieure des Mines de Saint-Etienne and CNRS). The POLCARB overall aim was to build a new kind of microsystem determining toxic metals, emerging pollutants and pathogens in combined sewer overflow and river water. POLCARB wanted to respond to a strong societal demand in public health and environmental safety.

The present PhD is a contribution to the POLCARB program. It focus on the synthesis and characterization of carbon nitride films, and in a less extend, to nitrogen doped graphene. This manuscript is organized in six chapters outlined below.

Chapter 1: In the first chapter, we discuss about the sensors, their characteristics and their potential use in the detection of hazardous heavy metals, about carbon-based materials such as amorphous carbon and N doped amorphous carbon coatings and their deposition techniques. In the last section, we discuss about the pulsed laser deposition technique and the possibility to deposit a-C:N films by ultrashort pulsed laser deposition.

Chapter 2: we describe the detailed experimental procedure of thin film deposition by conventional and DC bias assistance femtosecond pulsed laser deposition, and detailed experimental procedure of plasma plume studies by using optical emission spectroscopy and spectrally 2D imagining techniques. In the last section, we discuss about the potential use of the wide variety of surface characterization techniques, their principle and instrumentation along with their operation conditions. Chapter 3: We present the results obtained by different characterization techniques and discuss on the morphological, chemical and microstructural characteristics of CN films deposited by unbiased and DC biased femtosecond PLD.

Chapter 4: We present the in situ plasma plume results obtained during femtosecond PLD, by optical emission spectroscopy and by spectrally resolved 2D imaging techniques, along with the properties of the thin films used in plasma study and we discuss on the those ablation plume results.

Chapter 5: The electrochemical properties of selected a-C:N films are studied by Cyclic Voltammetry (CV) and Differential Pulse Anodic Stripping Voltammetry (DPASV). We perform heavy metal (Pb) detection by DPASV technique for a selective a-C:N electrode and functionalization of surface by organic molecules for a future selective detection of chemical and biological molecules.

Chapter 6: As a future prospective, we present the direct synthesis of N doped graphene from amorphous carbon nitride (a-C:N) thin films deposited by femtosecond pulsed laser deposition (fs-PLD) and perform the characterization by Multi-wavelength Raman spectroscopy, X-ray photoelectron spectroscopy for the chemical composition, and microstructural properties. In the last section, we discuss and propose suitable potential future applications. 

Chapter 1. Carbon based materials for sensors 1.1 Introduction

With the explosive growth of the world population and the rapid development of industrialization, the amount of toxic chemicals released into the environment has grown enormously due to the frequent human activities. These chemicals in air, water and soil have unknown toxicity and may cause health problems. The environmental pollution has become one of the most acute problems and has naturally captured the world's attentions. The analysis of environmental contaminants is a key step in understanding and managing the risks to human health and environment. Therefore, there is an urgent need to develop fast and reliable environmental monitoring methods. The increasing amount of potentially harmful pollutants in environment calls for the development of fast and cost-effective analytical techniques. Although highly sensitive and selective, conventional chromatography and spectroscopy analytical methods exist but they are time-consuming and laborious when a large number of samples have to be screened. Besides, they require expensive equipment, skilled operators and complicated pretreatment steps. The need of disposable tools for environmental monitoring encourages the development of simple, rapid, continuous, cost-effective and field-portable screening methods for analysis of environmental contaminants. Toxic metals including "heavy metals" are individual metal ions and metal compounds that negatively affect people's health. Some toxic and semi metallic elements are included in this group. In very small amounts, some of these metals are necessary to support life. However, in large amounts they may build up in biological systems and become a significant health hazard. Because of their persistence in nature, heavy metals are major contributors to the pollution of the biosphere and pose important environmental risks. The power industries, agricultural and waste disposal activities are among the leading generators of heavy metals such as lead, arsenic, and mercury. The ability to detect and monitor these metals is crucial for our well-being. The heavy metals like copper, cobalt, iron, manganese, and zinc are required in lower quantity for living organisms but lead to health problems in a high concentration, and the metals like arsenic, cadmium, chromium, lead and mercury are hazardous compounds even in lower concentration range [ 1 ]. Therefore, there is an urgent need to develop an environmental friendly detection method to detect the heavy metals, pollutants and bio pathogens. With this aim, we tried to develop stable, non-toxic, high performance and cost effective electrodes in analytical methods to detect heavy metals, pollutants and bio pathogens at low concentrations in lab on chip devices.

This chapter will give detailed information about the carbon based materials and their importance when used as electrochemical sensors. We will emphasis on the N doped carbon based materials, especially on N doped amorphous carbon and N doped graphene materials with emerging applications. We will also discuss different possible deposition techniques for a successful synthesis of amorphous carbon nitride thin films. We will give a brief discussion about the deposition technique used in this work and will present a sound literature review on amorphous carbon nitride deposition by pulsed laser techniques. The last part of this chapter will give an overview on pulsed laser deposition of amorphous carbon (a-C) and amorphous carbon nitride (a-C:N) thin films by ultra-short pulsed laser deposition and also will cover the possible potential use of plasma assistance during pulsed laser deposition.

Sensors

The research and technology development in the field of sensors has clearly increased in the last decade due to the necessity of solving different current problems in our society [ 2,3 ]. Sensors are devices, that register a physical, chemical or biological change and convert that into a measurable quantity [ 4,5 ]. Sensors are composed of an active sensing material with a signal transducer. The role of these two important components in sensors is to transmit the signal without any amplification from a selective compound or from a change in a reaction. The sensors produce any one of these as output signals i.e., electrical, thermal or optical signals, which could be converted into digital signals for further processing. Sensors can be broadly classified into two main categories such as chemical sensors and biosensors [ 6,7 ]. A chemical sensor is a self-contained analytical device that can provide information about the chemical composition of its environment. The biosensors can be defined in terms of sensing aspects, where these sensors can sense biochemical compounds such as biological proteins, nucleotides and even tissues [ [8][9][10].

Within these sensors, the active sensing material on the electrode act as a catalyst and catalyze the reaction of the biochemical and chemical compounds to obtain the output signals [ 11,12 ]. The combination of these two different ways of classifications has given rise to a new type of sensors, called electrochemical biosensors, where the electrochemical methods are applied for the construction and working of a biosensors [ [13][14][15][16]. A schematic representation of a biosensor is reported on Figure 1.1 [ 3 ]. There has been a strong demand to produce highly selective, sensitive, responsive and cost effective electrochemical sensors. The selection and the development of the active material are still a challenge. The active sensing materials may be of any kind that act as a catalyst for sensing, particularly an analyte or a set of analytes. The major areas of applications are in environmental monitoring, medical and health diagnosis, industrial safety, surveillance, automotive industry and security for military applications. Among all, electrochemical sensors possess advantages over the others because their electrodes can sense materials present within the host material and without damaging the system [ 17 ]. The recent development in materials research has paved the way for a large number of new materials and devices of desirable properties, which have useful functions for numerous electrochemical sensor and biosensor applications. In recent years, the increased concerns about the toxic effects of chemicals in the environment have led to the necessity for monitoring pollutant levels at various points in industrial processes and recycling processes, in effluent and wastewater, and at industrial, agricultural, and urban sites. Additionally, continuous monitoring of environmental pollution in the field requires portable fast-response sensors that should be robust, sensitive and with long lifetime. Our goal is to design carbon based electrode materials for environmental analytical microsystems for electrochemical sensors.

Electrochemical Sensors

Electrochemical sensors represent an important subclass of chemical sensors in which an electrode is used as the transduction element, and are highly qualified for meeting the size, cost, and power requirements of on-site environmental monitoring [ [18][19][20]. A chemical sensor can be defined as a device that provides continuous information about its environment. Ideally, a chemical sensor provides a certain type of response, which is directly related to the quantity of a specific chemical species. The electrochemical sensors consist of a transducer, which transforms the response into a detectable signal on modern instrumentation, and a chemically selective layer, which isolates the response of the analyte from its immediate environment. They can be classified according to their properties to be determined as: electrical, optical, mass or thermal sensors and they are designed to detect and respond to an analyte in the gaseous, liquid or solid state. Compared to optical, mass and thermal sensors, electrochemical sensors are especially attractive because of their remarkable detectability, experimental simplicity and low cost. The electrochemical sensors have a leading position among the presently available sensors and they have reached the commercial stage. The Figure 1.2 presents the important aspects to consider to choose electrochemical sensor. The electrochemical sensing systems include a high sensitivity and selectivity, a wide linear range, a minimal space, low power requirements and a low cost instrumentation. Electrochemical sensing devices have given a lot of importance in a wide range of applications in recent years in clinical, industrial, environmental and agricultural fields. The electroanalytical sensors are concerned with the interplay between electricity and chemistry, namely the measurements of electrical quantities, such as current, potential or charge and their relationship to chemical parameters. The electrochemical devices have been used for several decades for field monitoring of a variety of water quality parameters [ 5 ], these have led to a wide range of environmental applications including the measurement of trace metals in natural water [ 10,[21][22][23][24][25] ]. The development of biosensors are used for the detection of organic pollutants in ground water [ 26,27 ], environmental protection and clean energy conversion [ 28,29 ]. The stability of natural water samples during long term storage is questionable, as they are subject to various biological, chemical and physical effects [ [30][31][32][33] ]. Most of the electrochemical devices used for environmental monitoring, fall within three categories described below and ultimately depend on the specific analyte, nature of the sample matrix and the sensitivity and selectivity requirements [ 34 ].

a. Voltammetry

The uses of an applied potential between reference and working electrodes are causing the oxidation or reduction of an electroactive species. The applied potential thus serves as the driving force for the electron-transfer reactions. The resulting current is a direct measure of the rate of the electron transfer reaction and is proportional to the target analyte concentration.

b. Potentiometry

In potentiometric sensors (primarily ion-selective electrodes), the analytical information is obtained by converting an ion recognition event into a potential signal. A local equilibrium is established across the recognition membrane, leading to a change in the membrane potential. The analytical information is obtained from the potential difference between the ion selective electrode and a reference electrode. Potentials are a function of an activity of species but not on a concentration.

c. Conductimetry

Conceptually it is the simplest electroanalytical techniques but inherently non-specific. The concentration of the charge is obtained through measurement of solution resistance.

Above aforementioned analytical techniques, the voltammetry technique is widely used due to its sensitivity, inexpensive instrumentation and advance development in all areas of voltammetry. The common characteristic of all the voltammetry techniques is that they involve the application of potential (E) to an electrode and the monitoring of the resulting current (i)

flowing through the electrochemical cell.

The analytical advantages of the various voltammetric techniques include an excellent sensitivity with a very large useful linear concentration range for both organic and inorganic species, a large number of useful solvents and electrolytes, a wide range of temperatures, rapid analysis times, the ability to determine kinetic parameters, a well-defined theory, simultaneous determination of several analytes [ [35][36][37] ].

Electrode materials for heavy metal detection

A lot of research and development are going on to find environmental friendly electrodes for electrochemical sensors for the detection of heavy metals and bio pathogens. In the past, two basic electrode systems were used in electrochemical analysis as electrode materials, such as mercury film electrode and hanging mercury drop electrode. The mercury electrode was gained wide acceptance in the development of stripping voltammetry. In most of the cases, a Glassy Carbon (GC) electrode or a carbon fiber one are used to support the mercury film. The best results were obtained with the mercury electrodes [ 38,39 ]. However, because of the toxicity, the future regulations and occupational health considerations may severely restrict the use of mercury as an electrode material, and the disposal problems and cost are the major drawbacks of the mercury electrode. New alternative electrode materials with a similar performance are highly desired, particularly for meeting the growing demands for on-site environmental monitoring the trace metals and decentralized clinical testing of toxic metals. The gold and iridium electrodes have been used as possible alternative to the mercury electrode [ [40][41][42][43]. While offering useful signals for several metals, the overall performance of these non-mercury electrodes has not approached the mercury electrode, due to a low cathodic potential limit, multiple peaks, or large background contributions [ 44 ]. The pre-concentration modified electrodes, based on surfaceconfined ligands or ion exchangers have been proposed, but their overall sensitivity and reproducibility has not been satisfactory for routine measurements of trace metals [ 45 ]. Despite these intensive efforts, an alternative electrode to the mercury has not emerged. Thus, it is important to move toward different materials and non-mercury sensor materials. Successes have been registered, particularly with regard to carbon materials. Carbon and carbon-based electrodes have been proposed as suitable electrodes for the heavy metals detection and the surface functionalization for bioorganic compound attachment to increase further the sensitivity of the electrodes in electrochemical sensors [ [46][47][48][49][50][51] ].

Carbon materials for sensors

Carbon based materials are extremely attractive as electrodes in electrochemical sensors for the analysis of heavy metals, as they have extreme properties such as acceptable biocompatibility, high hardness, chemical and electrochemical stability and good electrical conductivity. Carbon is very versatile and can be crystallized in various forms extending from Diamond to Graphite.

Carbon remains one of the most attractive and well-studied materials systems in the scientific community due to its amazing variety and versatility in combination with low cost, availability and wide variety of applications. There have also been major developments in the field of disordered carbons. In general, an amorphous carbon (a-C) can have any mixture of sp 3 , sp 2 and sp 1 sites, with the possible presence of hydrogen bonds. Their physical properties depend on the ratio of graphite-like sp 2 and the diamond-like sp 3 bonds. Aisenberg and Chabot reported the properties of a-C thin films prepared by ion beam deposition (IBD) with properties closer to diamond than graphite [ 52 ]. The expression "diamond-like carbon" (DLC) was created. The DLC can have some extreme properties similar to diamond, such as high mechanical hardness, chemical inertness, and optical transparency and is a wide bandgap semiconductor. The DLC films have a wide spread of applications as protective coatings in areas such as optical windows, magnetic storage disks, car parts, biomedical coatings and as micro-electromechanical devices (MEMS) [ 53 ]. The term DLC includes many sub forms of amorphous carbon materials. Among them graphitic carbon or glassy carbon, polymer-like carbon, and tetrahedral amorphous carbon According to the ratio of sp 2 /sp 3 bonds, the films can show various properties. While the significant sp 3 hybridized carbon coatings were showing high hardness, chemical inertness, optical transparency and a wide bandgap, the more graphitic films are softer but also chemically inert, highly transparent and biocompatible. Moreover, these graphitic films have a variable band such as semiconductors. The graphitic carbon films find some applications in the electrochemical and the biochemical sensors [ 55 ], and the protection of medical implants in aggressive environments [ 56 ].

Among the carbon based electrodes, Glassy Carbon (GC) has been one of the most widely used electrode materials in electroanalytical applications due to its smooth and robust nature, easy fabrication and wide working potential window. Its eletroanalytical performances frequently suffer from high reproducible background contributions and from gradual loss of surface activity.

There is a growing need for the reliable measurements of biological important compounds for clinical screening and trace metals for environmental monitoring. The need has stimulated attempts to develop alternative, disposable carbon based electrodes being able to allow mass production of electrically conductive electrodes of remarkable properties [ 57,58 ]. The diamond conductivity comes from the damage generated sp As doping a-C films alter the bandgap and changing the material to n-type from being p-type, a large variety of carbonaceous materials are largely unexplored in environmental analytical microsystems. The performance of DLC, especially nitrogen-doped a-C is favorably well comparable to those BDD materials with a high chemical inertness, a wide potential window, a low background current and their easier and cheaper process [ [79][80][81][82][83][84][85][START_REF] Cachet | Correlation between Electrochemical Reactivity and Surface Chemistry of Amorphous Carbon Nitride Films[END_REF][START_REF] Yoo | Electrodes of Nitrogen-Incorporated Tetrahedral Amorphous Carbon A Novel Thin-Film Electrocatalytic Material with Diamond-like Stability[END_REF][START_REF] Maddi | High N-Content a-C:N Films Elaborated by Femtosecond PLD with Plasma Assistance[END_REF][START_REF] Ghamouss | Screen-Printed Carbon Electrode Modified on Its Surface with Amorphous Carbon Nitride Thin Film: Electrochemical and Morphological Study[END_REF][START_REF] Tessier | Carbon Nitride Thin Films as Protective Coatings for Biomaterials: Synthesis, Mechanical and Biocompatibility Characterizations[END_REF]. Therefore, our interest is to study and develop doped a-C films for analytical microsystems to replace the high toxic mercury and high temperature deposited BDD electrodes in the near future.

Nitrogen doped amorphous carbon materials

Doping is the most feasible method to control the conducting properties in the conventional semiconductor community. The B and N atoms are the natural candidates for doping of carbonbased materials such as amorphous carbon and graphene, because of their similar atomic size as the size of C and of their hole acceptor and electron donor characters for substitutional B-and Ndoping, respectively. The doping of a-C by boron is giving p-type dopant while nitrogen doping is giving n-type semiconductor [ 68 ]. Nitrogen doped amorphous carbon possess many unique electrochemical properties compare to other dopants.

Nitrogen incorporation in the carbon network

Among possible chemical choices for carbon modification, nitrogen doping has long been a natural and widely studied option. Nitrogen-containing carbon structures have attracted great attention in the past because of their abundance, accessibility, and low health risk.

Nitrogen is the natural choice for efficient and beneficial modification of carbon films due to three specific reasons. Firstly, N is one neighbor away from C on the periodic table and by replacing one C with N in the carbon network the total number of electrons in the system can be tailor. Secondly, N has an atomic radius similar to that of C, thereby preventing significant lattice mismatch. Thirdly, N-doping can induce n-type electronic modification to the carbon structure, in analogy to typical semiconducting materials, which enables the potential use of these C-N structures in multiple important applications.

The idea about preparation of super hard materials began in 1989 when Cohen and Liu predicted a phase β-C 3 N 4 with a hardness comparable to diamond [START_REF] Liu | Prediction of New Low Compressibility Solids[END_REF] and caused a sharp increase of interest in this material. However, the synthesis of super hard carbon nitride is technically very complicated and most of them resulted in amorphous carbon nitride phase successfully prepared [START_REF] Matsumoto | On the Validity of the Formation of Crystalline Carbon Nitrides, C3N4[END_REF][START_REF] Uddin | Formation of Nano-Crystalline C3N4 Thin Films on Stainless Steel from Hexamethylenetetramine and Urea Using Simple Sol-gel Method[END_REF] ]. Currently, boron carbides, boron carbon nitrides and other composites have been used as super hard coatings. The amorphous carbon nitride (a-C:N) have also given a lot of interest in research due to their extraordinary properties such as biocompatibility, chemical inertness and variable bandgap, and to its most noticeable application as a protection of computer hard discs [START_REF] Neuhaeuser | Raman Spectroscopy Measurements of DC-Magnetron Sputtered Carbon Nitride (a-C:N) Thin Films for Magnetic Hard Disk Coatings[END_REF]. In the past years, the trend shifted to the use of more sp 2 graphitic structured films and their use in electrochemical and chemical applications [ 72,[START_REF] Lagrini | On the Relation between Microstructure and Electrochemical Reactivity of Sputtered Amorphous Carbon Nitride Electrodes[END_REF]. They can also be used as a protection material in aggressive environments (e.g. as a protection of medical implants) [ [START_REF] Marton | Electrochemical Corrosion Behavior of Amorphous Carbon Nitride Thin Films[END_REF][START_REF] Marton | Study of Adhesion of Carbon Nitride Thin Films on Medical Alloy Substrates[END_REF][START_REF] Marton | Synthesis of Carbon Nitride[END_REF] ]. This modification allows for the beneficial properties of the carbon by fine-tuning the final electrical, morphological, and chemical properties of the functionalized carbon network.

Carbon nitride films are classified according to the ratio of the sp 2 /sp 3 hybridization with the content of nitrogen and hydrogen having a high impact on the films properties. In the work of A.

C. Ferrari and J. Robertson A double bond unit uses three electrons in σ bonds, one in π bond and the fifth in an antibonding π* state, available for doping. (i) The last configuration is the triple bond with an isolated lone pair, as in cyanide. However, the most difficult task is the identification of bonding in the carbon nitride films.

The characterization of pure amorphous carbon films induces complications and a big challenge for the characterization of carbon nitride films, but the characteristics of CN films must nevertheless be accessible. (a)

Effect of N incorporation on the bonding in CN films

As we clearly mentioned in the above section, the doping of nitrogen leads to the formation of a different bonding, and the determination of bonding configuration is complicated due to the amorphous nature of the films. Up to now, a lot of research was done on the carbon nitride films.

However, some problems are encountered in the precise characterization of carbon nitride films.

There is a little disagreement about the interpretation of the spectra obtained for the carbon nitride films for any of the common tools used to study chemical bonding. The most direct measurement of chemical bonding is 13 ,108-113 ]. From EELS and NEXAFS it is also clear that as the nitrogen content in films increases, the CC sp 3 bonds are rapidly substituted by CN sp 2 or sp 1 bonds, therefore there is a clear indication that at high N content all the carbon nitride films should be π bonded. The X-ray Photoelectron Spectroscopy (XPS) technique can also be used to quantify the doping content and the bonding structure in films but there is still no completely acceptable identification scheme for all the carbon and nitrogen peaks observed 

Nitrogen doped amorphous carbon deposition techniques

Carbon based materials have been prepared by numerous deposition techniques [ 72,[START_REF] Lagrini | On the Relation between Microstructure and Electrochemical Reactivity of Sputtered Amorphous Carbon Nitride Electrodes[END_REF][START_REF] Marton | Electrochemical Corrosion Behavior of Amorphous Carbon Nitride Thin Films[END_REF][START_REF] Marton | Study of Adhesion of Carbon Nitride Thin Films on Medical Alloy Substrates[END_REF]127 films, most of the films are amorphous in nature. The aim of these techniques was to achieve energetic species of carbon and nitrogen. Some of the techniques are direct, i.e, produced energetic carbon and nitrogen species and then combined them to produce a a-C:N films.

Chemical Vapor Deposition (CVD)

The CVD technique is widely used for the preparation of carbon nitride films. The CVD method is used mainly for one or more elements belonging to the films, so that these elements generate chemical reactions on the surface of the substrate and generate the film. The CVD methods include electron cyclotron resonance [ 

Physical Vapor Deposition (PVD)

The physical vapor deposition comprises several techniques, such as pulsed laser deposition (PLD) [ Among the above mentioned techniques, the PLD is a promising way to deposit carbon nitride films with enhanced physical, chemical and electrochemical properties because it can be easily carried out even on non-conductive substrates and at low substrate temperatures during the film growth.

a. Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is a versatile thin film deposition technique. The pulsed laser ablation principle is illustrated schematically in the Figure 1.6. A solid material is irradiated with an intense laser beam and a small amount of material on the surface is vaporized and ejected from the sample. The ejected matter is a collection of atoms, molecules, ions and electrons, from which the exact ratio and kinetic energy depend on the laser parameters (intensity, wavelength, pulse width). If the vapor comes in contact with another surface then it may re-condense on the surface.

Repeated pulses of laser and subsequently repeated vapor plumes build up material on the substrate surface, which grow the thin film [ 148 ].

The growth and quality of the resulting film generally depends on a number of fundamental parameters, including the choice of substrate, the substrate temperature, T S , and the absolute and relative kinetic energies and/or arrival rates of the various constituents within the plume. The latter may be affected by the choice of excitation wavelength, laser pulse duration, energy and intensity, and the presence of any background gas [ 149 ]. The PLD process can be divided into the following steps:

 Laser radiation interaction with the target materials because the composition of the film replicates the composition of the target. Also, in most of the ion beam based techniques the pressure of the background gas in the chamber puts limitations on the operating parameters. For example, in the electron beam evaporation technique, the background gas pressure cannot exceeds 10 -4 mbar. In addition, different molecules require different background pressures for forming the required phase. With PLD, the background gas pressure does not affect the passage or absorption of the laser beam and the same system can be used to fabricate thin films composed of many materials, by simply changing the background gas pressure. The thin films deposited by PLD have a higher purity than by the other processes.

The carbon nitride films grown by PLD technique can be classified two categories: conventional PLD and plasma assisted PLD (reactive PLD) techniques. The reactive PLD uses an additional energetic source to bombard the film surface during the deposition of the film.

b. Plasma assisted pulsed laser deposition

Pulsed laser deposition (PLD) is a well-established technique for the synthesize of carbon based materials and amorphous materials, such as, Diamond Like Carbon (DLC) [ [169][170][171][172] ] and more recently graphene [ 163,[173][174][175][176][177] ]. The pulsed laser deposition technique has been used in two ways to attempt the fabrication of carbon nitride materials: ablation of graphite target using nanosecond lasers such as excimer, and Nd:YAG and CO 2 lasers [ 160,[178][179][180][181][182][183][184][185][186][187][188][189][190] ] in nitrogen or ammonia atmosphere, both with and without ion bombardment of the substrate. In the ablation case, without using any additional nitrogen bombardment or a secondary discharge to generate nitrogen ions, it is difficult to get high levels of nitrogen. The deposition of carbon nitride material has been proven to be particularly challenging because of the difficulty of incorporating nitrogen in the growing amorphous carbon matrix. To achieve high N content and different film properties, an extensive research can be found on the effect of the different process parameters, such as laser fluence [ 186,188,191,192 ], nitrogen partial pressure [ 135,136,193 ] and substrate temperature

[ [194][195][196][197][198] ], but in many cases, the nitrogen content is reported between 30 to 40 at.% [ 91,122,123,160,178- 190,199-205 ].

Muhl et al., [ 206 ] reviewed all the deposition methods of carbon nitride films and pointed out that to overcome this limitation, atomic or ionic sources should be used to bombard the film surfaces during the deposition process to achieve higher N content in carbon nitride films.

Several groups chose ion or plasma assisted PLD in attempt to increase the nitrogen incorporation in amorphous carbon thin film material. The Table 1 122,123,134,189,200,207 ], DC [ 195,[208][209][210] ], surface wave discharge [ 135,190,196,211 Excimer [ 135,190,196,211 ] Excimer [ In the first step, the synthesis and comparison of pure amorphous carbon and nitrogen doped amorphous carbon films will be deposited by conventional femtosecond pulsed laser deposition and reactive fs-PLD, and we will develop the DC bias assistance fs-PLD. An optimization of the nitrogen incorporation is envisaged by combining classic pulsed laser deposition technique with nitrogen plasma assistance (reactive PLD).

In the second step, we will study the films properties such as surface morphology, chemical and microstructural properties by a wide variety of characterization techniques. Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) will be used to study surface morphology, X-ray photoelectron spectroscopy (XPS) and Electron Energy Loss Spectroscopy (EELS) will be used to study chemical properties, Multi-wavelength Raman spectroscopy will be used to study microstructural properties of films. From these techniques, we will be able to select good a-C:N films for electrochemical measurements. The electrochemical properties will be studied by using Cyclic Voltammetry (CV) technique. Based on CV performance we will choose the best electrode for the detection of heavy metals and surface functionalization. The detection of heavy metals will be performed by Differential Pulse Anodic Stripping Voltammetry (DPASV) technique.

The electrochemical properties of a-C:N films will be studied regarding the applications in the electrochemical detection of heavy metals or pollutants in water, and functionalization of surface by organic molecules for detection of chemical and/or biological molecules in future.

We will study the ablation plumes produced from the graphite targets by ultrashort laser ablation in vacuum, nitrogen atmosphere and DC bias nitrogen plasma. The plumes properties will be analyzed via ultrafast optical emission spectroscopy technique and spectrally resolved ultrafast 2D imaging, in order to address a better understanding of C-N bonding formation and high N content incorporation into the films produced by DC bias assisted femtosecond PLD.

For the future prospective, the last section is dedicated to the most popular carbon based material: N doped graphene. We will propose a new synthesis method to produce the N doped graphene. The approach we proposed in this PhD is an opening up new synthesis method to N doped graphene with great prospectives.

Conclusions

This chapter introduced different types of sensors and presented their working principles and possible potential applications, especially in heavy metal detection. We discussed also the importance of carbon-based materials as electrochemical sensors. In the second part, we introduced the large family of carbon nitride materials. We gave an overview of different deposition techniques for the successful deposition of amorphous carbon nitride thin films. In the last part, we emphasized on the deposition technique of a-C:N films used in this thesis. We presented the pulsed laser deposition technique, its principles and its potential advantages in thin film deposition. We discussed the ultrashort laser and its advantages of using it with PLD for thin film deposition. We presented the pulsed laser deposition of amorphous carbon (a-C) and amorphous carbon nitride (a-C:N) thin films by ultra-short lasers and we explained the possible potential use of femtosecond plasma assistance pulsed laser deposition. 

Chapter 2. Thin film deposition and characterization

Introduction

In this chapter, we first give the details of the femtosecond laser system, the deposition procedure of amorphous carbon (a-C) and amorphous carbon nitride (a-C:N) thin films by using femtosecond pulsed laser deposition techniques. We describe the two deposition techniques : conventional fs-PLD and plasma assisted fs-PLD, along with their deposition parameters. In the second part, we describe the ablation of graphite target under nitrogen pressure and the nitrogen plasma effect on the film structure by optical spectroscopy techniques. We used two techniques, the Optical Emission Spectroscopy (OES) technique and the spectrally resolved 2D imaging technique, to study the ablation plume characteristics in order to understand the thin film formation and the high N content deposition. In the third section, we describe the different characterization techniques, which are used to characterize the a-C and a-C:N thin films to study the morphological, physical, chemical and electrochemical properties. We used a wide range of techniques to characterize the films: Scanning Electron Microscope (SEM) and Atomic Force Microscope (AFM) for morphological, Multi-wavelength Raman spectroscopy for microstructure, X-ray photoelectron spectroscopy (XPS) and Electron Energy Loss Spectroscopy (EELS) for chemical composition and chemical bonding, and Cyclic Voltammetry (CV) and Differential Pulse Anodic Stripping Voltammetry (DPASV) for electrochemical properties. The characterization methods are used not only on questions to be answered, but also to study the nature of films and substrate.

Thin film deposition method 2.2.1 Deposition Chamber

The thin films depositions were carried out in MECA 2000 stainless steel chamber. The vacuum chamber is shown in the Figure 2.1.

The vacuum chamber is connected with two pumps. The first pump is for primary vacuum (10 -3 mbar) achieved by the use of Varian Triscroll vacuum pump. Once the primary vacuum is reached, the second pump is used to achieve high vacuum 10 -7 mbar. The chamber is provided 

Femtosecond laser system

In this work, we used the Ti:Sapphire laser (Coherent Legend Elite) system for the deposition of thin films. The system has a 60 fs fundamental pulse duration at the central wavelength of 800 nm and a repetition rate of 1 kHz and a laser energy of 1 mJ was employed for the deposition of The amplifier consists of three parts: the stretcher, the amplifier and the compressor. At first, the pulse duration is stretched up to 150 fs by the stretcher, then the amplifier amplifies the stretched laser pulse to 3 W at 1 kHz repetition rate, and finally, the compressor compresses the laser pulse back to fs pulse duration. The output power of laser is 2.5 W, short pulse duration 60 fs, repetition rate 1 kHz and bandwidth of 36 nm. The laser pulse duration and bandwidth was measured by using the FROG and auto correlator systems.

The laser beam was guided through series of mirrors and a diaphragm. At the end, the beam was magnified to obtain a high fluence, which effects on the beam diameter and so reduces focal point. A focal lens was mounted on the micrometer displacement and the laser beam was focused on the target. The energy of laser beam was measured with a power meter Gentec solo 2 after crossing beam convergence. The energy of the beam at the target was calculated taking account of the transmission of the window. The laser beam entered the chamber with an angle of 45° onto the target. The plume was generated and ejected perpendicularly to the target and preferentially towards the substrate.

Determination of laser fluence

The laser fluence is denoted by F, which is defined as the ratio of energy per pulse (E) in joule and Σ is the surface of the laser spot in cm 2 .

(1)

We measured the laser fluence according to the procedure proposed by Liu [ 1 ]. To measure the spot size, we used the Gaussian beam. In Eq 1, the E is the energy by impulsion in J, and Σ is the surface of the beam in cm². This definition is based on the characteristics of a laser impulsion. In the same way, we can describe those two sizes of macroscopic factors (parameters) associated to the laser source. Then, we write:
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where, P is the average power in W and k is the repetition of the laser in Hz.

Then, we used the Gaussian beam to measure the spot size. In that case, the limits of the beam are defined as 1/e² of the sizes evaluated in its center. In practice, the fluence and the laser intensity are evaluated through the measure of the average power when the laser in a continuous mode.

The precise knowledge of the interaction surface requires a more elaborated approach.

The control of the spot size was obtained by the precise position of the focal lens of the laser beam that permits to fix the distance target to lens, D. At first, it is necessary to select a spot size approximatively. For this, first series of laser impacts were realized in a static mode by making the lens position vary and the surface of the corresponding crater ablation was measured. We fixed the distance D = 13 mm for the position of the lens associated to the crater showing the smallest surface. Then we could report on a graph the value of the surface ablated according to the lens position and the distance D (showed in Figure 2.3) and selected approximatively the size of the interaction zone. Nevertheless, to evaluate correctly the fluence, the measure of the surface of an ablated zone is not adapted because this value changes according to the beam energy and the nature of the irradiated material. We need to know the surface Σ of the laser beam. This size is accessible by the analyze of a new series of impacts realized by changing the beam energy. Indeed, the fluence is not constant but depends on the distance r from the center of the beam and is written in the Gaussian approximation.
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where, F crete is the fluence in the center of the beam and ω is the beam ray.

The material is ablated if the fluence exceeds its threshold fluence F th(crete) which means F≥F th (crete). Therefore, we can define the ablated surface Σ th as well as its ray r th and write as,

The peak value of a Gaussian size is double of its average value. Then Eq 1, we have,

where, E th is the energy by minimum impulsion for ablating the material and F th =E th /Σ, the average threshold fluence.

Therefore, we have a linear relation between the ablated surface and the logarithm of the energy.

The surface of the beam is double of the right slope. The surface was calculated and estimated at 10,500 µm 2 . We obtained also the energy and the threshold fluence by extrapolation for a null ablated surface.

Contrary to the evaluation of the irradiated surface by a simple measure of the ablated surface in a particular energetic conditions, this method permit to obtain an independent value of the energy of impulsions. The laser fluence was calculated by the above procedure is 5 J/cm 2 . This fluence will be used for all the experiments.

Thin film deposition procedure

Amorphous carbon (a-C) and amorphous carbon nitride (a-C:N) thin films have been prepared by femtosecond pulsed laser deposition (fs-PLD) with and without the assistance of Direct Current (DC) discharge plasma. The substrates were cleaned during 3 minutes under ultrasonic bath in acetone, ethanol, and then dried with nitrogen. The depositions of films were performed at room temperature by ablating a graphite target onto silicon (Si), Si 3 N 4 and NaCl substrates. A femtosecond laser system working at 800 nm wavelength, with pulse duration of 60 fs and a repetition rate of 1 kHz was used. The laser beam was focused at an angle of 45° onto a high purity graphite target (99.9995% purity). The substrates were mounted on sample holder at a distance of 36 mm from the target. High purity (99.9995%) N 2 gas was used as the reactant gas.

A DC source (Advanced energy) Pinnacle Plus +5 kW was used to generate plasma of nitrogen into the chamber. The negative electrode of the DC power supply is connected to the sample holder to increase the incoming ion energy and the positive electrode is grounded. The snapshot of nitrogen plasma under DC bias was shown in the The deposition rate varies largely as a function of the N 2 pressure or not and with plasma. The deposition rates of different conditions are stated in Table 2.1, indeed the deposition rate varies from vacuum deposited films (a-C) to N 2 pressure deposited films (a-C:N). Since the deposition rate decreases under N 2 pressure, it is reasonable to argue that ablated carbon species are decelerated due to increase of collisions with ambient N 2 molecules, some of them being unable to reach the substrate, leading to a decrease of the deposition rate with N 2 pressure increase. In case of biased a-C:N films, the deposition rate is greatly increased compared to deposited film without any bias. Genrally, plasma generates high electric field near the region of substrate surface leading to higher velocities of ionic carbon species as well as better incorporation of nitrogen species in the laser induced carbon palsma compared to snowplow effect of the residual N 2 pressure during expansion of the laser carbon plume. The deposition rate is thus increasing with biased a-C:N films.

Plasma plume diagnostics experiments

The deposition of a-C and a-C:N films has been presented above in the experimental section. To understand the process of CN bonding during the ablation plume generation, the expansion and the deposition on the substrate, as well as the plume interaction with the ambient gas, two ICCD the CCD resolution 1024x256 pixels and spot size 26.6x6.7 mm 2 ). In parallel, the plume was studied by direct ICCD imaging using a Hamamatsu Orca 12 ER with a UV-Visible (250-900 nm) objective. Optical band pass filters with a 10 nm bandwidth were set in front of the camera to select a spectral range of emission from selected species from the plume, specifically CN and C 2 .

In both cases, the use of ICCD allowed a precise record of the temporal evolution of both the plume dynamics and plume composition, with a resolution better than 10 ns in both cases. All delays given in the following sections are counted from the laser pulse interaction with the target.

The scheme of the fs-PLD setup with DC-plasma assistance and the two optical ICCD in situ characterization setup is represented the Figure 2.6.

The below setup was used to precisely observe the different plume species evolution and dynamics, and in particular the apparition of CN molecules and their behavior compared to the rest of the plume. In order to understand the arising of different N contents in nitrogenated amorphous carbon thin films, as well as the reasons for higher N content incorporation with plasma assistance, we study the plasma characterizations by the below set-up. 

Amorphous carbon nitride (a-C:N) film characterization techniques

In this section, we present the different characterization techniques which are used to characterize the amorphous carbon (a-C), amorphous carbon nitride (a-C:N) and N doped graphene thin films for their different properties. 

Multi-wavelength Raman Spectroscopy

a. Raman spectra of amorphous carbon

The Raman spectroscopy is one of the most widely used characterization method for the carbon materials [ 2,3 ]. The advantages of using this technique is that it is fast, being a routine, nondestructive, vacuum and sample preparation steps are not required, it has a good lateral resolution (around 1 µm), and the area of sample is easily accessible for measurements. Generally, all the carbon materials show common features in their Raman spectra in the 800-2000 cm -1 region, so called G and D peak, which lie at around 1560 cm -1 and 1360 cm -1 , respectively for the visible excitation, and additionally T peak at around 1060 cm -1 , which is only seen for UV excitation [ 3- 6 ]. The G peak is due to the bond stretching of all pairs of sp 2 atoms in both rings and chains. The D peak is due to the breathing modes of sp 2 atoms in rings, not in chains [ 5 ]. The Raman spectroscopy is the best way to obtain the detailed bonding structure of amorphous carbon (a-C) 
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where, C 1 (λ) is constant depending on the laser wavelength. The above relation is valid only if the crystalline sizes are greater than 2 nm. According to Ferrari et al. [ 2 ], if the crystalline size is less than 2 nm, then the below equation is valid: The FWHM (G) and Disp (G) both probe the disorder. However, the FWHM (G) is mainly sensitive to structural disorder. The structural disorder arises from bond angle and bond length distortions. FWHM (G) would be small if the clusters were defect free. For a given cluster size, higher bond length and bond angle disorder lead to a higher FWHM (G). The higher excitation energies are resonant with smaller clusters. This allows smaller differences between configurations and so the FWHM (G) decreases with the excitation energy [ 2,3,8 ].
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J. Robertson [ 6 ] summarized and presented the schematic view to show the various factors leading to the shift of G and D peaks in either direction and alter their relative intensity, which is shown in the Figure 2.9. So, it is very important to know the precise position of G peak and D but the broad band in the region 800-2000 cm -1 in disordered carbon makes it is difficult get a precise value. To know the exact position and width of G and D band, we need to fit the spectra. A lot of fitting schemes were proposed. It is important to note how the spectra were fitted, as it affects the numerical values. 

b. Raman spectra deconvolution

The fitting of the Raman spectra allows us to find the exact position of G peak and D peak, the intensity ratio of D over G, full width at half maximum of G. There is no priority to choose a particular function to fit the spectrum. Empirically, the visible Raman spectra of amorphous carbon (a-C) shows one or two prominent features, the G and D peaks and some minor transitions, usually around 1100-1200 cm -1 and 1400-1500 cm -1 . The simplest fit consists of two functions, Lorentzian or Gaussian. The Lorentzian function could be used to measure the lifetime of the photoionization process, while the Gaussian function could be used to account for the instrumental energy resolution and chemical disorder [ with full Gaussian function tends to exhibit a higher G peak position shift and higher I(D)/I(G) ratio. They also tried with more complex four Gaussian function and found that the I(D)/I(G) ratio is close to that of a two peak fitting functions with mixture of BWF(G) and L(D) (BWF(G):

Breit-Wigner-Fano (BWF) for G peak, and Lorentzian for D peak).

We systematically investigated the effect of fitting function on the Raman spectra of a-C film.

The two peaks fitting of the Raman spectra was performed with six sets of combined fitting functions to decompose the Raman spectra of pure a-C film. The Raman spectra were obtained at 488 nm of Raman wavelength. The different fitting scheme is shown in the Table 2.2. We performed six set of different fitting combination tried on a-C films. We compared the G peak position from each spectra and compared it with the literature data [ 9 ]. The Figure 2.10

Combination of fitting functions

BWF (G) + L(D) BWF (G) + G (D) L(G) + L (D) L (G) + G (D) G (G) + L (D) G( G) + G (D)
shows the comparison of G peak values (red points) with the literature data (as deposited: without annealing, as annealed: after deposition the samples were annealed) [ 9 ]. We found that the fitting with combination of Gaussian function shows a higher G peak position, whatever are the combinations of fitting functions, but the fitting with BWF for G peak and Lorentzian for D peak shows the closest value to the literature data. Therefore, the multi peak fitting revealed that there is a drastic difference by using different fitting functions but using the asymmetric functions with combination of symmetric function shows comparable values. Therefore, the fitting made in reference [ 9 ] is strictly valid to use as a reference. This is valited our fitting schemes. 

The above ω max is going to be used as G peak maximum.

This work

In amorphous carbon nitride (a-C:N) films, we have to consider the effect of the nitrogen on the Raman spectra. the vibration frequencies of solid carbon nitrides are expected to lie close to the modes of the analogous unsaturated CN molecules, which are 1500-1600 cm -1 for chain like molecules and 1300-1600 cm -1 for ring like molecules [ 12,13 ]. So, compared with amorphous carbon there is little difference in the G-D region between modes of a-C:N films due to C or N atoms. The modes in amorphous carbon nitride are also delocalized over both carbon and nitrogen sites because of the nitrogen tendency to sp 2 clustering. Therefore, there is a little difference between the Raman spectra of carbon nitride and N-free carbon films in the 1000-2000 cm -1 region. So, we analyzed the a-C:N films as N free amorphous carbons without needing extra peaks due to CN or NN modes [ 3,14,15 ].

In this work, we used the combination of asymmetric BWF function for G peak and symmetric

Lorentzian function for D peak and the CN stretch, throughout the work for amorphous carbon nitrides [ 8 ]. We used symmetric Lorentzian function for the D, G and 2D peaks fitting of the graphene and N doped graphene [ 16,17 ].

c. Instrumentation of Multi-wavelength Raman spectroscopy

Multi-Wavelength (MW) unpolarized Raman spectroscopy has been performed using an Aramis

Jobin Yvon spectrometer at four different laser excitation wavelengths, namely, 325 nm, 442 nm, 488 nm and 633 nm. The spectral resolution was 2 cm -1 . The laser beam were focused on the sample with a confocal objective 40 X in UV and 100 X in visible. The power on the sample was kept below 10 mW for 633 nm radiation, 3.2 mW for 488 nm radiation, 2.8 mW for 442 nm radiation and 2.2 mW for 325 nm radiation, to avoid the laser induced degradation of films. The The Raman spectroscopy was performed for graphene and N doped graphene at two different laser excitation wavelengths, namely, 442 nm and 633 nm. The laser beam was focused on the sample with a confocal objective 100 X in visible range. The power on the sample was kept below 3 mW for 633 nm and 442 nm radiation, to avoid the laser induced degradation of films.

The Raman signals were acquired by a spectrometer equipped with a charge-coupled device (CCD) camera; all the spectra were corrected by subtracting the normalized background spectrum of silicon substrate. The Raman spectrum was deconvoluted by a Lorentzian function for the D band, G band and 2D band, respectively.

The chemical structure analyses were studied by X-ray Photoelectron spectroscopy (XPS) and Electron Energy Loss Spectroscopy (EELS) of amorphous carbon nitride and N doped graphene.

X-ray Photoelectron Spectroscopy (XPS)

a. Basic Principle X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique. It provides the information about the chemical structure and the composition of a sample [ 18,19 ]. In order to characterize the carbon based thin films, particularly amorphous carbon nitride thin films, this technique has been used extensively in last decades [ [20][21][22][23][24][25]. XPS requires UHV conditions to remove the absorbed gasses, contamination and increase the mean free path of photoelectrons.

The X-ray beams are usually monochromatic, either AlK α of 1486.6 eV or MgK α of 1253.6 eV are used to irradiate the sample surfaces. The photon energy (hν) is transferred to a core electron, a photoelectron is emitted as a result and its kinetic energy (KE) is measured. The photoelectron kinetic energy depends on the potential barrier. The energy barrier consists of two components, the core electron's binding energy (BE) and the work function (φ) of spectrometer [ 19,26,27 ].

BE = hν -KE-φ (11) 
The binding energy does not only depend on the specific element but it also depends on the chemical environment of the source atom (chemical structure). The valence band density changes as the chemical bond is formed, resulting in a binding energy shift. If the electrons are withdrawn from the atom by bond formation, then the binding energy of core electrons are increased. The XPS spectrum is a plot of the detected electrons quantity versus the binding energy of emitted electrons. Each chemical element produces a specific set of peaks at characteristics binding energy and according to the peak position; it is possible to confirm the elements presence in the specimen. The observed peaks correspond with an electron configurations. By XPS, the depth analysis is very small, usually around 2-10 nm, depending on the chemical composition and density of the material. The XPS is also used to determinate the chemical states of the elements that are present within the material. As mentioned earlier, XPS is a surface sensitive technique.

Due to that fact, the inelastic mean free path of the excited photoelectrons is in the order of 5-10 nm. This poses some issues about the analysis of sample surface chemistry results, often altered by the ambient armosphere. To overcome this problem several surface pretreatment techniques are possible: for example, the sputtering technique cleans the sample surfaces by bombarding the surfaces with high energies (by noble gases with energy ranges from 2 keV to 10 keV). It eliminates the undesired surface contaminations and this method is used for the sputter depth profiles in order to investigate the evolution of chemical composition. Other sputter cleaning techniques are also available. However, we should keep in mind that such procedures might lead to the structural damage or preferential sputtering. We did not perform any surface pretreatment on our films before XPS analysis, as sputtering leads to surface damage. Another concern in XPS measurements related to the conductivity of samples. Even moderately conducting films such as amorphous carbon nitride likely to charge during measurements; this is due to the continuous removal of photoelectrons that are not easily replaceable. Due to the charging effects, the spectra shift towards higher binding energies and broadening of the peaks may be observed. This can be compensated by using electron gun [ 28 ]. While performing the emission current, the charging balance of the electron gun is very important, otherwise it leads to broad and asymmetric peaks.

b. XPS spectra fitting scheme

The peak deconvolution and the peak assignment 

c. Instrumentation of XPS

In this work, the analysis were performed with a Thermo VG Thetaprobe spectrometer instrument with a focused monochromatic AlKα source (hν = 1486.68 eV, 400 µm spot size).

The photoelectrons were analyzed using a concentric hemispherical analyzer operating in the Components in C1s and N1s peaks were adjusted by using line shape functions. In this work, we treated the data by using Avantage and CASA XPS software tools.

Electron Energy Loss Spectroscopy (EELS) a. Basic Principle

The Electron Energy Loss Spectroscopy (EELS) is a spectroscopy technique, which is based essentially on the interaction of a beam of electrons with a sample and gives information about structural, chemical and electronic properties of the sample [ [34][35][36] ]. In the thesis, we used the transmission EELS (TEM/EELS). In transmission EELS, the electron beam passes through the sample and its energy loss is measured. The EELS technique probes the bulk properties of the sample. In that case, experiments are carried in a transmission electron microscope (TEM). The advantage of using TEM is the ability to use very fine probes with a diameter of the order of 1

A°, which provides information on atomic scales. EELS spectroscopy measures the distribution of inelastic scattered electrons, either as a function of energy loss and integrated over scattering angle or as a function of both energy loss and scattering angle. The Figure 2.12 shows a typical EELS spectrum with principal characteristics. The largest signal occurs at energy loss zero in the Figure 2.12; the zero loss peaks contains all electrons that traversed the sample without losing any energy. Apart from the zero loss peak, the spectrum is divided into two parts, low loss region and core loss region. The separation between the two regions is arbitrary and typically taken to be at 50-100 eV energy loss. The most intense feature in the low loss region is typically an order of magnitude less intense than the zero loss peaks, situated at 5-50 eV energy loss, which corresponds to a collective excitation of electrons.

In addition, the inter-band transitions are the excitation of valence electrons into the conduction band. They are often superposed on the plasmon peak or the zero loss peaks. The core loss region is characterized by atomic ionization, in which electrons are ejected from inner or core shell of the atom in the specimen. The presence of high loss region at a given energy loss in the spectrum allows a finger printing of qualitative identification of the chemical content of the sample.

Analyzes of the chemical composition of sample is also possible, as the intensity of given edge in the spectrum is proportional to the amount of the elements present in the sample. The ionization edges are several orders of magnitude smaller than the zero loss peaks and superimposed on a background consisting of the tails of the zero loss peak and inelastic peaks. The core loss signal is one of the main challenges in EELS measurements and analysis. The EELS in a transmission electron microscope provides useful information regarding the bonding character of amorphous carbon nitride (a-C:N) films [ 33 ]. In the low loss regime, the energy of the plasmon peak exhibits a significant shift to lower energies as the nitrogen content increases [ 37 ].

b. Instrumentation of EELS

In this work, we used the TEM/EELS. The TEM/EELS characterization was performed using a FEI FEG-TEM Tecnai G2 F30 S-Twin, equipped with a High Angle Annular Dark Field (HAADF) detector from Fischione Instruments, an SDD X-Max Energy-Dispersive X-ray spectrometer (EDX) detector from Oxford and a Imaging Filter EFTEM/EELS (GIF) model QUAMTUM SE. For EELS, the films were deposited onto NaCl substrates, which were dissolved in water before analysis.

Transmission Electron Microscopy (TEM) a. Basic Principle

The Transmission Electron Microscope (TEM) provides the information of layered structures.

The physicist Ernst Ruska constructed the first electron microscope in 1930. The TEM equipment requires a high set of equipments to achieve a high resolution in range of angstrom (A°). The electron microscope has three main important parts. The first is the electron gun and illumination system, where the electrons are thermionically emitted and focused onto a thin specimen, which should be thin enough to transmit the electrons by the electromagnetic lens system. The second is the sample stage and the objective lens, which is the heart of microscope. In order to form a signal in the transmission electron microscope an electron transparent sample is subject to the accelerated and focused electron beam and placed in front of electromagnetic objective lenses.

The electron beam transmits the sample and the electrons undergo scattering process, which affects the provided information. The third is the image system; the image of the sample is projected onto the fluorescent screen, which converts the optical image into electronic image. It is also possible to observe diffraction patterns. The High Resolution Transmission Electron Microscope (HRTEM) is powerful enough to visualize the crystal structure and the resolution down to atomic scale.

b. Sample preparation

The TEM analysis requires an additional sample preparation step. The sample should be thinner than 50 nm. We use two types of sample preparation steps: Focused ion beam (FIB) and small angle cleavage technique, the FIB technique was used for samples prepared onto the Si substrates, and small angle cleavage technique for NaCl substrates. The FIB uses the high ion beam energy to mill a TEM specimen out of a specific sample preparation region. The advantage of this technique is the precise selection of the analysis area of specimen for TEM examination.

Due to use of high-energy ions, it is possible to damage the sample and there is a high risk of contaminations. We used another technique, where the samples are deposited onto the brittle substrate (NaCl). For the sample preparation, the brittle substrates were rinsed in deionized water and collected on Cu grids. The advantage of this technique is the absence of structural damage.

c. Instrumentation of TEM

In this work, HRTEM characterization was performed using a FEI FEGTEM Tecnai G2 F30 S-Twin, equipped with a high angle annular dark field (HAADF) detector from Fischione

Instruments, an SDD X-Max energy-dispersive X-ray spectrometer (EDX) detector from Oxford and an imaging filter EFTEM/EELS (GIF) model QUAMTUM SE. For HRTEM, the films were deposited onto NaCl substrates, which were dissolved in distilled water before observation.

Surface morphology characterization a. Scanning Electron Microscopy (SEM)

The Scanning Electron Microscopy (SEM) was used to analyze the surface morphology of thin films. The SEM technique is a very simple technique compared with other microscope techniques. It is relatively easy, and there is no need of special sample preparation, it gives a wide area of scan and a high depth of focus. These characteristics make it a widely used technique for a large variety of materials. The SEM detects the secondary and backscattered electrons emitted from the specimen. An impact of electrons on the specimen surfaces can cause numerous processes shown in the Figure 2.13. 

b. Atomic Force Microscope (AFM)

Atomic Force Microscope (AFM) is used to analyze the topography of the films. AFM provides a three dimensional surface profile. Due to its high resolution, it is usually used for the determination of roughness of smooth surfaces. AFM is able to work in both contact and noncontact mode. It uses a sharp tip to scan the surface of a sample; the tip is mounted at the end of cantilever, which bends in respond to the forces exerted on the tip by the sample. As the tip is brought close to the surface, the forces lead to the deflection of the cantilever. The deflection is measured by detecting the change in position of a laser beam from the end of the cantilever [ 39 ].

AFM reveals the information about the height and shape of topographic features with a very high resolution, around 0.1A°. The drawback of using AFM is limited to the area of scan. Most of the AFM are limited at around 100 mm 2 . Different modes are possible depending on the type of interaction forces between the tip and the sample surfaces. In contact mode, there is a physical contact between the tip and the sample surface. The sample surface creates the deflection of the cantilever, which allows the measure of the film topography. In non-contact mode, the cantilever vibrates and the amplitudes are measured between the sample and the tip [ 40 ]. The AFM device used in this work is Agilent technologies 5500. The data were treated by Gwyddion software.

Electrochemical measurement

The measurement of electrochemical properties of the carbon based thin films is necessary for their future use as environmental analytical microsystems, for potential window and reactivity of carbon electrodes in the electrochemical sensors. An oxidation-reduction reaction is a type of chemical reaction that involves a transfer of electrons between two species. An oxidation reduction reaction is any chemical reaction in which the oxidation number of molecules, atoms, or ion changes by gaining or losing an electron.

Applying the potential difference between the two electrodes that are immersed in an electrolyte solution can cause a removal of electrons from molecules within the electrolyte. Then, the electrons move towards the positive electrode, while the ionized molecules (positively charged) are accelerating to the negative electrode. As a result, the dependence of current between the electrodes on the applied potential is observed.

a. Cyclic Voltammetry (CV) technique

Cyclic Voltammetry (CV) is an electrochemical technique, which measures the current that develops in an electrochemical cell. The CV is performing by cycling the potential of a working electrode and measuring the resulting current. The three-electrode system consists of a reference electrode, a counter electrode and a working electrode. The potential step varies linearly with time; this ramping is known as a scan rate. The potential is applied between the reference and the working electrodes, and then the response is measured between the working and the counter electrodes. As shown in the In the Figure 2.14b, the reduction process occurs from (a) the initial potential to (d) the switching potential. In this region, the potential is scanned negatively to cause a reduction. The resulting current is called cathodic current (i pc ). The corresponding peak potentials are occurring at (c), are called the cathodic peak potential (E pc ). The E pc was reached when all of the substrate at the surface of the electrode was reduced. After that, the switching potential has been reached (d), the potential was scanned positively from (d) to (g), which resulted to anodic current (I pa ) and oxidation reaction. The peak potential at (f) is called the anodic peak potential (E pa ), and is reached when all the substrates at the surface of the electrode have been oxidized [ 41,42 ].

(a) (b)

The separation between the two peaks potentials ∆E p used to determine the electrochemcial reversibility for a redox couple, with Voltammetry (DPV), which has a lower detection limit than LSV. This is due to its pulsed waveform, which measures the current in pulses by taking two measurements and recording the difference as the potential is increased. This helps to reduce the background current. The waveforms from each pulse superimpose upon one another to form a staircase waveform since the pulse amplitude is constant while the potential increases in small increments.

Conclusions

In this chapter, we discussed the deposition chamber characteristics. We presented the femtosecond laser system and its characteristics, and the procedure of determination of laser fluence. We elaborate the deposition procedure of amorphous carbon (a-C) and amorphous The results are obtained by using a wide variety of characterization techniques performed to study the surface morphology, chemical structure and microstructural properties of a-C and a-C:N thin films. As we know, the film properties are largely influenced by the deposition parameters, such as nitrogen partial pressure, plasma assistance and deposition technique. We studied the surface morphology by using Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM), the chemical composition and nitrogen quantification by using X-ray Photoelectron Spectroscopy (XPS) and Electron Energy Loss Spectroscopy (EELS), and the microstructural properties of films by using Multi-wavelength Raman spectroscopy.

In the first section, we analyze the results of the DC bias assistance effect on the films morphological, chemical and microstructural properties. The discussion is on the a-C, a-C:N deposited at 10 Pa P N2 pressure and 0 bias voltage, and biased a-C:N film deposited at 5 Pa P N2 pressure and 250 V bias assistance.

In the second part, we systematically study the effect of nitrogen partial pressure from 0-30 pa P N2 pressure on the films properties without using any DC bias assistance.

In the last part, the effect of different bias assistance on the films properties are presented and analyzed. The films are deposited by various DC bias voltages from 0-350V in range by keeping the nitrogen partial pressure as constant at 5 Pa.

Film thickness

The 

Surface morphology

The surface morphology of the films has been studied by using Scanning electron microscopy (SEM) and Atomic force microscopy (AFM) techniques.

Scanning Electron Microscopy (SEM)

The 

Chemical and microstructural analysis of a-C:N films

The chemical composition and atomic bonding of amorphous carbon and amorphous carbon nitride films were studied by using X-ray photoelectron spectroscopy (XPS), Electron energy loss spectroscopy (EELS) and Multi-wavelength Raman spectroscopy.

Nitrogen partial pressure effect on the chemical and microstructure of the a-C:N thin films

In this section, we studied the effect of nitrogen partial pressure on a-C:N films composition and structure by XPS, EELS and Raman spectroscopy techniques on the basis of the procedure described in the previous section.

a. X-ray photoelectron spectroscopy

The Figure 3.3 shows the evolution of nitrogen content in a-C:N films deposited at different nitrogen partial pressure. The N content is found to be 4 -18 at.% for the films with increasing of nitrogen partial pressure from 0.5-30 Pa in range, respectively. The N content values are 0, 4, 10, 12, 16 and 18 at.% at 0, 0.5, 1, 5, 10 and 30 Pa of nitrogen partial pressures, respectively. CN, sp 3 CN and CO bonds respectively [ 10,11,14,15,[17][18][19] ]. A higher nitrogen content in the films lead to the shifting of the binding energy, which is clearly evidenced from above assignment and the Table 3.1 below. It is clear that by increasing the N content, the peaks located at low binding energy side disappear and the peaks were shifted to higher binding energy side, which means that the carbon bonding to N increases with the increasing of N content in films.

The Figure 3.5 shows the deconvoluted N1s spectra with four peaks, films are shown from low N content (deposited at 0. The chemical shift related to different N-bonding environments. The peak centered at 398.90-398.91 eV was assigned to N-sp 3 C (N1), 399.17-399.99 eV was assigned to pyridinic-N (N2), and 400.29-400.77 eV was assigned to pyrrolic-N (N3), and 401.04-401.68 eV was assigned to quaternary-N (N4), and 402.03-402.26 eV was assigned to some NO (N5) respectively [ 13,16,19,20 ].

The N-sp 3 C type bonding disappeared with the increasing of N content in films. The high N content films showed the existence of sp 2 CN type bonding. This confirms that the films are more graphite like structures as greater amounts of nitrogen is incorporated into the films during the deposition. 

c. MW-Raman spectroscopy

The Figure 3.8 shows the Raman spectra as a function of nitrogen pressure. The Table 3.2

summarizes the fitting parameters of Raman spectra obtained at laser wavelength 325 nm

(a) (d) (c) (b)
wavelength for films deposited at different nitrogen partial pressures. The spectra have been normalized to allow for the visualization of changes in the position and shape of the D and G band in Raman spectra of a-C and a-C:N films. It is clear that as a greater amount of nitrogen is incorporated into the films, the spectra become more asymmetric and a prominent D peak is observed at nitrogen content above 10 %. This is suggesting that the film have more sp 2 content.

A band at 2225 cm -1 has been observed with UV excitation wavelength in a-C:N films having N content above 10 %, which is not available in films with less nitrogen content, while it is barely detectable at higher wavelengths. This band corresponds to terminal nitrogen triple bonded to carbon (C≡N), in agreement with literature [ 28 ]. This confirms that a minimum threshold of nitrogen is required to observe the C≡N band at 2225 cm -1 . The intensity ratio of I(CN)/I(G) available for a-C:N films with high N content, greater than 10 %. The Figure 3 
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C 2 (λ) is a constant which depends on the laser wavelength [ 29 ]. According to the above relation, we calculate the cluster size. From our calculation, the cluster size increased from 0.23 nm to 0.31 nm as the nitrogen content increased from 0 % to 16 %. However, when the correlation length is greater than 2 nm the I(D)/I(G) ratio decreases and the Tuinstra and Koening relationship is valid, according to this relation the I(D)/I(G) varies inversely proportional to the L a [ 28,30,31 ].
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a C ID I G L   (2) 
The above case is valid for a-C:N film deposited at 30 Pa P N2 partial pressure, which shows a decrease of I(D)/I(G) intensity ratio. The Figure 3.9b shows the variation in FWHM position as a function of N content at 325 nm excitation wavelength. The width of G band is related to the structural disorder, which corresponds to the bond length and bond angle disorder at the Csp 2 sites. We observe a decrease of FWHM (G) when the nitrogen content increases, which is consistent with a substantial loss of bond length and bond angle distortions of the clusters when the nitrogen is high at 16 %, but FWHM (G) increases for a nitrogen content in films above 16 % of N. which is consistent with

I(D)/I(G) I(CN)/I(G) FWHM(G) (cm -1 )
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previously observed results [ 32 ]. The clusters size decreases with nitrogen content higher than 16 %.

In conclusion, our results on nitrogen partial pressure effect on a-C:N films, the chemical bonding structure of the films was investigated by XPS, EELS and Raman spectroscopy. XPS studies of our films revealed that an increase of nitrogen content with increasing of nitrogen partial pressure from 4 to 18 % with nitrogen pressure 0.5 to 30 Pa, which also increases the CN sites at the expenses of CC bonded carbon sites as nitrogen content increased in films. The I(D)/I(G) ratio and G peak position increased as a function of nitrogen content whereas FWHM of G peak decreased. This is indicative of an increase either in the size or in number of sp 2 sites.

Effect of different DC bias voltage on a-C:N film properties

In this section, we study the effect of DC bias on structural and chemical composition of a-C:N films by Raman spectroscopy, XPS , EELS and HRTEM techniques. 8,10,14,15,[17][18][19]32 ]. Higher nitrogen contents lead to the shifting of the binding energies, which is clearly evidenced from the above assignments and the Table 3.3 below. It has shown that by increasing the N content, the peaks located at low binding energy side disappear and the peaks are shifting to higher binding energy side, which means the C bonded to N increases with increasing of N content. The C1s spectra binding energy increases with bias until 250 V, and then it shows shifting to lower binding energy, which is consistent with nitrogen content.

a. X-ray Photoelectron Spectroscopy

The Figure 3.11 shows the deconvoluted N1s spectra with four peaks. The a-C:N films exhibits four N1s contributions in the range between N1: 398.63-398.91 eV, N2: 399.32-399.82 eV, N3: 400.36-400.70 eV, N4: 401.14-401.71 eV and N5: 402.09-402.44 eV respectively. There is a shift towards higher binding energies, which is observed until a certain bias voltage and further increasing in bias then it shifting to lower binding energy side. The chemical shift is related to different N-bonding environments. The peak N1 was assigned to N-sp 3 C, N2 was assigned to pyridinic-N, N3 was assigned to pyrrolic-N, N4 was assigned to quaternary-N, and N5 was assigned to some NO respectively [ 13,16,19,20 ]. The N-sp 3 C type bonding decreases as bias increases up to 250 V with increasing of N content, further increase in bias the N content showed a decreasing trend and the shifting of lower binding energy values are observed in films with higher bias voltages. The high N content film showed the existence of sp 2 CN type bonding only.

From the above analysis, one can conclude that the films are more graphite like structures as greater amounts of nitrogen incorporated into films with bias voltages are in range from 0 V to 250 V. 

b. Electron energy loss spectroscopy (EELS)

The nitrogen contents of the a-C:N films obtained by EELS quantification are depicted in the Figure 3.12a as a function of the deposition conditions. The increment of the nitrogen partial pressure from 1 to 5 Pa led to a rise of the nitrogen incorporation, from 10 to 15 at.%.

Maintaining the pressure at 5 Pa, the application of an additional DC bias to the samples produced another significant increase up to 19 (-150 V) and 21 at.% (-250 or -350 V)

respectively. The   /  ratios deduced from the intensity of the 1s  and 1s  transitions in the C-K core-loss regions of the EELS spectra are depicted in the Figure 3.12b versus the nitrogen content. This parameter provides an immediate evaluation of the sp 2 character of a specimen. The increase of the   features as the nitrogen incorporated in the film grows is clearly evidenced. This phenomenon has been already observed in CN x films [ 33 ] and attributed mainly to the formation of additional C=N bonds (trigonal sp 2 hybridization) although C≡N bonding (diagonal sp 1 hybridization) cannot be ruled out at the highest nitrogen contents, as stated previously by Raman analysis. Moreover, above 7 at.%, N plays a more substitutional role whereby nitrogen and carbon tend to bond in a sp 2 configuration in an under-constrained C-N network, which is thermodynamically more stable [ 34 ]. The most intense feature within the lowloss part of the EELS spectra corresponds to collective excitations of valence electrons (plasmon peak) and may be correlated to the nature of the carbon bonds (  . The plasmon energy is dependent upon the square root of the valence electron density and may be affected by crystal size effects. The Figure 3.12c shows the dependence of the bulk plasmon peaks (Ep)

versus the deposition conditions. This represents a measure of the degree of the graphitic character. The incorporation of nitrogen in the films deposited at 0V supposed an increase from 

c. High Resolution Transmission Electron Microscopy (HRTEM)

The high-resolution structure deduced from HRTEM images of the films deposited at 5 Pa of N 2 at negative bias of 0, -150, -250 and -350 V is illustrated in the Figure 3.14. The pictures confirmed a highly disordered carbon structure for all the conditions. Similar kind of structures were observed by previous articles on a-C:N films [ 36,37 ]. EELS analysis, however, pointed out an enhanced disorder when bias was applied by downshifting the energy of the plasmon but no differences could be observed from the micrographs. to the Eq 1, we estimated a correlation length L a of films, and the L a values showed a decreasing trend with the increase bias voltages. The L a values increased from 0.3 nm to 0.4 nm as nitrogen content increases. The Eq 1 is valid for crystalline sizes smaller than 2 nm. However, when the crystalline sizes are greater than 2 nm, the I(D)/I(G) ratio decreases. The Eq.2 is valid when the ratio of peak intensity varies inversely with L a . The film deposited at -350 V bias showed the decrease of intensity ratio, so we calculated the correlation length La by using Eq.2. According to that relation, the L a value is about 6.02 nm. This is attributed to increase of crystalline size. The G peak position did not have a well-defined trend with increase of bias assistance. From The Figure 3.16 and the Table 3.4, it was clearly evidenced that the FWHM of G band decreasing with the increase of N content. The FWHM of G relates with N content in films, which is increased with the increase of N content. The dispersion of G band decreasing with increasing of N content in films from 0.23 to 0.15 cm -1 /nm. The lowering of dispersion of G relates to the ordering of the film structure.
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Plasma assistance deposition effect on a-C:N films

In this section, we studied the use of plasma assistance deposited a-C:N films and investigate its chemical bonding states and micro structures by XPS, EELS and Multi-wavelength (MW) Raman spectroscopy, respectively.

a. X-ray Photoelectron Spectroscopy (XPS)

XPS investigations allow the estimation of the chemical composition, including the carbon and nitrogen chemical environments at the topmost surface. The N content is found to be 14 for the a-C:N film deposited at 10 Pa of P N2 pressure and without DC bias assistance and 28 at.% for the biased a-C:N film deposited at 5 Pa P N2 pressure and 250 V DC bias, respectively. The range of N content values was obtained for the films deposited by without bias assistance and with bias assistance will detail in next sections. The N/C ratio of this deposited film is much higher than previously reported values obtained with nanosecond pulsed laser deposition with bias assistance [ 38 ]. Oxygen ranges between 8 and 12 at.% mainly due to adventitious surface contamination.

The deconvoluted C1s and N1s spectra of pure a-C, a-C:N (10 Pa and 0 V) and biased a-C:N ( 5Pa and 250 V ) films are shown in Figure 3.17 The binding energy values deduced from the C1s and N1s deconvolution spectra are summarize in Table 3.5. The spectra depicted in Figure 3.17 The introduction of a bias, consistent with nitrogen plasma assistance during the deposition, leads to subsequent decrease of the C1/C2 intensity ratio, along with a significant shift of 1 eV of the C1, C2 and C3 contributions. In addition, it is observed that the intensity of C3 strongly increases compared to the conventional a-C:N film. This is in favor to the attribution of the C3 component to CN bonds. The DC plasma assistance is clearly responsible for a multiplication by a factor two of the nitrogen content at a lower P N2 (5 Pa) compared to the film deposited in N 2 atmosphere with no DC assistance at higher P N2 (10 Pa).

The nitrogen containing films exhibit three N1s contributions labeled N1, N2 and N3. The binding energy values for the different films are very similar, independently of the use or not of the plasma assistance, even if a small chemical shift of about 0.2-0.5 eV towards higher binding energies is observed with the DC plasma assistance. It is worth mentioning that the chemical shift related to different N-bonding environments is soundly lower than the chemical shift related to the C1s for the two-nitrogenated films. N1 is centered at 398.2 -398.7 eV, N2 is centered at 399.9 -400.2 eV and N3 is centered at 402.6 -401.7 eV. With plasma assistance, the N1/N2 ratio significantly decreases, whereas the N3 intensity slightly increases. From the Figure 3.18, one can observe that the peaks of our XPS spectra are slightly but systematically shifted to lower binding energies, compared to the compilation of data from literature. This may be due to differences in energy calibration and charge shifts from one experimental configuration to another one. Such a shift does not prevent to go further in the discussion, since the acquisition has been performed in similar experimental conditions for all films. The a-C and a-C:N (14 at.%) have rather similar C1s contributions. According to the compilation published by Rodil et al. [ 19 ], the C1 peak may be affected mainly to carbon-carbon bonds (mainly Csp 2 ), but also to some Csp 3 bonds with low N concentration for the a-C:N film.

Indeed it is known that our pure a-C films deposited by femtosecond PLD have Csp 2 content in the 60-70% range, compared to a-C films deposited by nanosecond PLD with a Csp 2 content in the 15-25% range [ 39 ]. The C2 contribution may be assigned to CN bonds in various possible configurations, including heteroaromatic rings containing N atoms for the a-C:N film. However, this C2 contribution is observed also in the pure a-C film, which is attributed by some authors to Csp 3 bonds. A chemical shift of less than 1 eV between two XPS peaks with a rather complex chemistry as for carbon is controversial. This indicates that a conventional attribution of the lowest energy contribution C1 only to CC bonds, and the higher energy contribution C2 only to CN bonds, in spite of a higher N electronegativity compared to C, cannot fully explain the results.

However the C1/C2 intensity ratio decreases when nitrogen is introduced, which is consistent Schematically, the lowest N contribution was may be attributed to Nsp 3 -C bonds, whereas higher binding energies may be assigned rather to Nsp 2 -C bonds. Such interpretations are consistent with a global increase of the aromatic character of our films when the nitrogen concentration is increased by bias assistance, with nitrogen predominantly incorporated inside aromatic carbon rings. Due to an important controversy related to the interpretations of XPS data of CN films in the literature, one concludes that XPS alone is not sufficient to elucidate exactly the bonding states and their dependence versus the N content. The EELS spectra allow going further by probing the whole film thickness.

b. Electron Energy Loss Spectroscopy (EELS)

The EELS spectra of low and core-loss regions of pure a-C, a-C:N film at 10 Pa P N2 pressure and These values are far from the characteristic value of diamond, confirming the non-predominance of sp 3 hybridized carbons [ 21,26,35 ]. We also observe that the values are lower than those published for crystalline graphite. This is consistent with a strong dependence of the plasmon energy values with the structural order in carbonaceous compounds. Also from the Figure 3.19a, the increase in intensity of the π-plasmon peak in the low-loss energy region with increasing the N content is consistent with more-ordered sp 2 graphitic domains. 

c. Microstructure characterization of a-C:N films: Multi-wavelength Raman spectroscopy

The Figure 3.20 a-c show the MW-RAMAN analysis excited at four different wavelengths (325, 442, 488, 633 nm), for the a-C, a-C:N film deposited at 10 Pa P N2 pressure and biased a-C:N film deposited at 5 Pa P N2 pressure and 250 V DC bias assistance deposited films respectively. The Figure 3.20d superimposes the spectra of the three films with an irradiation at 325 nm. The Table 3.6 summarizes the fitting parameters of all Raman spectra obtained at the four laser wavelengths for the three films. The D and G bands are characteristic of amorphous carbon based films and their positions are not clearly affected by the nitrogen content in the film, in agreement with [ 42 ].

In all the films, an increase of the G band position is observed with a decrease of the laser wavelength. A band at 2225 cm -1 has been observed only with biased a-C:N film mainly for UV excitation, while it is barely detectable at higher wavelengths. This band corresponds to a terminal nitrogen triple bonded to carbon (C≡N), in agreement with the literature [ 42 ]. Even though it is not shown in the Figure 3.20b, the C≡N stretch band is not detected in a-C:N whatever the laser wavelength.

The intensity ratio I(CN)/I(G) is only available for the biased a-C:N film, at 325 nm, 442 nm and 488 nm laser excitations. Indeed the 633 nm wavelength does not provide enough C≡N signal intensity to fit correctly the band. According to [ 42 ], a I(CN)/I(G) near 0.10 may correspond to nitrogen contents within 17-25 at% with some uncertainties. This order of magnitude is consistent with the composition of our biased a-C:N film. Indeed, it is worth mentioning that a minimum threshold of nitrogen is required to observe the C≡N band at 2225 cm -1 . This may indicate a kind of saturation in the incorporation ability of nitrogen in the carbonaceous network, leading to C≡N terminal groups at the highest nitrogen concentration. In the present study, this threshold is between 14 at.% and 28 at.%. [ 19,42,44 ]. Ferrari et al. [ 45 ] have proposed a relation between I(D)/I(G) ratio and the correlation length L a , which is valid for crystallize size smaller than 2 nm. 

C 2 (λ) is a constant which depends on the laser wavelength [ 29 ]. According to this reference, the value of C 2 (633 nm) is 8.2 nm. From the above relation, we estimated a correlation length L a of 0.23 nm for a-C, 0.29 nm for a-C:N and 0.41 nm for biased a-C:N. The increase of aromatic cluster size with N content is consistent with reported data [ 32,42,46 ] as well as with other Raman parameters discussed above.

We can conclude an increase of the nitrogen content from 14 at.% (XPS) -17 at.% (EELS), for the a-C:N film, to 28 at.% (XPS) -24 at.% (EELS) for the biased a-C:N film. The increase of N content is associated to an increase of the clustering of the sp 2 phase in ordered rings of the CN films, developing more ordered graphitic clusters both in terms of structural and topological order. The correlation length L a of the clusters increases from 0.23 nm with no nitrogen incorporation, to 0.29 nm and 0.41 nm for the a-C:N and biased a-C:N films.

Conclusions

The femtosecond pulsed laser ablation of graphite target in an atmosphere of nitrogen without and with DC polarized substrate effect on the structure and composition of the a-C:N film have been investigated in this study. The main conclusions are summarized as follows:

 In this study a-C:N film with nitrogen content up to 18 at.% was grown by ultrafast pulsed laser deposition as a function of nitrogen partial pressure without any DC bias assistance.

 The C1s XPS spectra showed the increase of CN bonds at the expense of CC bonds with the increase of nitrogen content in the films, with the increase of the nitrogen partial pressure.

 The ID/IG ratio and G peak position increased while the FWHM of G band decreased, which showed an increase of the size of the number of sp 2 sites in films when the nitrogen partial pressure increases.

 Up to 28 at.% of nitrogen has been introduced in the a-C:N film by combining femtosecond laser ablation of graphite with a DC bias applied on the substrates. Such a high percentage has never been obtained by fs-PLD process.

 By comparing our XPS results with XPS data compilations, the exact interpretations of the C1s and N1s components are controversial due to rather complex chemistry of CN compounds with rather limited chemical shifts in the 1-2 eV range for both elements.

 By combining XPS, EELS and RAMAN results, the increase of nitrogen content can be associated to an increase of the aromatic character of the carbon network, by increasing the structural and topological orders of the graphitic clusters, which certainly contain incorporated nitrogen.

 No clear and unambiguous evidence of Csp 2 :Csp 3 dependence with the N content can be deduced.

 The effect of different DC bias assistance on a-C:N film have been studied successfully, the increase of the DC bias assistance increases the N content until a certain bias assistance after what the N content starts to decrease .

 The high N contents are consisted with an increase of the sp 2 character and higher correlation lengths of the graphitic clusters. However, DC bias induces an increase of the structural disorder, as well as a substantial increase of the nitrile group in films.

At the highest nitrogen concentration, terminal C≡N groups are incorporated in the film, which are observed only for plasma assisted-PLD, as already observed with longer laser pulse duration.

ablation plume, the samples are deposited on silicon by PLD in the four selected conditions for which ablation plumes are studied. The detailed experimental procedure of thin films deposition and operation of emission spectroscopy and plume imaging, along with thin film characterization techniques were described in the chapter 2.

Optical characterization of the ablation plumes 4.2.1 Identification of the plume components

The Optical Emission Spectroscopy (OES) was used to study the plasma plume emission at different deposition conditions. We prepared a set of samples just allowing the carbon plume expanding in a N 2 atmosphere at 1 and 10 Pa, and a set of conditions have been obtained with the carbon plume expanding in a 250 V DC polarized substrate in a N 2 pressure 1 Pa and 10 Pa. We chose those conditions to see both plasma and N 2 pressure effects. All the films were deposited at constant laser fluence of 5 J/cm 2 . We compared the optical emission spectra of plumes expanding in vacuum or nitrogen atmosphere, with or without the DC bias. The The emission bands observed in vacuum correspond accurately to the well-known Swan Bands

[ 17 ] emitted by C 2 molecules, with main heads at 466.8 nm, 516.5 nm, and 554.0 nm (visible only when zoomed). These relatively large bands appear in all recorded spectra, with different intensities. They have already been well observed and detailed in vacuum [ 18,19 ]. They can be observed up to few µs after interaction in vacuum, and few tens of µs after interaction in inert nitrogen and nitrogen plasma.

The most notable feature of these spectra is the three huge bands in the short wavelength region, which appear only in nitrogen ambient. All of them can be associated to the Violet System [ 17 ] emitted by CN molecules vibrational transition. The widest one belongs to the main system, and consists of three heads at 385.1 nm, 385.5 nm and 386.2 nm. The thinner ones belong to the tail bands, with heads at 391.0 nm and 407.9 nm. The former can be distinguished over time from the C II line appearing in vacuum and centered at 391.9 nm [ 18 ]. This emission is clearly visible after initial bremsstrahlung (20 ns after interaction), and is maximal in the first 100 ns after interaction.

The emission from CN behaves quite similarly to C 2 in nitrogen ambient, existing during 30 µs after interaction.

Similar species are observed at similar times when using a pressure of 1 Pa. These observations only concern a section of the plume close to the target, and give no idea of the species dynamics.

The spectral position and bandwidths of the different species emission allow using spectral band pass optical filters in order to select species for 2-D imaging of the plume to locate the species, and to determine their quantity when they reach the substrate during PLD.

Expansion dynamics of the plume during the deposition

The plasma plume was imaged by a gated intensified CCD camera in the UV-Visible range.

Several optical band pass filters are used to select the emission of the different species. The plume expands while its center of mass progresses normally along the ejection axis, with the major part of the plume making contact with the substrate in any case. Indeed, as it can be seen at delay 2500 to 3000 ns after interaction, the substrate (at 3.6 cm from target) is "showered" by the C 2 and CN molecules. The use of DC bias to induce nitrogen plasma does not modify the quantity of emission due to C 2 molecules. However, the emission due to CN is considerably higher in the case of inert nitrogen ambient rather than plasma. This is confirmed by the Figure 4.3, which features a summation of the emission shown in the Figure 4.2 along the ejection axis.

Here, the quantity of C 2 emission is always quite comparable, while CN emission is much stronger in the case of plasma ambient nitrogen. An important fact to notice is that, however limited the effect is, in every case, the CN emission always appears slightly further from the target compared to C 2 emission, even if the two components are mixed. Finally, it is observed that when using nitrogen plasma, both CN and C 2 molecules seem to progress faster and further than their respective counterpart in inert nitrogen.

The same observations are carried with 10 Pa of ambient gas, as presented in the Despite these differences, we can still observe the CN emission, which is always further than C 2 , even though the various components are still very intermixed. Similarly, to the 1 Pa pressure case, CN and C 2 plume components progress slightly further when expanding in plasma rather than inert ambient gas. It means that more species from the plume front can make contact with the substrate in the plasma ambient case. These two different pressures with or without DC bias induce different plasma plumes, with the DC bias inducing quite different effects depending on the N 2 pressure. In particular, CN and C 2 species impinging on the substrate may authorize different growth conditions during the deposition. This should lead to different N contents in the deposited a-C:N films.

Comparison with ex-situ thin film analysis

The detailed microstructural and chemical properties of a-C and a-C:N films were investigated and discussed in the chapter 3. Here, we give corresponding N content values of films that were used in plasma plume studies. The variations in nitrogen content of amorphous carbon nitride films produced at different nitrogen partial pressures with and without DC bias assistance are presented in the Table 4.1. In inert nitrogen surrounding gas, at the highest pressure 10 Pa, the N content value of the film increases with pressure from 13 to 16 at.%. At low pressure (1 Pa) the DC bias (-250 V) induces a decrease of the N contents from 13 to 10 at.%, while at high pressure As we know, the microstructural properties of a-C:N films also affect the films properties. The microstructural property of films was studied by Raman spectroscopy. The detailed Raman spectroscopy measurements and analysis were discussed in the previous chapters 2 and 3. Here, we present the evaluation of Raman spectra with N content in films, which have been used in plasma plume investigations. The Figure 4.6 shows the superimpose of the Raman spectra of the films deposited at different nitrogen pressure and DC bias voltages with a 325 nm Raman wavelength. It appears that the samples with lower nitrogen content (0-13 at.%)

does not reveal the presence unambiguously attributed to the formation of CN, while the films with higher N content (16-25 at.%) show a clear evidence of a chain terminating C≡N bond around 2200 cm -1 . We can clearly see from the Figure 4.6 that the increase of nitrogen in films resemble to the increase of D band intensity, which relates to the increase of sp 2 phase organized in films [ 20,21 ]. Based on all our results, we present in the next section a sound discussion on the plasma plume obtained by optical emission spectroscopy and 2D imaging technique.

Plasma dynamics impacts an a-C:N thin films structures

Contrary to the rest of the plume, ions and neutrals seem to be relatively unaffected by the use of DC-bias. Their quantity remains constant, and within the few hundred nanoseconds during which they are visible, they always appear to progress faster in the plume. It is possible that they reach the substrate in a non-radiative state. Anyway, they disappear at centimetric distance from the target and ahead of the main CN/C 2 plume, that is to say that any recombination process between C + , C and the nitrogen ambient, with or without DC bias, will be excluded here. This is different to what has been observed previously in [ 10 ], where higher pressure was used (more than 40 Pa).

Thus, it can be expected that at higher pressure, the C + and C components are squeezed between expanding C 2 and ambient gas.

The CN emission appearing after only a few tens of nanosecond after plume interaction indicates that the CN bonding takes place during the very first few nanosecond of plume expansion, when the plume is a hot optically thick plasma [ 19,22 ]. Molecular dynamics studies have shown that a huge part of the ablated matter, in the case of graphite ablation, remain in the form of molecules from the first picoseconds after interaction [ 23,24 ]. This should mean that CN are expected to form from the interaction between N 2 and C 2 at high temperature via C 2 + N 2  2 CN, as it has been suggested for nanosecond interaction [ 9 ]. Note that from the end of bremsstrahlung to the disappearance of most species or their collection on the substrate, the ratio of CN emission over C 2 emission remains almost constant. That is to say that the chemical reaction leading to CN bonding does not occur after the first few tens of nanoseconds after interaction. When we use different pressures (1 and 10 Pa) and the laser fluence (5 J/cm 2 ), the formation of CN is due only to the interaction between the hot plume and the ambient gas or plasma at the beginning of the expansion. As expected, in all cases, the CN and C 2 components appear really intermixed, with the CN center of mass slightly ahead of the C 2 one.

At a lower pressure (1 Pa), the use of a DC bias strongly reduces CN component quantity, while affecting weakly C 2 formation. A key factor in the ablation plume dynamics in ambient gas is the atomic weight of gas molecules [ 25 ]. The dissociation of molecules in the nitrogen plasma should reduce the average atomic weight of the surrounding gas encountered by the expanding plume.

Thus, C 2 molecules will have an easier way to flow towards the substrate through the plasma.

This will reduce the number of C 2 /N 2 interactions necessary to trigger the C 2 + N 2  2 CN reactions. From a hydrodynamic viewpoint, the faster expansion of the plume reduces the duration for which it is hot and dense enough to trigger the chemical reaction. Another explanation could be the lack of N 2 in the nitrogen plasma, since the same should be true in the 10 Pa pressure conditions, where no decrease of CN component is observed when using a DC bias. The easier penetration of the plume in the nitrogen plasma was confirmed by the observation of the CN and C 2 center of mass being slightly further at the same acquisition times in plasma than in inert nitrogen surrounding atmosphere.

The laser-induced plasma plume then propagates to the substrate where it is deposited as a-C:N layer. It appears only logical that with a lower proportion of CN in the plume using a DC bias, one obtains a lower N content in the deposited thin films. The observed plume contents and dynamics correlate then very well to the thin films properties at low pressure.

At the highest pressure, the emitted plume center of mass does not reach the substrate anymore;

only its front makes contact with it. Moreover, the plume front is richer in CN, due to their formation location, the center of mass of the CN component being slightly ahead of the C 2 .

Despite almost the same overall ratio between CN and C 2 emission in inert gas at both pressures, a higher N content is obtained in the thin films at the higher pressure. This happens by limiting the substrate contact to the CN richer part of the plume, yielding an increase in nitrogen ratio from 13 to 16 at.%.

Contrary to lower pressure condition, DC bias increases the CN component emission at 10 Pa. This is related to the fact that at this pressure, the N + rich nitrogen plasma remains strong enough to prevent expansion and favor the temperature and pressure become high enough to trigger CN formation in the first tens of nanosecond after interaction. Moreover, the nitrogen plasma lets CN and C 2 flowing more easily than the inert nitrogen surrounding gas. It ensures an even better, in particular faster, contact between the substrate and plume front. This is especially clear in Figure 4.5, where one can observe a contact with the CN plume as early as at 1 µs after interaction when using DC bias. Note that the C 2 contact with the plume is favored too, but only later, when the CN emission on the substrate is half its maximum along the ejection axis. Thus, a higher contact with the CN rich part of the plume is ensured when using the DC bias, as confirmed by the very high N contents of the thin films deposited in these conditions.

In summary, the use of both optical emission spectroscopy and spectrally resolved 2D imaging, coupled with intensified CCD temporal resolution, allowed to precisely follow such species of the plume as CN and C 2 molecules from their emerging to their deposition on the substrate. The results showed that the carbon and nitrogen bonding arise at the early time of expansion with little changes in quantity thereafter. The key role of the DC bias is in lowering the molecular weight of the ambient gas, thus easing molecules way towards the target and interfere with the chemical reaction for CN generation. Depending on the ambient pressure, these processes have drastic effects on the thin films properties.

Conclusions

The graphite ultrafast ablation plume expanding in nitrogen at various pressures (1 and 10 Pa)

with only a nitrogen-surrounding atmosphere or in presence of nitrogen plasma between target and PLD substrate is studied through optical emission spectroscopy and spectrally resolved ultrafast imaging. The results are correlated to a-C:N deposited thin films through their N contents evaluated with XPS spectroscopy, and microstructural properties studied by Raman spectroscopy.

The DC bias assistance has been found to have a detrimental or enhancing effect on the N contents of the a-C:N thin films depending on the pressure used. This is related to an easier flow of laser-ablated molecules in an N + rich ambient gas rather than inert N 2 . At low pressure, this reduces CN contents in the plume due to less interaction between C 2 and N 2 , with the whole plume contacting the substrate, inducing lower N contents in the film. On the opposite, a high pressure was sufficient to trigger a strong CN formation reaction, while limiting the plume/substrate interaction to the CN rich plume front only. The DC bias thus could enhance N contents of a-C:N thin films from 16 to 25 at.% at 10 Pa.

Considering the high potential of N-rich a-C:N alloy thin films as active sensors for bio pollutants or heavy metals detectors, this study shows how very high N contents of such films can be obtained. Indeed by studying the optical emission from the plume, one can optimize pressure and bias conditions for which strong CN formation is triggered, and ablation plume front and substrate interaction is favored. The maximum nitrogen incorporation into a-C:N films was 25

at.% at pressure about 10 Pa and DC bias -250 V, which matched well with maximum excited CN radicals near the substrate and with the higher sp 2 sites. A deeper insight and detailed analysis should be carried on to extending the investigated region toward the spreading of the spectrum, which means high resolution grating, in order to achieve a better resolution and identification of the peaks belonging to the various species.

.

Chapter 5. Amorphous carbon nitride thin film electrodes for analytical microsystems

Introduction

The sensor is defined as a device, which brings out some quantitative information about the real world. An electrochemical sensor is a device that transforms electrochemical information into an analytically useful signal. Electrochemical sensors are usually composed of two basic components, a chemical (molecular) recognition system, which is the most important part of a sensor and a physicochemical transducer, which is a device that converts the chemical response into a signal that can be detected by electrical instrument [ 1,2 ]. All the processes depend on the electrodes materials and their quality. The next important function related to the topic of electrode material (a-C:N), is the passivation resistance in an aggressive working environment.

Owing to it, the testing of new prospective materials with electrochemical stability in a wide scale of applied potential (wide potential window), fast electron transfers (higher reactivity) and with a high resistance to passivation (enable to reuse) is necessary. The carbon-based materials showed a big potential in this area, and now the research is focused on the investigation of such film properties (microstructure, surface character, chemical composition, and electrochemical properties), are appropriate for their applications in sensors [ 3 ]. Amorphous carbon nitride (a-C:N) films are very interesting electrode materials, due to their wide potential window, which allowed a wide number of transfer reactions without decomposition of reactants in water due to reduction or oxidation reactions in various electrolytes [ 4 ]. Although, the boron-doped diamond (BDD) is still more common in industry applications, and the amorphous carbon nitride films could be aspirate to be a better substitution of BDD in near future. The electrochemical properties of both electrodes (BDD and a-C:N) are comparable, but the a-C:N films are cost effective, can be deposited at low temperature and without using any toxic gas during elaboration.

In this work, we investigate the electrochemical properties of the amorphous carbon nitride (a-C:N) electrodes, which are deposited by femtosecond pulsed laser deposition with and without DC plasma assistance. The detailed deposition procedures are described in the Chapter 2. The aim is to find the ideal a-C:N electrode for the electrochemical applications. We also performed the detection of heavy metal and showed the ability to functionalize the surface to increase the sensitivity of a-C:N electrode to biomolecules detection in future.

Electrochemical properties of a-C:N films

Chemicals

Ferrocene dimethanol (Sigma-Aldrich), sodium perchlorate anhydrous (Alfa Aesar), sodium nitrite, 97% (Sigma-Aldrich), hydrochloric acid, 97% (Sigma-Aldrich), 4-ethynylaniline, 97%

(Sigma-Aldrich), Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine or TBTA (Sigma-Aldrich), cupper(II) sulfate, anhydrous (Sigma-Aldrich), dimethyl sulfoxide (DMSO) ,99%, ethanol, 99%

were commercially available and used without any purification. Aqueous buffers and electrolytes were made with deionized water purified through a Milli-Q system (Millipore, Bedford, MA). 2azidoethyl ferrocene (Fc-Azide) was synthesized as described by Ripert et al. [ 5 ].

The plasma assistance deposited films showed delamination due to their poor adhesion to the substrate. The films that have been deposited with plasma assistance showed delamination problems due to the poor adhesion to the Si 3 N 4 substrate. To overcome this problem, we chose the Si substrate. The film adhesion to the Si substrate by femtosecond pulsed laser was performed by one of our group members [ 6 ]. The films deposited with plasma assistance were tested in the water for the delamination problem before testing their electrochemical properties. We did not observe any delamination problem. We chose a wide range of N content a-C:N films for the electrochemical measurements, from 0 to 21 at.% in range (N content from EELS). The film deposition conditions are at 10 at.% of N deposited at 1 Pa P N2 pressure and 15 at.% of N deposited at 5 Pa P N2 pressure, and 21 at.% of N deposited at 5 Pa P N2 pressure and at 250 V DC bias voltage. However, DC bias induces an increase of the structural disorder, as well as a substantial increase of the nitrile group in the films. Therefore, we chose an optimized DC bias voltage for the electrochemical performance.

Cyclic voltammetry (CV) of a-C:N electrode

The The Figure 5.3 shows the scan rate dependence of cyclic voltammograms for the ferrocene dimethanol redox reaction on the a-C:N(10%) electrode. The anodic to cathodic peak current ratio are close to one and the peak-to-peak potential separation ∆E p increases as the scan rate increases (Table 5.1). The films showed a reproducible peak potential after 3 weeks of storage. The electron transfer kinetics depicted in Table 5.1 were calculated for a-C and a C:N(10 at.%) films by using Nicholson method [ 8 ]. The diffusion coefficient of Fc(CH 2 OH) 2 was 6.4x10 -6 cm 2 /s [ 9 ],

and the electron transfer coefficient (α) was equal to 0.5 for scan rate below 20 mV/s. Full details of the Nicholson method can be found in the Appendix A. The film electrode showed a quasireversible electron transfer with a heterogeneous rate constant k o value in the order of 7.85×10 -2 cm/s and 5.12×10 -2 cm/s respectively for a-C and a-C:N(10 at.%) films. The obtained k 0 values are quite close to the value of k o measured by scanning electron microscopy on a single layer graphene electrode with ferrocene di-methanol, 2.0×10 -2 cm/s [ 10 ]. The above results indicates that the ferrocene is adapted as a future redox probe for amorphous carbon nitride (a-C:N) electrodes. The ferrocene di-methanol redox probe is showing faster electron transfer kinetics than the ferri/ferrocyanide (10 -5 to 10 -3 cm/s), the quinone/hydroquinone (10 -7 cm/s), and the hexaamineruthenium (10 -5 to 10 -4 cm/s). The ferrocene di-methanol redox probe transfer kinetics is comparable to the hexachloroiodate (2 x 10 -2 to 5 x 10 -2 cm/s) [ [11][12][13][14]. 

P

Influence of film properties on electrochemical performances of a-CN electrodes

Generally, the electrochemical properties of films depend on the films microstructure, chemical composition and N content respectively. We systematically studied the relation between film microstructures and electrochemical properties of films. The film microstructures and chemical compositions were studied by Raman spectroscopy and X-ray photoelectron spectroscopy (XPS).

The detailed structural and chemical analyses were described in the chapter 3. In this section, we tried to correlate the electrochemical properties with its microstructure and chemical properties of a-C:N films.

Effect of microstructural properties of a-C:N films on electrochemical performances

The Figure 5. 

Chemical composition of a-C:N films on electrochemical properties

XPS analysis is used to determine the chemical composition and the relative concentration of the chemical bonding configurations in the films. The detailed chemical analyses of films were described in the chapter 3. In this section, we tried to correlate the relation between the chemical properties and the electrochemical properties of a-C:N electrodes.

The a-C:N films deposited at a higher nitrogen content showed more graphitic like structure and higher nitrogen bonding atoms. From a practical point of view, the ideal nitrogen concentration and the type of bonds are required for a good electrode material in electrochemistry applications [ 15 ]. The Figure 5.5 shows the correlation between the nitrogen content and the potential difference values. From our XPS results, it is evident that the films with the lowest nitrogen contents and a more graphitic like structures show a better electrochemical performance. 

Detection of heavy metals by an a-C:N (10 at.%) electrode

In our industrial society, pollution by highly toxic heavy metals, with very low toxicity limits induces urgent needs to develop both curative and detection technologies. The environmental impacts and health consequences are important and are global scourge. The precise and selective detection of these ions in wastewater is thus a primary health priority [ [16][17][18] ]. Many techniques have been developed for the in-situ quantification of pollutants prior to industrial or public wastewater treatment [ [19][20][21][22][23] ]. To quantify the heavy metals in solutions, some electrochemical detection techniques have been developed in the last decades taking advantages of mercury based electrodes (hanging mercury drop or thin mercury fil electrodes), which have been widely employed [ 24 ]. However, because of the toxicity and the inconvenient disposal of mercury, many studies have been conducted aiming to design mercury free or environmentally friendly electrodes. Towards this motivation, Wang et al. have built up bismuth electrodes presenting performances similar to that of thin mercury film. However, bismuth film electrodes are relatively having low chemical stability [ 25,26 ]. Another alternative that has been developed during last years, carbon based electrodes for electrochemical detection [ 20,25,[27][28][29][30][31] ]. Thus, boron doped diamond [ 19,32,33 ], boron doped nanocrystalline diamond thin film [ 29 ], modified glassy carbon electrode [ 34,35 ], and amorphous carbon nitride [ 36,37 ] films were demonstrated as good candidates for industrial applications aiming to detection of different types of pollutants. Unlike diamond based materials, amorphous carbon nitride thin films present mainly sp 2 carbon [ [37][38][39][40][41], and are far easier and considerably cheaper to develop. Furthermore, their properties could be adjusted easily by varying doping concentration and chemical compositions.

The electrochemical behavior of several a-C:N electrodes with different N concentrations was tested (presented in the last section), from those results the films presenting the best electron exchange reversibility (higher heterogeneous rate constant k o ) and low potential difference value electrode has been selected for detection of Pb 2+ and the covalent surface functionalization through diazonium electrografting.

Detection of single Lead ion (Pb 2+ )

The Lead ion (Pb 2+ ) detection was carried out by the Differential Pulse Anodic Stripping Voltammetry (DPASV) at low concentration, measurements were performed using a Palm-Sens sensor PC system (Eindhoven, The Nederlands) was used to apply to the a-C:N (10 at.%) electrode, being connected to the PC computer with a specific software. The electrochemical cell was a 100 µL cylindrical shaped one, having a circular neck opening one side, allowing the solution to be in contact with a-C:N electrode and a O-ring rubber was placed to ensure the sealing. The detection was studied by using the Differential pulse anodic stripping voltammetry (DPASV) method. In this method, the potential of accumulation was chosen usually at -1.7 vs SCE for 20 s. The potential scan was performed from -1.7 to + 0.3 V/ SCE with a scan rate of 50 mV/s. 

Electrochemical functionalization of a-C:N (10 at.%) electrode

The functionalization of surfaces at the molecular level, with biological, redox/active, or photo chemical sensitive molecules is of central interest in the development of molecular electronics [ 43,44 ], energy conversion [ 45 ] and chemical and biological sensing [ 46,47 ]. The electrografting has been to characterize the electrochemical reactions that permit binding of organic layers to a solid conducting surface [ 48 ]. Here, we propose a covalent modification of amorphous carbon electrode 

In-situ generation of diazonium salt and grafting of 4-ethynylphenyl group

The surface functionalization of a-C:N electrodes was carried out at 4°C in a solution degassed with nitrogen of 0.1M HCl containing 40mM NaNO 2 and 2 mM 4-ethynylaniline. The 4ethynylaniline was first dissolved in HCl 0.1M and NaNO 2 was added just before grafting. The electrochemical cell was degassed with nitrogen before grafting. The electrochemical grafting of the in-situ generated diazonium salt was performed by CV starting from the 0.4V vs SCE to -0.8V vs SCE with a scan rate of 0.1V/s repeated by 3 times. After the functionalization, the electrochemical cells containing all the electrodes were rinsed thoroughly with a Milli-Q water, ethanol and kept 2 hours in each solvent to ensure the removal of any adsorbed species.

Click reaction of ferrocene-azide with 4-ethynylphenyl modified a-C:N electrode

The 4-ethynylphenyl functionalized a-C:N electrodes were treated 16 hours at ambient temperature with a DMSO:H 2 O 1:1 solution containing 1mM of Fc-Azide, 5mM of sodium ascorbate, 1mM of TBTA and 2.5 mM of copper(II) sulfate. The copper (II) sulfate was added just before starting the reaction. After the functionalization, the electrochemical cells containing all the electrodes were thoroughly rinsed with Milli-Q water and ethanol and the electrode was kept (or immersed) 16 hours in water to ensure the complete elimination of any physisorbed species.

Electrochemical characterization of functionalized a-C:N electrode

The electrochemical characterization of a-C:N electrodes has been done by CV starting from -0.2

V vs SCE to 0.8 V vs SCE repeated 3 times in an aqueous solution containing NaClO 4 0.1M as support electrolyte without any redox species in the solution. Several scan rates have been tested from 1 V s -1 down to 50 mV s -1 . Only the last cycles have been used for data interpretations. The amount of grafted ferrocene has been calculated by the integration of oxidation and reduction peaks, the average of both values were used for the grafted ferrocene amount determination. The high signal stability overtime (21 days) was another strong indication of a covalent grafting of ferrocene at the electrode. The ferrocene coverage (ᴦ in mol/cm 2 ) on the a-C:N electrode was estimated from the coverage of the charge (Q) of the anodic and cathodic peaks on the voltammograms and by assuming a one-electron transfer with the following equation.

Q nFS 

in which n=1 is the number of electrons involved during the redox event, F is the Faraday's constant, and S is the area of the exposed electrode (0.07 cm 2 ).

The ferrocene coverage was estimated to be 3.9x10 -10 mol. cm -2 . The ferrocene coverage on our amorphous carbon nitride (a-C:N) electrode is higher than the amount grafted on glassy carbon (GC) [ 50 ] and BDD electrodes [ 51 ] modified by similar techniques using aryl diazonium salt and click chemistry to link ferrocene to the a-C:N electrode. To conclude from the electrochemical characterization of a-C:N electrode, The amount grafting on a-C:N electrode is higher than the BDD and GC electrodes [ 50,54 ] and the value is close to the dense packed monolayer of ferrocene [ 55 ]. We successfully grafted higher ferrocene molecules (3.9x10 -10 mol/cm 2 ) on a-C:N electrode than the recently published one (3.7x10 -10 mol/cm 2 ) [ 56 ]. The higher amount of grafted molecules gives the advantages of higher sensitivity for further sensing applications.

Conclusions

The a-C:N films have been synthetized by femtosecond pulsed laser ablation in various conditions of N 2 pressure and DC bias, thus allowing to explore the structure of the films as well as their electrochemical properties within a nitrogen concentration range from 0 to 21 at.%. The main conclusions are the following:

1. The a-C:N electrodes were shown as good electrochemical properties, such as wide potential window, fast electron transfer kinetics and lower potential difference values. These properties make them as good electrodes in electrochemical sensors. 6. The a-C:N (10 at.%) electrode shows a good ability to detect lead ions in the 5-40 µg/L concentration range, with a limit of detection of 1.5 µg/L. 7. The surface coverage of the a-C:N(10%) electrode is higher than the BDD and glassy carbon electrodes, and close to the dense packed monolayer of ferrocene. We have shown the ability to achieve a surface coverage of 3.9×10 -10 mol/cm 2 . This method allows a simple, robust and cost effective functionalization compared to other grafting methods.

The present contribution shows that the nitrogen content and the film nanostructure (in terms of cluster size and order) is a paramount parameter for a-C:N films to exhibit a promising electrochemical detection of electroactive pollutants as well as bio pathogen molecules after surface grafting of the specific affinity receptor. It is expected to be an alternative to boron doped diamond (BDD) electrodes in the near future. Particularly, its room temperature deposition, no specific surface treatment and no catalyst for deposition are the significant advantages over diamond electrodes. These advantages makes a-C:N electrode compatible in semiconductor technology to fabricate micro sensors, which can be easily integrated into microfluidic channels to invent lab-on-chip devices. Chapter 6. N doped graphene: The future material for advanced technology

Introduction

Carbon materials have been investigated very intensively due to their extraordinary properties, which makes them very useful in various applications. In this work, the amorphous carbon nitride materials were studied as potential candidates to be used as electrodes in electrochemical sensors.

Although the amorphous carbon nitride thin films showed good electrochemical properties (wide potential window, fast electron transfer, grafting with ferrocenedimethanol), according to the theoretical and pilot studies, graphene is the best currently known material with excellent properties [ [1][2][3] ]. Graphene has attracted tremendous attention in the fields of electronics, catalysis, energy storage, sensors and in many more potential applications [ 1,[4][5][6] ]. Graphene presents unique physical and chemical properties, such as high surface area (~2630 m 2 /g) [ 2,3,7 ], excellent conductivity, ease of functionalization and production [ 8,9 ]. It is widely used for the design of electrochemical electrodes because of their relatively wide working potential window, low background current, better electron transfer kinetics and relative chemical inertness in most electrolyte solutions, this has opened a new window to the electrochemical biosensors research [ 3,7,[10][11][12][13][14][15] ]. These properties stimulated an intense activity between the researchers and scientists.

Many researches have been focused on developing routes for the controllable growth of high quality graphene. Historically, the graphene can be produced via micromechanical cleavage and SiC decomposition methods [ 1,16 ]. In order to meet even higher requirements, such as a good crystallinity, less impurities and large area coverage, the present most successful fabrication technique focuses on chemical vapor deposition (CVD) on copper [ 16,17 ]. Some other graphene growth methods have also been reported in the recent years including growth of graphene from solid carbon source, graphene synthesis by ion implantation, and graphene formation by decomposition of C 60 [ 18 adsorption, precipitation, segregation and recrystallization. All these processes happen due to the interaction between C atoms and metals. The formation of the graphene on the metal surface was first observed during the preparation of platinum (Pt) and ruthenium (Ru) single crystal surfaces [ 20,21 ]. In fact, the study of the interaction of the C atom and the metals has a long history.

However, the graphene fabricated by PLD method is realized in recent years. By comparing with a conventional CVD method, which usually involves high processing temperature (<1100 o C) and chemical reactive hydrocarbon gas flow, PLD can reach the same goal at relatively lower temperatures. Koh,et al.,[ 22 ] have demonstrated that few layer graphene can be fabricated at 750 o C on Ni plate. Recently, Tite et al., [ 23 ] presented the successful growth of graphene by PLD and demonstrated its potential use in SERS applications. Apart from temperature issue, they also showed that the cooling rate and laser energy are crucial parameters in fabricating such graphene layers. In this chapter, we will present the growth mechanisms of N doped graphene from amorphous carbon nitride thin films.

Metal induced crystallization method, also known as metal mediated or metal catalyzed crystallization method, is a crystalline technique to fabricate mono or polycrystalline materials via the inter diffusion, precipitation, segregation and recrystallization of two materials upon thermal annealing. One of them performs as the catalyst. It is usually a metal, such as aluminum (Al), gold (Au), platinum (Pt), nickel (Ni), cobalt (Co) [ 21,[24][25][26] ], while the other chosen is a semiconductor material, such as germanium (Ge) and silicon (Si). This technique has been widely explored in past years, in particularly for the polycrystalline Si thin film based solar cell investigation [ 27 ]. It has been proposed and experimentally demonstrated in fabricating high crystalline quality and large area polycrystalline Si thin film on various kinds of substrates at low temperature. For both CVD and PVD method used for graphene fabrication, metal induced crystallization method acts as a dominating role during the graphitization process at elevated temperature. One way to realize this method in graphene growth is that amorphous C layer can be easily changed to crystalline graphene layer based on thermal annealing process. This process uses solid carbon sources. In this approach, the carbon was introduced in the amorphous phase with the Ni thin film forming bi-layer stack. Upon high temperature annealing, the C atoms from the a-C layer would dissolve into the Ni layer and be expelled from solution after cooling below the solid solubility limit. By comparing with previous studies about metal-induced Si crystallization, similar mechanism is involved. The driving force for crystallization is thermodynamic stability of the crystalline C and Si phases relative to the amorphous phase.

Graphene is a zero bandgap material and it shows a metallic behavior for many electronic applications. However, its electrical conductivity is not completely controlled like a classical semiconductor. Theoretical and experimental studies have revealed that substitutional doping can alter the Fermi level and introduce a metal to semiconductor transition in graphene [ [28][29][30].

Therefore, we concentrate on N doped graphene synthesis, characterization and its possible future potential applications. This chapter focuses on a new synthesis route of N doped graphene.

Nitrogen doped graphene

Doping is the most feasible method to control the semiconducting properties in the conventional semiconductor community. The B and N atoms are the natural candidates for doping in carbon based materials such as amorphous carbon and graphene, because of their similar atomic size as that of C and of their hole acceptor and electron donor characters for substitutional B-and Ndoping, respectively.

Among possible chemical choices for carbon modification, nitrogen functionalization has long been a natural and widely studied option. Nitrogen-containing carbon structures have attracted great attention in large part because of their abundance, accessibility, and low health risk. In recent years, the study of carbon and nitrogen has expanded into the sub-stoichiometric regime of nitrogen-modified carbons. This modification allows for the beneficial properties of the carbon to be utilized while finely tuning the final electrical, morphological, and chemical properties of the functionalized carbon network [ [31][32][33].

Nitrogen is the natural choice for efficient and beneficial modification due to three specific reasons. Firstly, N is one neighbor away from C on the periodic table and by replacing one C

with N in the carbon network the total number of electrons in the system can be tailored one electron at a time. Secondly, N has an atomic radius similar to that of C, thereby preventing significant lattice mismatch. Thirdly, N-doping can induce an n-type electronic modification to the carbon structure, in analogy to typical semiconducting materials, which enables the potential use of these C-N structures in multiple important applications. The substitutional doping is also a useful method to open bandgap of graphene as proved by the theoretical work about B-, N-and bi-doping in graphene [ 34,35 ]. Through first-principles density functional theory (DFT) and ab initio calculations, the effect of substitutional doping on the structure of graphene as well as on the electronic properties was studied [ 36 ]. The results reveal that the linearity in the dispersion of electronic bands within 1 eV of the Fermi energy is almost unchanged with B-and N-doping, indicating that the doped graphene exhibits the band structure with a linear dispersion relation similar to the band structure of pristine graphene. Nevertheless, bandgap is opened in graphene after substitutional doping with B and N atoms, and the Fermi level lies in valence and conduction band, respectively, showing ideal p-and n-type semiconducting electronic properties for potential applications of graphene in electronic devices.

Many research works on N doped graphene (NG) have emerged in recent years. Recently, a number of approaches have been proposed to synthesize nitrogen doped graphene by direct synthesis [ [37][38][39][40] ] and post treatment [ [41][42][43] ]. The various synthesis approaches and characterization techniques have been explored to obtain N-graphene. The Figure 6.1 shows the overview of different deposition methods, characterization techniques have been used to study the N doped graphene, and it shows possible potential applications. However, the method for production of large-scale N graphene is still lacking. Moreover, synthesizing N-graphene meets problems similar to those encountered during the fabrication of N-CNT. First, controlling the nitrogen type and distribution is unresolved. Second, to achieve nitrogen doping at specific positions on nitrogen atom in the C network and with precise control of doping content is still a challenge, thus new synthesis methods need to be developed [ 30 ]. We have developed a simple and fast processing technique based on fs-pulsed laser deposition (PLD) to grow few layer graphene and N doped graphene (NG) at reduced temperatures of 780 o C. We choose Ni as catalyst. The Ni has received great attention as catalyst for graphene and N doped graphene growth. We chose Ni because it is inexpensive and is a standard material for wide range of applications [ 44,45 ]. Here, we report a new approach, which makes use of amorphous carbon nitride films deposited over a metal substrate to prepare N doped graphene.

The concerns are mainly on the deposited amorphous carbon and the amorphous carbon nitride layers thickness. Our approach is the utilization of a common segregation phenomenon to turn trace amount of amorphous carbon (a-C) and amorphous carbon nitride (a-C:N) dissolved in bulk metals through vacuum annealing process. We synthesized the graphene and the N doped graphene films by femtosecond pulsed laser deposition route of carbonaceous films. This approach provides a simple, fast, cost effective, and low temperature synthesis route, and the open possibility to control the N doping content in graphene. The detailed deposition procedure of a-C and a-C:N films were described in chapter 2. The thickness of the a-C and a-C:N films, measured by a profilometer (Vecco Dektak), is controlled by the deposition time. The experimental parameters are shown in Table 6 

Experimental procedure for N doped graphene synthesis

Results and Discussions

The films have been characterized by various techniques; microstructural and chemical composition have been studied by Raman spectroscopy, and X-ray photoelectron spectroscopy, and the surface morphology has been studied by Scanning electron microscopy (SEM) and Atomic force microscopy(AFM), respectively.

Microstructural properties of N doped graphene: Raman spectroscopy

The characterization and quantitative studies of graphene and N doped graphene mainly relay on fast and nondestructive Raman spectroscopy [ [46][47][48] ]. In the past decades, it has been witnessed that Raman spectroscopy plays an important role in characterizing pyrolytic graphite, glassy carbon, graphitic foams, carbon fibers and carbon nanotubes. Owing to the presence of sp 2 bonds in graphene, Raman spectroscopy gives plenty of inspired information about crystallite size, the introduction of chemical impurities, the optical energy gap, the elastic constant, the doping defects, the crystal disorder, the strain and number of graphene layers. With this respect, the discussion about fs-PLD fabricated graphene and N doped graphene will be addressed.

a) Graphene

The Figure 3 shows the Raman spectra of Ni/a-C/SiO 2 samples before and after being annealed at 780 o C for 30 min in vacuum. The a-C films deposited at room temperature without any annealing

show broad peaks at 1100-1800 cm -1 and 2500-3500 cm -1 indicating amorphous nature of the samples (Figure 6.3, black curve). After thermal annealing at 780 o C the spectra showed sharp peaks (Figure 6.3, red curve). The annealed samples showed the characteristics of graphene fingerprints of D, G and 2D peaks [ 47,49 ]. The presence of well-defined D, G and 2D features observed at ~1380 cm -1 , ~1587 cm -1 and ~2740 cm -1 in the present study reveals the formation of graphene layers. No shoulder was observed on the low frequency side of the 2D peak, suggesting that the stacking between the layers is not AB stacking (without turbostratic graphite) and the interlayer coupling is rather weak [ 23 ]. The G peak is due to the doubly degenerate zone center E 2g vibrational mode, D peak is related to the defects and the 2D peak is due to a second order of the D peak, which originates via a participation of two phonons with opposite wave vectors leading to momentum conservation [ 16,47 ]. From graphene spectra by determining the I 2D /I G , I D /I G ratio and full width half maximum (FWHM) of 2D peak, one can inform the quality of graphene layers [ 16,47,49,50 ]. The intensity ratio of I 2D /I G is ~0.4, which indicates the formation of few layer graphene [ 23,49,51 ]. This synthesis route has been inspired by the work of Tite et al., [ 23 ] in our laboratory. They have synthesized grapheme layers from a-C films elaborated by ns-PLD and have shown the interest of such graphene as robust platform for SERS applications.

The Figure 6.4 shows the thickness dependent Raman spectra of graphene at a Raman wavelength of 442 nm. In this scheme, we found the number of graphene layers and the intensity ratio of D and 2D bands to G band greatly affected by the thickness of the a-C layer. The D band is less intensive and the 2D band is greater among those three spectra when the thickness of the a-C layer is at 10 nm. The most notable feature is the appearance of 2D peak, whose position and shape revealed the formation of bilayer or few layer graphene (FLG) [ 47,49 ]. The film with 10 nm of a-C thickness shows a very prominent 2D band compared to the other a-C thicknesses (2 and 5 nm). Then we chose the optimization thickness of C layer at 10 nm, throughout the deposition of a-C and a-C:N films.

The formation of graphene on nickel substrate was explained by the diffusion and the segregation process [ 26,52 ]. First carbon atoms diffuse into the nickel lattice while annealing at the temperature on the thickness of a-C film. In our case, we grew the graphene by fs-PLD at a lower a-C thickness of 10 nm, which is less compared to some already reported graphene growth techniques, so we expect that we can grow good quality and few layer graphene by fs-PLD at low annealing temperature and time. The graphene obtained from a-C grown by fs-PLD presents less defective sites since the I 2D /I D is lower in our case. More reduced thicknesses of a-C films of 2-5 nm and characterization techniques are required to comment precisely on the quality and the number of graphene layers.

b) N doped graphene

Raman spectroscopy is an effective tool to detect the doping effect of Graphene [ 30,44,47,56 ]. The and 2737 cm -1 in NG, respectively. The D peak is located at ~1370 cm -1 , which is activated by defects, i.e., in plane substitution, heteroatoms, vacancies or grain boundary edges [ 56,59 ], through an inter-valley double resonance Raman process, in which the defects provide the missing momentum in order to satisfy the resonant process.

The D peak in graphene and N doped graphene is due to the activation of defects. By doping of nitrogen atoms in the graphene network, the intensity of D peak rises in N-doped graphene rapidly, the defects may include bonding disorder and vacancies in graphene lattice by nitrogen doping. The different Raman parameters were listed in Table 6.2, deduced from deconvolution of Raman spectra of graphene and N doped graphene. One can clearly see from the Table 6.2 that the intensity ratio I D /I G of graphene (I D /I G =0.38) and N doped graphene (I D /I G =0.63), is increased by N doping. This is the indication that doping of graphene, will introduce defects. The 2D peak originates from the two phonon double resonant process and it does not need defects to fulfil the resonant condition [ 56,59 ]. The intensity of 2D peak is strongly affected by the electron/hole scattering rate [ 56,6039,61 ].

Previous studies revealed that the intensity of 2D peak is sensitive to the lattice defects and doping in graphene [ 60 ]. The I 2D /I G ratio of N doped graphene is smaller than the graphene (Table 6.2). The decrease of the intensity of the 2D peak in NG is shown by Raman mapping (Figure 6.6b). The Raman mapping also confirms the homogenous doping in graphene.

(a) (b)

Raman @ 442 nm D (cm -1 ) G (cm -1 ) 2D (cm The 2D to G intensity ratio (I 2D /I G ) in N doped graphene which is at value of 0.2, is much lower than the reported value of 0.6, which corresponds to a doping level of > 4 x 10 13 cm -2 [ 57 ].

We observed a small shifting of G and 2D peak in NG compared to the graphene. The amount of blue shift is 4 cm -1 and red shift 5 cm -1 for G and 2D peak in N doped graphene compared to the graphene respectively. There are several possible origins for the shifting of Raman peaks, including effect of doping and strain [ 57,62 ]. The shifting of G and 2D peak values are comparable with previous reported data [ 63 ]. The electron/hole doping in graphene affects the interaction between optical phonons and the Dirac fermions transitions across the zero bandgap of graphene.

Hence, the G band phonon shows a stiffening as well as bandwidth sharpening with doping. For 2D peak, the influence of dynamic effects is very weak and it is only affected by the modification of the equilibrium lattice parameters with a consequent stiffening/softening of the phonons, with the hole doping resulting in a blue shift, and the opposite is true for electron doping [ 57 ].

Nitrogen doping was found to introduce n-doping in graphene and carbon nanotubes [ 39,64,65 ], and hence should cause a blue shift of G peak and red shift of 2D peak [ 65 ] or no obvious 2D peak shift as presented by Das et al., [ 57 ]. Therefore, the blue shift of G and red shift of 2D peak in our system confirm the doping is a n-type doping even though a very small shift of G and 2D peak was observed.

The width of D, G and 2D peaks in N doped graphene are broadened in contrast to the graphene, which can be attributed to the various bonding structures and defects after doping. The ratio of D to G bands integrated intensities (I D /I G ) can be used to estimate the crystallite size (L a ) of graphene [ 46,47 ]. We calculated La of graphene according to the following equation [ 66 ]. 

where, λ is Raman excitation wavelength (λ=442 nm).

The I D /I G ratio of graphene and N doped graphene are taken at 0.38 and 0.63, which corresponds to crystallite sizes of 24 nm and 14 nm, respectively. Therefore, with the nitrogen doping the crystallite size decreases. It confirmed the doping in the graphene network.

The surface also plays a very important role in different applications and it shows the quality of the films. The surface was examined by Scanning electron microscopy (SEM) and Atomic force microscopy (AFM) techniques.

Surface morphology (SEM and AFM)

The Figures 6.7a It is evident from the micrograph that the graphene and the N doped graphene films are uniform.

One can clearly see the formation of layer structures in both the films. No appreciable difference was observed between the films. The Figure 6.8 shows the AFM images of graphene and N doped graphene. The roughness values (Ra) were calculated for both the graphene and N doped graphene films; we observed a very small difference, though negligible as the roughness values of graphene is at 9 nm and N doped graphene is at 6 nm.

Even though we have got the evidence of doping by Raman spectroscopy, we need to confirm the doping and address information on chemical bonding information in N doped graphene.

Therefore, we used the X-ray photoelectron spectroscopy technique to study the nitrogen evidence and content, chemical composition and bonding between carbon and nitrogen in N doped graphene.

Chemical composition in N doped graphene: X-ray photoelectron spectroscopy (XPS)

A large variety of nitrogen-containing functional groups can be introduced in graphene network by nitrogen doping, such as pyridinic, pyrrolic, amine, and quaternary nitrogen (Q-N) as reported in Figure 6. However, many problems still exist to assign nitrogen containing functional groups. The problem is the unclarity of C1s shifts with nitrogen containing functional groups. Some research groups have used two types of C-N bonding such as sp 2 C-N and sp 3 C-N for C1s shifts from 0.6 to 1.5 eV and from 1.6 to 3.0 eV, respectively [ 38,40,43 ]. However, most research groups explain only N1s spectra without clear explanation of C1s spectra. One of the reasons for the difficulties is the insufficient references of C1s spectra of nitrogen containing functional groups, and a lack of appropriate model compounds to obtain accurate assignments. Another reason should be the presence of oxygen-containing functional groups for most carbon materials. Even for oxygen containing functional groups, the assignments are complicated [ 71 ]. Thus, the assignments of C1s spectra including both oxygen and nitrogen containing functional groups are extremely challenging.

XPS is a standard technique to study the nitrogen doping in graphene. The Figure 6.9 shows the typical XPS general scan spectra of graphene and N doped graphene on nickel surface after growth. In the XPS spectrum of N doped graphene the peaks appearing at about 398.00 eV and 284.00 eV corresponds to the N1s and C1s respectively. The N doped graphene shows an obvious N1s peak whereas there is no detectable N peak in pure graphene, which confirms the nitrogen doping of graphene. The oxygen (O1s peak) was observed in both graphene and N doped graphene, which is possibly due to physisorbed oxygen on the graphene surface. The higher peak intensity ratio of O1s and C1s in N doped graphene suggests stronger oxygen adsorption ability on N doped graphene surface. The Figure 6.10a shows the comparison of C1s spectra of graphene and N doped graphene. We can clearly see that the C1s spectra of N doped graphene shifts to higher binding energies and is broadened by nitrogen doping. The broadened spectra reveal the C atoms bonded to different N functionalities, as detailed later. The Figure 6.10b shows the N1s spectra of N doped graphene.

This clearly evidenced of N incorporation in the graphene network.

To study the possible hybridization of C and N in N doped graphene, the C1s and N1s spectra of N doped graphene have been deconvoluted into different components, as reported in Figure 6.11a and 6.11b. The deconvolution scheme was stated in the experimental section in the chapter 2. 

(b) (a)

The nitrogen content in N doped graphene is deduced at 3 at.%. The N1s and C1s spectra of N doped graphene were deconvoluted into three components. The C1s spectra of N doped graphene shows three components at 284.29 eV, 285.34 and 286.14 eV, which are assigned to the graphitic-like sp 2 , N-sp 2 C and N-sp 3 C, respectively, originating from the substitutional doping of graphene [ 38 ]. The N1s peak in N doped graphene is deconvoluted into three components centered at 398.40 eV, 400.81 eV and 402.51 eV, corresponding to pyridinic-N, pyrrolic-N, and graphitic-N [ 38,72 ], respectively. The pyridinic-N type of functionality is dominating in our N doped graphene film, consistent with theoretical prediction that N atoms are more thermodynamically stable at the edges of graphene lattice [ 41 ].

In the pyridinic-N, the nitrogen atoms are at the edges of the graphene planes, they are bounded to two carbon atoms and they donate one p electron to the aromatic π-system. As previously stated, the graphitic-N promotes the oxygen reduction reaction (ORR) activity, whereas pyridinic-N suppresses the ORR activity. As claimed by some researchers [ 73 ], the density functional theory (DFT) modeling shows that graphitic-N lowers the adsorption energy of oxygen and facilitates the first electron transfer. However, the ORR is catalyzed through a ring-opening process of the cyclic C-N bond, resulting in the formation of pyridinic-N [ 74 ]. In contrast, many other papers stated that pyridinic-N does not suppress but facilitates the ORR activity [ [75][76][77][78][79][80] ]. The DFT calculations show that pyridinic-N enhances the O 2 adsorption on the neighboring carbon atoms by inducing high spin density and positive atomic charge density to the neighboring carbon atoms, and thus, it promotes a four-electron process of ORR [ 81,82 ]. According to the recent study, the pyridinic-N type dominance is highly active and stable electrocatalyst for oxygen reduction activity [ 82 ]. The Pt is a widely used catalyst in ORR activity, but due to shortage and susceptibility to CO poising [ 83,84 ], replacing it became a big concern. Our prydinic-N dominance N doped graphene could be the catalyst in near future.

Recently, the laser-grown graphene electrode elaborated in our group showed a very high electrochemical performance and a great capability to electrochemical functionalization [ 15 ]. We are expecting that our N doped graphene will be an excellent electrode in electrochemical sensors and functionalization of surface by biomolecules in near future.

Opening and tuning the energy gap in graphene is possible by heteroatom doping and it is central to many electronic applications [ 85 ]. With our N doped graphene, it is expected that the tuning of nitrogen content in a-C:N films will affect N doped graphene by leading to different N contents, which will tune the bandgap in graphene. It is expected that our N doped graphene could be a promising material in many electronic applications in future.

Conclusions

We developed a simple and efficient method to synthesize N doped graphene layers. Our N doped graphene was synthesized through vacuum annealing of a sandwiched Ni/a-C:N(10 nm)/SiO 2 substrate at a low temperature by the utilization of common segregation phenomenon.

The amorphous carbon nitride and nickel layers have been deposited on SiO 2 substrate by femtosecond pulsed laser deposition and thermal evaporation techniques, respectively. The N doping has been confirmed by Raman spectroscopy and XPS. By doping, the 2D band intensity ratio decreased compared to the graphene and Raman mapping confirmed the homogeneous quality of N doped graphene. The C-N bonding configuration is found to be pyridine N type bonding with a high N concentration at 3 at.%. With our simple and fast approach, useable at low temperature, we can obtain the desired types of N bonding and a high N concentration. It is expected that it will be possible to tune the N content values. This type of N-doped graphene could be a promising material for electrochemical sensors, electrochemical energy devices, and bioelectronics and biosensors applications.

Conclusions and future perspectives

Conclusions

This manuscript is a contribution to a multi-laboratory research program dedicated to the synthesis and characterization of nitrogen containing carbon-based films, deposited by femtosecond pulsed laser ablation. Considering the wide bibliography already published on such kind of films, we have focused our contribution to a deeper and continuous collaboration between a less explored deposition process (femtosecond pulsed laser deposition, with DC plasma assistance), complementary surface analysis and electrochemical investigations of the films, up to the electrochemical functionalization of a CN electrode by organic molecules for future experiment dedicated to the detection of pathogen agents. Direct synthesis of nitrogen doped graphene by femtosecond PLD has also been explored.

The main scientific conclusions are the following:

A. Influence of nitrogen partial pressure on the a-C:N films properties  Amorphous carbon nitride (a-C:N) films with a nitrogen content up to 18 at.% were grown on by conventional femtosecond pulsed laser deposition as a function of nitrogen partial pressure without using any bias assistance.

 The C1s XPS showed that the CN bonds increases at the expense of CC bonds with the increase of N content in films.

B. Influence of DC bias assistance on the a-C:N films properties

 With DC bias assistance femtosecond pulsed laser deposition, higher N content up to 28 at.% have been obtained in a-C:N films.

 High N contents are associated to more ordered sp 2 rich graphitic clusters in terms of both structural and topological order.

 The evidence of bonding dependence on N content was not fully understood.  The surface coverage of the a-C:N(10%) electrode is higher than the BDD and glassy carbon electrodes, and is close to the dense packed monolayers of ferrocene.

 We have shown the ability to achieve a high surface coverage of 3.9x10 -10 mol/cm 2 .

F. N doped graphene

 We successfully synthesized the few layer graphene and N doped graphene by amorphous carbon nitride (a-C:N) deposited by fs-PLD.

 On doping, the intensity of 2D peak decreases, which confirms the doping of the nitrogen in graphene network.

 We obtained the high N content 3 at.%.  Pyridinic-N type is dominating in our N doped graphene.

 Our approach is simple, fast, cost effective, and allows selective types of bonding and may be the possibility of controlling the doping content.

Future Perspectives

In this section, we present works that are potentially interesting to be performed in near future as a direct perspective of this work.

We successfully synthesised a-C:N films by femtosecond pulsed laser deposition technique, elaborated its physical, chemical and electrochemical properties and studied its potential use in electrochemical sensors applications.

As a direct perspective to this work, we propose some interesting studies,  In thin films deposition, the substrate plays a vital role in many potential environmental friendly applications. It would be interesting to study the deposition of amorphous carbon nitride by fs-PLD on flexible substrate (polymer) in analytical microsystems to study the detection of heavy metals, bio pathogens and contaminants in flow water. The functionalization of surfaces, and attachment of DNA molecules will improve the sensitivity of electrode in bio sensors applications.

 It would also be interesting to study the dependence of the temperature on the a-C:N films deposited by conventional fs-PLD and reactive fs-PLD and to study the effect on its physical, chemical and electrochemical properties.

 As a-C:N electrodes showed great electrochemical properties, si it would be very interesting to develop nitrogen doped amorphous carbon in analytical microsystem by micro/nano matching with a femtosecond lasers. Thus, developed microsystems are very promising in micro-fluidic channels, lab on chip devices, and bio sensor applications.

 We successfully showed the ability of the grafting on a-C:N electrodes to increase the sensitivity of electrode. An extension of this work could lead to attach bio molecules like DNA onto a-C:N electrode to be used as bio sensors in many biological applications.

 When films are doped with heteroatoms, their properties are altered, especially electrical properties. It would be interesting to study electrical properties of a-C:N films by four probe method as it will explain the good performance of electrodes used in electrochemical sensors. This would help to develop more sensitive and selective electrodes for future development in analytical microsystems and replace the toxic mercury and boron doped diamond electrode in analytical microsystems.

 The films behavior would be better understood by a further study of in-depth characterization a by the development of the theoretical models.

 We need higher resolution optical emission spectroscopy techniques to understand better the nitrogen plume diagnostics, and get a more precise understanding of the effects of N 2 pressures and DC bias assistance on film microstructural and chemical properties.

 We showed the successful deposition of graphene by fs-PLD technique. We need to do perform more experiments and characterization techniques to comment on the quality and the number graphene layers. It is also necessary to transfer the graphene on flexible substrate as it is required to study its electrical properties and its potential use in environmental, energy storage and conversion applications.

 We developed the new synthesis route to grow the N doped graphene by fs-PLD technique from direct conversion of a-C:N films by ex-situ annealing. We need to do more experiments to see if it would be possible to tune different N contents and study its properties by more sophisticated material characterization techniques, such as STM and HRTEM for knowing the number of layers and its electrical properties.

 It would be important to develop the theoretical model to understand better the growth mechanism of N doped graphene from a-C:N films by fs-PLD technique.

 The nitrogen doping in graphene tunes its energy gap. So it is needed to study electrical properties of N doped graphene to know its band gap as it is promising material for many electronic applications. Before studying its electrical properties, we need to transfer the N doped graphene on desired types of substrate.

Conclusions and future perspectives
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 It is necessary to study the characteristics of pyridinic-N type, as the growth of pyridine dominance N doped graphene films would be useful in electrochemical, catalyst in ORR activity, and biosensors applications.

 Direct writing of graphene patterns on insulating substrates under ambient conditions can be achieved by femtosecond laser direct writing (LDW) process without needing extra transfer to produce the patterns. This provides a facile and cost effective way to fabricate the complex and high quality graphene patterns directly onto the target substrate, which opens a door for the fabrication of various advanced future functional devices.

 As the interest in laser matter interaction is growing, the new synthesis routes are highly accessible in industry to develop simpler, cost effective, and environmental friendly devices. It would be possible to synthesis the N doped carbon nanotubes (N-CNT) by fs-PLD technique. The N-CNT has a big potential in a wide variety of applications in sensors, biomedical, solar cells, hydrogen storage, super capacitors, water treatment and microelectronics. A quasi reversible electron transfer process results in a peak-to-peak separation (ΔE p ) that increases with the scan rate (𝑣) and this effect allows one to calculate a heterogeneous electron transfer rate (k°) using the commonly used Nicholson method [1] :
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𝜓 = 𝑘°! ! ! ! !/! !" !"#! ! ! (eq. S1)
where 𝜓 is the dimensionless kinetic parameter determined from ΔE p , α the electron transfer coefficient, n the number of electrons transferred during the redox event, D O and D R are respectively the diffusion coefficient of the oxidized and reduced forms of the redox mediator, F the Faraday constant, R the gas constant value and T the temperature. In the case of ferrocene redox probe, D O and D R are assumed to be equal and that the reduction and the oxidation kinetics are symmetrical, i.e., α ≈ 0.5 so that eq. S1 can be simplified to

𝜓 = 𝑘°! " !"#$%
(eq. S2)

𝜓 is calculated using an empirically determined working function [2] for a given ΔE p :

𝜓 = (!!.!"##!!.!!"#!∆! ! ) (!!!.!"#!∆! ! ) (eq. S3)
where ΔE p is given in mV and limited to values below ca. 220mV.
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 11 Figure 1. 1 Schematic of a biosensor with electrochemical transducer [ 3 ].

Figure 1 . 2

 12 Figure 1. 2 Important aspects for choosing electrochemical sensors for environmental monitoring.

(Figure 1 . 3

 13 Figure 1. 3 Ternary phase diagram of different amorphous carbon types [ 54 ].

  [ 99 ] two ternary phase diagrams of amorphous carbon nitride (a-C:N) film with and without hydrogen were presented. The diagram is shown in the Figure 1.4.

Figure 1 . 4 Figure 1 .

 141 Figure 1. 4 Ternary phase diagram of amorphous carbon nitride (a-C:N) alloys, without hydrogen (left) and with hydrogen (right) showing sp 3 , sp 2 and N content [ 99 ].

Figure 1 . 5 (

 15 Figure 1. 5 (a) The chemical bonding in C 3 N 4 phase, (b) Different CN x bonding configurations, paired bonds are depicted as lines, unpaired electrons are represented by one dot and paired electrons in non-bonding lone pair as two dots [ 100 ].

  the XPS nitrogen and carbon peaks were simulated normally by the sum of various individual peaks related to different atomic bonding configurations. Similarly, the interpretation of Raman spectra in carbon nitride films suggested the formation of single bonded CN phases and difficulties associated with the interpretation of the different spectra [[START_REF] Ferrari | Interpretation of Infrared and Raman Spectra of Amorphous Carbon Nitrides[END_REF]126 ]. Therefore, it is necessary to characterize amorphous carbon nitride films with careful attention by using many techniques before claiming any conclusions. In this work, we focused on CN bonding regimes present in a-C:N films by different complimentary characterization techniques such as Multiwavelength Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and Electron energy loss spectroscopy (EELS). These techniques allow us to draw common arguments of amorphous carbon nitride in between microstructure and chemical structure. The microstructure and chemical bonding depend on the deposition techniques used.

Figure 1 . 6

 16 Figure 1. 6 Schematic diagram of laser ablation process., (a) Initial absorption of laser radiation, melting and vaporization begin, (b) Melt front propagates into the solid, vaporization continues and laser plume interactions start to become important, (c) Absorption of incident laser radiation by the plume, and plasma formation, (d) Melt front recedes leading to eventual re-solidification [ 150 ].

  The approximate time scales in nanosecond and femtosecond energy absorption and laser ablation process are given in the Figure1.7. The most important advantage of femtosecond laser is that the pulse duration is shorter than the characteristic relaxation times, such as the electron to ion energy transfer time, electron heat conduction time and hydrodynamic or expansion time. They all occur in very short time scales, on the order of several picoseconds after the laser absorption. These offers a reduced thermal damage and heat affected zone in the target due to the negligible heat conduction and hydrodynamic motion during the laser pulse duration [ 240 ].

Figure 1 . 7

 17 Figure 1. 7 The energy absorption and laser ablation process in nanosecond and femtosecond at approximate time scales along with various process [ 240 ].

with a quartz window of 5

 5 mm thickness and positioned at 45 o relates to the target. The window allows the transmission of the laser beam incident on the outer face with an energy loss estimated on the both sides approximately at 10 %. The chamber has two manipulators, which are positioned at 90° to each other. The first manipulator is for substrate and has substrate holder, with a four-degrees of freedom (3 directions in space and a 360° rotation), which allows to change the substrate at specific position. The second one is the target holder, it has two degrees of freedom, one allows to vary the target to substrate distance, and the other allows to rotate the motor to 360° and the motor allows us to work with different targets. The target holder has eight rotatory targets that can change the choice of different target position during the deposition. The distance between the target and the substrate can varied by rotating the substrate and target holders. The nitrogen pressure (of purity 99.9995%) is allowed by a micro valve, which is controlled by Alicat Scientific mass flow controller. The flow rate of N 2 pressure is constant at 20 SCCM of flow for all the experiments.

Figure 2 . 1

 21 Figure 2. 1 Schematic view of the film deposition vacuum chamber in fs-PLD.

  a-C, a-C:N and N doped graphene films. The Legend consists of two basic parts, oscillator and amplifier. The Figure 2.2 shows the schematic of laser system. The oscillator produces the femtosecond laser pulses of low energy, which is amplified by amplifier with principle of chirped pulse amplification (CPA). The oscillator is pumped by optically pumped semiconductor laser, operated at ~5 W power and 532 nm wavelength. The mode-locked oscillator produces ~0.5 W output power at a repetition rate of 80 MHz. The output pulses have a bandwidth of 85 nm and a wavelength of 800 nm. The ultrashort pulses are developed in the cavity by a passive mode locking technique.

Figure 2 . 2

 22 Figure 2. 2 Schematic of chirped pulse amplification (CPA) of femtosecond laser system.

Figure 2 . 3

 23 Figure 2. 3 Size of the laser spot on graphite target according to the position of the focusing lens.

Figure 2 . 4 .

 24 The scheme of the two experimental configurations is shown in the Figure2.5. The deposition has been carried out with and without the DC power supply in order to study the effect of plasma assistance on the composition and the properties of growing films, especially in terms of nitrogen content and carbon hybridization. Before the deposition, the chamber was pumped until a base pressure of 10 -4 Pa. A mass flow controller regulates the static pressure of N 2 flux between 0-50 Pa pressure and DC discharge voltages between 0-350 V were used to deposit the films. For all the deposition conditions, the laser fluence is kept constant at 5 J/cm 2 . All the deposited films along with their deposition rates and with deposition conditions DC bias and N 2 pressures are listed in the Table2.1.

Figure 2 . 4

 24 Figure 2. 4 Snapshot of nitrogen plasma under DC bias.

Figure 2 . 5 Table 2 . 1

 2521 Figure 2. 5 Schematic view of the deposition configuration, a) Without bias assistance, b) with bias assistance.

  based technique were used to record the optical emission of the ablation plume. The first one was Optical Emission Spectroscopy (OES): the emission from the first 7 mm of the plume along the ejection axis was collected in an UV-Visible optical fiber through a 35 mm focal lens. The signal from the fiber was sent into a Princeton Acton SP2150 spectrometer coupled with a Princeton PIMAX-3 Intensified Charge-Coupled Device (ICCD) camera, giving it a spectral resolution under 0.25 nm, with a temporal resolution of 10 ns (The PIMAX3 UV-Visible (250-900 nm) are

Figure 2 . 6

 26 Figure 2. 6 Experimental setup used for the Optical emission spectroscopy and 2D imaging of the plasma.
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 527 Figure 2.7. The most disordered carbons are dominated by the G and D modes of graphite, like in all the carbon materials; even if they do not have any particular graphitic ordering [ 6 ].

Figure 2 . 7

 27 Figure 2. 7 Comparison of typical Raman spectra of carbons [ 6 ].

where, C 2 (

 2 λ) is constant depends on the laser wavelength. The equation 7 and 8 are represented in the Figure 2.8.

Figure 2 . 8

 28 Figure 2. 8 Variation of intensity ratio of I(D)/I(G) with in plane correlation length L a [ 2 ].

Figure 2 . 9

 29 Figure 2. 9 Schematic of the factors affecting the position and heights of the Raman G and D peaks of disordered carbons [ 6 ].

Figure 2 .

 2 Figure 2. 10 G peak position values of a-C film obtained with different peak fitting function compared with literature data [ 9 ].

  Raman signals were acquired by a spectrometer equipped with a charge-coupled device (CCD) camera; all the spectra have been corrected by subtracting the normalized background spectrum with a similar silicon substrate. The Raman spectra were deconvoluted by a combination of an asymmetric Breit-Wigner-Fano (BWF) function for the G band, and a Lorentzian function for the D band and the CN stretch band observed in films.

  schemes are very important to investigate the chemical environment of carbon-based materials. During peak fitting, a set of components are crucial in order to validate the peak fitting such as expected number of different bands, chemical shifts, full width half maximum (FWHM) and type of fitting. The following considerations are taken into account in deconvolution of spectra of carbon based thin films. Such a suitable background type is very crucial in peak fitting. There are numerous background types available in XPS fitting. However, a linear or a Shirley type of background is widely used as background subtraction type. The applied background influences the choice of line shapes. Example, a Shirley type background reduces the asymmetry of the components. In our work, we used the Shirley type background[ 29 ]. A suitable line shape is also important in order to fit the observed components of the core level spectra, different line shapes were used for the deconvolution of amorphous carbon (a-C) and amorphous carbon nitride films (a-C:N) [28,30,31 ]. In our work, we used the mixture of Gaussian and Lorentzian functions. The Lorentzian function could be used to measure the lifetime of photoionization process and the Gaussian function could be used to account for the instrumental resolution and chemical disorder. The combinations of Gaussian and Lorentzian line shapes are commonly used to fit the core level amorphous carbon nitride films [28,30,32 ]. The FWHM of each component should match to the instrumental and material expectations and as well as previously reported, the data and number of peak fit should be reasonable. The possible C1s and N1s assignments that were proposed by S.E. Rodil et al.[ 33 ] are presented in the Figure2.11.
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 2 Figure 2. 11 Deconvolution of the core level lines using a maximum of four Gaussian and the common assignments found in the literature [ 33 ].
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 2 Figure 2. 12 Schematic of the EELS spectrum.

Figure 2 .

 2 Figure 2. 13 Schematic illustration of signal generated from electron beam -specimen interaction [ 38 ].

Figure 2 .

 2 14a, a typical reduction occurrs from (a) to (d) and an oxidation occurrs from (d) to (g). In the forward scan, the potential is first scanned negatively, starting from a greater potential (a) and ending at a lower potential (d). The potential extreme (d) is called the switching potential, and is the point where the voltage is sufficient to have cause an oxidation or reduction of an analyte. The reverse scan occurs from (d) to (g), and is where the potential scans positively. This cycle can be repeated many times during a single scan, and the scan rate can vary. The slope of the excitation signal gives the scan rate used [41,42 ].

Figure 2 .

 2 Figure 2. 14 (a) A typical cyclic voltammetry potential waveform, and (b) cyclic voltammogram [ 41 ].

[ 41 ]

 41 ∆E p = 0.059/n [V] (at 298 K)(2.1) This value is independent of the scan rate for fast electron transfer, increasing values of ∆Ep as a function of increasing scan rate indicates the presence of electrochemcial irreversibility. The value of ∆E p used in the calculation of the heterogeneous electron transfer rate constant (k s ) for the redox reaction.b. Instrumentation of cyclic voltammetry (CV)All the electrochemical measurements are carried out in a conventional one compartment-threeelectrodescell in a Faraday cage with an internal volume of 3 mL (Verre Equipements, Collonges au Mont d'Or, France). The electrochemical cell is hermetically closed on one side with amorphous carbon (a-C) or amorphous carbon nitride (a-C:N) electrodes of thickness around 100 nm, and on the other side, a planar platinum electrode was used as the counter electrode. A KCl Saturated Calomel Electrode (SCE) from Radiometer Analytical (Villeurbanne, France) was used as a reference. The measurements are performed by using a multichannel potentiostat VMP3 (Bio-Logic Science Instruments, Pont de Claix, France). The electrochemical results are recorded and analysed using EC-Lab software from BioLogic Science Instruments. The electrochemical characterization of a-C and a-C:N films are studied by CV starting from -0.2 V vs SCE to 0.8 V vs SCE repeated 3 times in an aqueous solution containing NaClO 4 0.1M as support electrolyte without any redox species in solution. Several scan rates were tested from 1V/s down to 5 mV/s and only the last cycles were used for data interpretations. After measurement, electrochemical cells containing all electrodes were rinsed with Milli-Q water and ethanol and the electrodes were kept 2-5 hours in water to ensure any physio-adsorbed species. C. Differential Pulse Anodic Stripping Voltammetry (DPASV) Stripping voltammetry is a sensitive electroanalytical technique for the determination of metals or metal complexes, especially heavy metals in water. The technique usually consist of a preconcentration of the metals in the electrode surface, followed a potential sweep to dissolve preconcentrated species of interest, making the quantification of them. Depending on the nature of the analyte, different modes of concentration analysis are used. The stripping step may consist of a positive or a negative potential scan, creating either an anodic or a cathodic current respectively. Hence, Anodic Stripping Voltammetry (ASV) and Cathodic Stripping Voltammetry (CSV) are two specific stripping techniques. The most common is the Anodic Stripping Voltammetry (ASV). The stripping techniques have lower detection limit than any of the commonly used electrochemical techniques, and the preparation of the sample is low, in addition the sensitivity and the selectivity are excellent [ 43 ]. This procedure consist of three main steps: pre-concentraion step, this step provides different modes for preconcentration of the analyte on the working electrode, which can be summarized by two way, electrochemically (with or without potential stimulus) and by adsorptive. Thanks to this step is achieved the species concentration in volume very much smaller compared to the volume of the solution. To achieve reproducible results is necessary control the hydrodynamic parameters (pre-concentration time, stirring, temperature, electrode area and initial potential applied. The pre-concentration allows an increase of sensitivity of other 2 or 3 orders of magnitude, making it feasible to operate with analyte concentrations 10 -10 M or even lower, sensitivities comparable with others techniques not electroanalytical characterized by high sensitivity. Step of Resting: After a time perfectly measured, stops electrolysis and stirring, but remains constant initial potential. During this time, is achieved the homogenizing of the substance on the electrode and recovering the diffusion regime. Step of Stripping: During this step, the deposited analyte is determined by a procedure voltammetric by stripping itself, through a potential sweep in the opposite direction to the initial. This sweep can be performed by various techniques (eg, differential pulse, square wave, linear sweep or staircase). The simplest technique is Linear Sweep Voltammetry (LSV) where the potential is scanned linearly as a function of time. Another commonly used technique is Differential Pulse

. 1 Introduction

 1 carbon nitride (a-C:N) films by femtosecond pulsed laser deposition with and without DC bias assistance along with their deposition parameters. The characteristics of optical emission spectroscopy and spectral resolved 2D imaging were discussed, which were used to study the ablation plasma plume to understand the formation mechanism of thin films and address high nitrogen incorporation into the films. In the last part, we presented different characterization techniques which were used to characterize the films with their instrumentation and operation.Different characterization techniques are used to characterize the films for their surface morphology, physical chemical and electrochemical properties discussed.Chapter 3. a-C:N thin films: Results and Discussions 3In this chapter, we present the results and their analysis of amorphous carbon (a-C) and amorphous carbon nitride (a-C:N) thin films deposited by femtosecond pulsed laser deposition on Si and NaCl substrates at 5 J/cm 2 constant laser fluence. The detailed experimental procedure of thin films deposition and different characterization techniques along with their instrumentation and operational conditions were described in the chapter 2.

  thicknesses of the films were measured by DekTak profilometry, the thickness values of different films were obtained in the 50-200 nm range. Different film thicknesses were used, depending on characterization techniques was used to study the chemical, structural and electrochemical properties of amorphous carbon nitride (a-C:N) films. In particularly, the 50 nm thickness films were used in X-ray photoelectron spectroscopy (XPS) technique, 100 nm thickness films was used in Raman spectroscopy and Cyclic Voltammetry (CV) technique, and 150-200 nm film thickness was used in Electron energy loss spectroscopy (EELS) measurements.

Figure 3 .

 3 1 shows the SEM images of a-C and a-C:N films deposited by femtosecond PLD.The films were deposited at constant laser fluence of 5 J/cm 2 . The deposition conditions are (a) a-C film deposited without nitrogen partial pressure and DC bias assistance, (b) a-C:N film deposited at 10 Pa N 2 pressure and without DC bias assistance, (c) the Biased a-C:N film deposited at 5 Pa N 2 pressure and 250 V bias assistance. The surface morphology of the deposited films was studied by scanning electron microscopy. All the films surfaces were found smooth and without cracks, and a low number of nanometer sized particles was observed. The nitrogen incorporated films (a-C:N) showed larger size nanoparticles than the pure a-C films, the nanoparticles density is increased in DC bias assistance deposited films (biased a-C:N). The particle formation is a very complex phenomenon, electrostatic forces, coulomb repulsion, atomization and spallation can be involved in particles formation as it is described in previous reports [1,2 ]. The nanoparticles are considered to arise from the condensation in the gas phase or direct sputtering from the liquid phase [[2][3][4] ]. This kind of nanoparticles generation has been observed in other experiments carried out by femtosecond pulsed laser deposition[ 5,6 ]. A similar surface morphology was observed for the films deposited at other deposition conditions.
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 3132 Figure 3. 1: SEM images of films deposited by femtosecond PLD with and without DC bias assistance at fluence 5 J/cm 2 , (a) pure a-C film, (b) a-C:N film deposited at 10 Pa P N2 pressure, (c) Biased a-C:N film deposited at DC voltage 250 V and 5 Pa P N2 pressure.

Figure 3 . 3

 33 Figure 3. 3 Nitrogen concentration revealed by XPS as a function of nitrogen pressure.
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 3435 Figure 3. 4 C1s and N1s XPS signals, depending on the N content values from 0, 4, 10, 12 , 16 and 18 at.% .

Figure 3 . 6

 36 Figure 3. 6 EELS spectrum of carbon and nitrogen K edges of a-C and a-C:N films with different nitrogen content at 10 and 15 at.%

Figure 3 . 7 (

 37 Figure 3. 7 (a) N content of a-C:N films deposited at 1 Pa and 5 Pa, (b) bulk plasmon losses with nitrogen partial pressure. (c) EELS C-K edge energy loss with nitrogen partial pressures in a-C:N films, (d) EELS π/σ ratio vs nitrogen partial pressure.

  .9a shows the variation of I(D)/I(G) ratio as a function of N content at 325 nm excitation wavelength. The I(D)/I(G) ratio is used to give a qualitative assessment of the induced disorder in the sp 2 domains and is also related to the clustering of sp 2 phase. We can see that as the nitrogen content increases within the films the I(D)/I(G) ratio also increases until 16 % after that it decreases with the increase of N content above 16 %. The increase in the I(D)/I(G) ratio relates to an increase in the number and size of disordered sp 2 sites [ 28 ]. According to the relation proposed by Ferrari et al. correlation between I(D)/I(G) relates to correlation length L a . The relation is valid for crystalline size smaller than 2 nm.
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Figure 3 . 8

 38 Figure 3. 8 Raman spectra at 325 nm excitation of films prepared at different nitrogen pressures (showed in inset).
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 39 Figure 3. 9 (a) Variation of G position and I(D)/I(G) ratio, (b) G peak dispersion and FWHM (G) versus n content deduced from Raman measurements at 325 nm.

Figure 3 .

 3 Figure 3. 10 Nitrogen content in a-C:N films vs negative substrate bias voltages.
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 33 C1s and N1s contributions in the a-C:N films deposited at different bias voltages and at 5 Pa constant pressure.

Figure 3 .

 3 Figure 3. 11 Deconvolution of the C1s and N1s spectra of a-C:N films at different nitrogen concentrations deposited at different DC bias voltages (inset) and constant P N2 pressure of 5 Pa.

22. 6 Figure 3 .

 63 Figure 3. 12 EELS investigations of the a-C:N films: a) nitrogen content, b) π/σ ratio and c) plasmon value. The dashed line is the reference values related to crystalline graphite.
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 3313 Figure 3. 13 EELS spectra of C-K edge and N-K edge of a-C:N films with different bias voltages.

Figure 3 .Figure 3 .

 33 Figure 3. 14 HRTEM of the a-C:N and bias a-C:N films deposited with a N 2 pressure of 5 Pa, at various DC bias (shown inset).

Figure 3 .

 3 Figure 3. 15 Comparison of Raman spectra of a-C:N films deposited at different bias voltages and 5 Pa N 2 pressure at Raman wavelength 325 nm, bias voltages are shown in inset.

Figure 3 .

 3 Figure 3. 16 Variation of I(D)/I(G) and FWHM versus bias effect deduced from Raman spectra at 325 nm.

and Table 3 . 5

 35 is present the typical deconvolution process used for the a-C, a-C:N (10 Pa) and biased a-C:N (5 Pa and 250 V) films and results depending on other deposition conditions are presented in next sections. The pure a-C film shown in the Figure 3.17a exhibits two C1s components: C1 at 284.2 eV and C2 at 285.1 eV. A small shoulder at higher binding energy may be attributed to CO bonds due to adventitious surface contamination. Its low intensity does not allow proposing any significant fit to this contribution. The C1s and N1s spectra related to the a-C:N film (deposited at P N2 =10 Pa without any plasma assistance) are shown in Figures 3.17b and 3.17d respectively. Two C1s components, at 284.3 and 285.3 eV, correlate well the C1 and C2contributions found in pure a-C film. The intensity ratio of C1/C2 is significantly lower in the a-C:N compared to the pure a-C film. Additionally a C3 component centered at 287.3 eV may be attributed to CN bonds, due to the high electronegativity of nitrogen atoms. This contribution was may be attributed to CO bonds, but its intensity is significantly higher when nitrogen is introduced into the film, compared to the pure a-C film. Even if the CO contribution exists, it remains weak and weakly overlaps the CC and CN contributions. Therefore, it is ignored in the following discussion. The biased a-C:N film, deposited using DC plasma at P N2 = 5 Pa and a DC voltage of 250 V, exhibits C1s and N1s signal depicted in Figures 3.17c and 3.17e respectively.
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 335 Figure 3. 17 XPS deconvoluted C1s spectra of (a) a-C (b) a-C:N film deposited at 10 Pa (c) biased a-C:N film deposited 5 Pa and 250 V bias, and N1s spectra of (d) a-C:N deposited at 10 pa, (e) biased a-C:N film deposited at 5 pa and 250 V bias.

Figure 3 .

 3 Figure 3. 18 Chemical shifts of the C1s (a) and N1s (b) XPS spectra of a-C, a-C:N (10 Pa) and biased a-C:N (5 pa and 250 V) films superimposed on the compilation of Rodil et al.[ 19 ].

  with some possible assignations mentioned above: CN bonds can definitely explain part of the C2 contribution of the a-C:N film. The C3 peak may correspond to Csp 3 bonds in both films, including with low amounts of nitrogen, as well as aliphatic CN bonds. The three C1s contributions of the biased a-C:N film (28 at.%) are significantly shifted towards higher binding energies. The C1 may correspond to carbon aromatic bonds, whereas the C2 should correspond to Csp 2 bonded to nitrogen. The increase of the C2 component is consistent with the increase of the nitrogen content up to 28 at.% due to plasma assistance. The C3 contribution can relate to Csp 3 bonds as well as aliphatic CN (including Csp 3 -N bonds) or even CO bonds. Compared to the a-C film, the C2 and C3 contributions progressively increase from the a-C:N to the biased a-C:N films, consistent with their assignment to various types of CN bonds. The three nitrogen contributions N1, N2 and N3 are very similar for both nitrogenated films, with a decrease of N1 at the expense of N2 when DC plasma assistance is used. The interpretations compiled by Rodil et al.[ 19 ] indicate a sound difficulty to assess unambiguously the three nitrogen contributions.

  biased a-C:N film at 5 Pa P N2 pressure and 250 V DC bias assistance deposited films are shown in the Figure3.19. The low-loss part of the EELS spectra corresponds to collective excitations of valence electrons and may be correlated to the nature of the carbon bonds [21,22,26 ]. The Figure3.19a shows the π-plasmon and the bulk plasmon peaks (Ep) located around 5.4 and 23 eV respectively. While the π-π* transition is almost invariable, the E p value shifts about 1 eV when including N in the film composition. The E p is known to vary from 33.3 eV for diamond, down to 25.5 eV for crystalline graphite and much lower for amorphous a-C with a predominance of sp 2 hybridization[ 39 ]. In the present study, the positions of the bulk plasmon peak shifts from22.5 eV in pure a-C to 23.6 eV in both a-C:N or biased a-C:N samples, indicating an increased ordering of the amorphous Csp 2 -bonded structures with the increment of the nitrogen content.

Figure 3 .

 3 Figure 3. 19 EELS spectra of the a-C, a-C:N (deposited at 10 Pa) and biased a-C:N (deposited at 5 pa and 250 V) films: (a) low loss spectra, (b) C-K edge spectra.

Figure 3 .

 3 Figure 3. 20 Raman spectra of (a) a-C, (b) a-C:N (10 Pa) and (c) biased a-C:N (5 Pa and 250 V) obtained at four wavelength, (d) superimposed Raman spectra of the three films at 325 nm.
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 3613 Figure 3. 21 (a) Variation of I(D)/I(G) ratio and FWHM (G); (b) G peak position and G Peak dispersion versus N content deduced from RAMAN measurement at 325 nm.

Figure 3 .

 3 Figure 3. 22 Dispersion of the G peak versus N content (already published data from [ 42 ]).

Figure 4 .

 4 1 shows the spectra obtained at a pressure of 10 Pa with and without DC bias at 250 V and with vacuum, by integrating all the emitted light from 20 ns up to 50 µs after interaction. These delays are chosen to avoid the initial bremsstrahlung before 20 ns and because no notable emission can be recorded past 50 µs.

Figure 4 . 1

 41 Figure 4. 1 Optical emission spectra of graphite ablation plumes expanding in vacuum and various gas conditions at 10 Pa with and without bias assistance at 250V was recorded from 20 ns to 50 µs after interaction.

  Filtersgoing from 375 to 385 nm and 387 to 397 nm allow assessing CN emissions. A filter going from 425 to 435 nm allows recording C II emission. C 2 bands are observed through filters going from 455 to 465 and 515 to 525 nm. C I emission is recorded in the range of 535-545 nm. Ambiguities can only appear for the recorded lines, for which the emission can be convoluted with broader molecular bands, but are minored by two facts. First, C I and C II emissions only exist for less than 200 ns in nitrogen. Second, spatial segregation between ions, atoms and molecules has been evidenced in vacuum[ 16 ], and might be expected here.The images recorded with the C I and C II filters always contain a component ahead of the main plume, which is not recorded using the filters selected for CN and C 2 . This indicates that the spatial segregation still exist in nitrogen ambient. Additionally, the observations confirm the fast disappearing of these components. They have the same behavior, quantity and speed whether or not DC bias is used, and cannot be observed more than a centimeter away from the target. The most striking feature is the behavior of the CN and C 2 components because of the predominance of C 2 for amorphous carbon films growth[ 16 ] and the incorporation of nitrogen in the films through plasma reactions and CN bonding. Here, the study will be separated between the 1 and 10 Pa pressure conditions. The Figure4.2 presents CN and C 2 emissions in 1 Pa of either inert nitrogen or nitrogen plasma, recorded at a) 1000-1200 ns after laser interaction and b) 2500-3000 ns after laser interaction. The emission is normalized to the maximum of the four images in each case.

Figure 4 . 2

 42 Figure 4. 2 Spectrally resolved emission from CN (375-385 nm) and C 2 (455-465 nm) of fs laserinduced carbon plasma plume expansion in 1 Pa of inert N 2 gas or of nitrogen plasma recorded at a) 1000 to 1200 ns b) 2500 to 3000 ns after laser interaction.

Figure 4 . 3

 43 Figure 4. 3 Emission from CN and C 2 molecules summed along the ejection axis in 1 Pa of N 2 inert gas or nitrogen plasma a) from 1000 to 1200 ns and b) from 2500 to 3000 ns after laser interaction.

Figure 4 . 4

 44 Figure 4. 4 Spectrally resolved emission from CN (375-385 nm) and C 2 (455-465 nm) ) of fs laserinduced carbon plasma plume expansion in 10 Pa of N 2 inert gas or nitrogen plasma (250 V bias assistance) at a) 1000 to 1200 ns b) 2500 to 3000 ns after interaction.

Figure 4 . 4 .

 44 The same delays and filters as the Figure4.2 are used, in order to observe C 2 and CN between 1000 and 1200 ns and 2500 and 3000 ns after laser interaction. The first important difference with preceding observations is that the quantities of the various species are not dramatically changed by the use of DC bias. In particular, during 1000-1200 ns, the plume emissions look quantitatively similar. In contrast to what happens at 1 Pa, the plume center of mass presents a very weak evolution between the two different delays. This is confirmed by the Figure4.5, which sums the emission recorded in the Figure4.4 along with the ejection axis. Even when studied at longer delays, until the plume no longer emits, the bulk of the emitting plasma plume under 10 Pa never makes contact with the substrate. Only the front of the plume expands enough to reach the substrate.

Figure 4 . 5

 45 Figure 4. 5 Emission from CN and C 2 molecules summed along the ejection axis in 10 Pa of N 2 inert gas or nitrogen plasma at 250 V from a) 1000 to 1200 ns b) 2500-3000 ns after laser interaction.
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 1041 Pa), it induces an increase of the N content, from 16 up to 25 at.%. The pressure and the DC bias on the laser induced ablation plume induce a difference in the thin films nitrogen content. Nitrogen contents from a-C:N films deposited by femtosecond laser deposition with various bias and nitrogen pressure conditions.

Figure 4 . 6

 46 Figure 4. 6 Raman spectra of a-C and a-C: N films deposited at different nitrogen pressures and DC bias along with their N content values (showed in legend).

Figure 5 .

 5 1 shows a background cyclic voltammetric i-E curves (CV) in 0.1 M NaClO 4 of amorphous carbon (a-C) and amorphous carbon nitride (a-C:N) (deposited at 10 Pa P N2 pressure) films at scan rate 100 mV/s at room temperature. The voltammograms covers a wide potential range allowing determination of the working potential window from -0.2 to +0.6 V, where no electrochemical activity of the a-C:N films is observed.

Figure 5 . 1

 51 Figure 5. 1 Background cyclic voltammetric i-E curves for a-C and a-C:N (deposited at 10 Pa P N2 pressure) electrodes in 0.1 M NaClO 4 , at room temperature, scan rate 100 mV/s.

Figure 5 . 2

 52 Figure 5. 2 Cyclic voltammetry of 0.5 mM ferrocene di-methanol in 0.1M NaClO 4 solution, on a-C, a-C:N and bias a-C:N films, scan rate 100 mV/s.

Figure 5 . 3

 53 Figure 5. 3 Cyclic voltammograms (CV) of a-C:N (10 % of N deposited at 1 Pa P N2 pressure) electrode in 0.5 mM Fc(CH 2 OH) 2 in 0.1 M NaClO 4 at different scan rates (showed in inset).

  4 shows the relation between film microstructure (I(D)/I(G) and La) and the electrochemical potential values (∆Ep). The dominance of I(D)/I(G) ratio increases the potential values and show the slow transfer kinetics. From the correlation, the high nitrogen content films increase the I(D)/I(G) ratio and the cluster sizes, which cause the decrease of the electrochemical properties of films performance. That confirms that the bigger cluster size and the high intensity ratio containing films are not suitable for electrochemical applications, and the good electrodes need a fine tuning of the I(D)/I(G) ratio along with the cluster size (La).
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 54 Figure 5.4 The correlation between the Raman parameters and electrochemical properties.

Figure 5 . 5

 55 Figure 5.5 The influence of nitrogen content on electrochemical properties.

Figure 5 . 6

 56 Figure 5.6 Voltammograms of a-C:N (10 at.%) electrode in 0.1 M potassium citrate and HCl buffer PH 2 for different Pb concentrations, Deposition potential is -1.7 V vs. SCE, Potential step 10 mV, scan rate 50 mV/s.

Figure 5 . 7

 57 Figure 5.7 Evolution of the peak current as a function of Pb concentration for a-C:N (10 at.%) electrode deposited at 1 Pa, scan rate 50 mV/s.

  (a-C:N) through the "aryldiazonium salt chemistry" to introduce alkyne functionalities of a-C:N electrode surface further modification through the click chemistry. The diazonium salt chemistry has been studied on various advanced carbon materials[ 49 ] like Glassy carbon electrode [ 50 ], Boron doped diamond[ 51 ] and graphene[ 52,53 ]. The reduction of in situ generated diazonium salts by cyclic voltammetry (CV) offers several advantages in order to modify the carbon electrodes i.e., strong linkage low cost, fast preparation and easy control of grafted molecules. Click chemistry provides a highly selective and quantitative reaction, which is well suited for electrode surface functionalization. For instant, Ripert et al.[ 5 ] used the click chemistry to address an azidomodified ferrocene onto gold electrode previously functionalized with alkyne functions. Yeap et LOD al.[ 51 ] reported a grafting strategy on BDD surface coupling an alkynyl-ferrocene derivatives on azido-modified BDD. The 4-ethynylphenyl diazonium salt and electrografting and subsequent click reaction with ferrocene on amorphous carbon nitride electrode not yet been reported.

Figure 5 . 8

 58 Figure 5.8 Schematic of synthetic route used for the synthesis of grafted molecules.

  the experimental conditions of grafting and to prove that this method was an easy route for a-C:N functionalization. The attachment of ferrocene group after electrografting and click reaction was studied by using CV at various scan rates. The analysis of the peak currents as a function of scan rates showed a linear relationship, which indicated the ferrocene was bounded to the electrode (Figure5.10).

Figure 5 . 9

 59 Figure 5.9 Cyclic voltammogram (CV) of the in-situ generated 4-ethynylphenyl diazonium salt on a-C:N (10 at.% of N) electrodes at 0.1V/s in HCl 0.1M containing 40 mM NaNO 2 and 2 mM 4ethynylaniline. The solution is at 4°C and degassed with N 2 . In blue are shown the first CV scan, than in red the two consecutive scans.

Figure 5 .

 5 Figure 5.10 The anodic peak currents as a function of scan rates after ferrocene attachment to the a-C:N (10 at.%) electrode deposited at 1 Pa P N2 pressure.

Figure 5 .

 5 Figure 5.11 Voltammograms in 0.1 M NaClO 4 at 0.1 V/s of a a-C:N electrode, the data in blue shows a voltammogram of the bare a-C:N electrode before electrografting and click reaction procedure. The data in red shows a voltammogram of the Fc-modified self-organized a-C:N electrode performed by electrografting and click reactions procedure.
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 25 The electrochemical results are consistent with the film structures. The a-C:N films deposited with DC bias exhibit a less conductive behavior compared to the films obtained without DC bias. The increase of the structural disorder in the films is detrimental to their electrochemical behavior. 3. The best electrochemical performance has been obtained with the low nitrogen containing films. The a-C:N electrode containing 10 at.% of nitrogen, deposited at 1 Pa of N 2 without DC bias assistance showed the best electrochemical performance. 4. The potential difference values of the a-C:N(10 at.%) are close to the theoretical value, and lower compared to the CVs obtained in ferri-ferrocyanide of glassy carbon (GC) electrode . The a-C:N(10 at.%) electrode shows faster electron transfer kinetics (10 -2 cm/s) than the other carbon based electrodes such as GC, BDD and a-C:N electrodes in ferri/ferrocyanide and quinone/hydroquinone, and close to transfer kinetics of graphene in hexachlororidate.

Figure 6 . 1

 61 Figure 6. 1 Various synthesis methods to introduce N doping and various characterization techniques used for the examination of N doping extracted from [ 30 ], our N doped graphene synthesis approach and characterization techniques are included.

Figure 6 . 2 (

 62 Figure 6. 2 (a) Schematic representation of N doped graphene growth from amorphous carbon nitride (a-C:N) thin film deposited by fs-PLD, (b) shows a temperature profile of N doped graphene.

Figure 6 . 3

 63 Figure 6. 3 Raman spectra at 442 nm of Ni/a-C (10 nm)/SiO 2 before annealing (black curve), and after annealing at 780oC (red curve).

Figure 6 . 4

 64 Figure 6. 4 Raman spectra of graphene deposited at different amorphous carbon (a-C) thicknesses Ni/a-C (2nm, 5 nm, 10 nm)/ SiO 2 at 442 nm.
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 665 Figure 6.5 shows the comparison between Raman spectra of graphene and N doped graphene at a wavelength of 633 nm. From the Figure6.5, we can clearly see that the 2D band intensity of N doped graphene decreased (clearly showed in inset) with the nitrogen doping compared to the intensity of graphene 2D band, which confirms the insertion of nitrogen in graphene network[ 57,58 ].

Figure 6 . 6

 66 Figure 6. 6 Raman spectra of (a) N doped graphene deposited at Ni(153nm)/a-C:N(10nm)/SiO 2 , (b) Raman map showing the variation in 2D/G peak intensity ratio over a 30 µm x 30 µm area of N doped graphene sample, at Raman wavelength of 442 nm.

  and 6.7b show the typical SEM micrograph of few layer graphene and N doped graphene.
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 67 Figure 6. 7 Typical SEM images (a) graphene from Ni/a-C(10 nm)/SiO 2 , (b) N doped graphene from Ni/a-C:N(10 nm)/SiO 2 after thermal annealing at 780 o C during 30 min.

Figure 6 . 8

 68 Figure 6. 8 AFM images of graphene (Ni/a-C(10 nm)/SiO 2 ) and N doped graphene (Ni/a-C:N(10 nm)/SiO 2 ).

1 .

 1 photoelectron spectroscopy (XPS) is among the most commonly used analytical technique for the identification of functional groups in graphene[ 30 ]. Owing to the efforts of many researchers, the assignments of nitrogen containing functional groups have been revealed experimentally. For example, Ishitani et al. analyzed the carbon fibers and assigned four types of peak shifts such as sp3 C-CN (400 eV), pyridinic (so called N-6, 399 eV), imino (401 eV) and nitroso (403 eV) groups [ 67 ]. Proctor et al. assigned a peak at 400 eV as an amine group [ 68 ], Pels et al. [ 69 ] and Jansen et al. [ 70 ] added various nitrogen containing functional groups as pyrrolic and pyridinelike groups (so called N-5) and quaternary nitrogen (Q-N). These assignments are probably among the most used ones to analyze the multiple nitrogen containing functional groups.
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 69 Figure 6. 9 XPS general spectra of graphene (Ni/a-C/SiO 2 ) and nitrogen doped graphene (Ni/a-C:N/SiO 2 ), both films were annealed at 780 o C.

Figure 6 .Figure 6 .

 66 Figure 6. 10 (a) XPS C1s spectra of graphene and N doped graphene (b) N1s spectra of N doped graphene.



  There are clear agreements between the XPS, EELS and MW Raman spectroscopy. C. Effect of different DC bias on the a-C:N films  The highest N content (about 28 at.%) has been obtained with DC bias assistance (0-350V) at a nitrogen pressure of 5 Pa.  High nitrogen contents are consistent with an increase of the sp 2 character and higher correlation lengths of the graphitic clusters. However, DC bias induces an increase of the structural disorder, as well as a substantial increase of nitrile group in the films D. Plasma plume properties of a-C:N films  Plasma plume diagnostic allows to correlate the process with the film composition. DC bias induces better CN incorporation from the plasma into the growing film E. Amorphous carbon nitride (a-C:N) films electrochemical properties  The a-C:N electrodes showed extraordinary electrochemical properties, a wide potential window, fast electron transfer kinetics and low potential difference values.  The electrochemical properties of a good electrode need a balance between chemical and microstructural properties.  The electrochemical results are consistent with the film structures. The a-C:N films deposited with DC bias assistance exhibit a less conductive behavior compared to the films obtained without DC bias. The best electrochemical performance has been obtained with the film containing 10 at.% of nitrogen.  The potential difference values of the a-C:N (10 %) electrode are close to the theoretical value and low compared to the cyclic voltammetry obtained in ferri-ferrocyanide of glassy carbon electrode.  The a-C:N electrode shows faster electron transfer kinetics (10 -2 cm/s) than the other carbon based electrodes such as boron doped diamond, glassy carbon and amorphous carbon nitride electrodes in ferri/ferrocyanide and quinone/hydroquinone, and is close to the transfer kinetics of graphene in hexachlororidate.  The a-C:N(10%) electrode shows a good ability to detect lead (Pb) ions in the low concentration range.
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 2823191329233943496359736 Figure 2. 14 (a) A typical cyclic voltammetry potential waveform, and (b) cyclic voltammogram [ 41 ]. .................................................................................................................................................. 82 Figure 3. 1: SEM images of films deposited by femtosecond PLD with and without DC bias assistance at fluence 5 J/cm 2 , (a) pure a-C film, (b) a-C:N film deposited at 10 Pa P N2 pressure, (c) Biased a-C:N film deposited at DC voltage 250 V and 5 Pa P N2 pressure. .............................. 91 Figure 3. 2 2D and 3D images of films obtained by AFM, (a) pure a-C , (b) 16 % of N contain a-C:N film deposited at 10 Pa P N2 pressure, (C) 24 % of N contain biased a-C:N film deposited at DC voltage 250 V and 5 Pa P N2 pressure. ...................................................................................... 92 Figure 3. 3 Nitrogen concentration revealed by XPS as a function of nitrogen pressure. ............. 94 Figure 3. 4 C1s and N1s XPS signals, depending on the N content values from 0, 4, 10, 12 , 16 and 18 at.% . ................................................................................................................................... 96 Figure 3. 5 Deconvolution of the C1s and N1s spectra of a-C:N films at different nitrogen concentrations, (a) and (b) at 4 % N film deposited at 0.5 Pa of P N2 pressure, (c) and (d) at 18 % N film deposited at 30 Pa of P N2 pressure. ..................................................................................... 97 Figure 3. 6 EELS spectrum of carbon and nitrogen K edges of a-C and a-C:N films with different nitrogen content at 10 and 15 at.% ................................................................................................. 99

Figure 3 .Figure 3 . 8

 338 Figure 3. 7 (a) N content of a-C:N films deposited at 1 Pa and 5 Pa, (b) bulk plasmon losses with nitrogen partial pressure. (c) EELS C-K edge energy loss with nitrogen partial pressures in a-C:N films, (d) EELS π/σ ratio vs nitrogen partial pressure. ................................................................ 100 Figure 3. 8 Raman spectra at 325 nm excitation of films prepared at different nitrogen pressures (showed in inset). ......................................................................................................................... 102

Figure 3 .Figure 3 .Figure 3 .Figure 3 .Figure 3 .Figure 3 .Figure 3 .Figure 3 .Figure 3 .Figure 3 .Figure 3 .

 33333333333 Figure 3. 9 (a) Variation of G position and I(D)/I(G) ratio, (b) G peak dispersion and FWHM (G) versus n content deduced from Raman measurements at 325 nm. ............................................... 103 Figure 3. 10 Nitrogen content in a-C:N films vs negative substrate bias voltages. ..................... 104 Figure 3. 11 Deconvolution of the C1s and N1s spectra of a-C:N films at different nitrogen concentrations deposited at different DC bias voltages (inset) and constant P N2 pressure of 5 Pa. ...................................................................................................................................................... 108 Figure 3. 12 EELS investigations of the a-C:N films: a) nitrogen content, b) π/σ ratio and c) plasmon value. The dashed line is the reference values related to crystalline graphite. .............. 111 Figure 3. 13 EELS spectra of C-K edge and N-K edge of a-C:N films with different bias voltages. ...................................................................................................................................................... 111 Figure 3. 14 HRTEM of the a-C:N and bias a-C:N films deposited with a N 2 pressure of 5 Pa, at various DC bias (shown inset). .................................................................................................... 113 Figure 3. 15 Comparison of Raman spectra of a-C:N films deposited at different bias voltages and 5 Pa N 2 pressure at Raman wavelength 325 nm, bias voltages are shown in inset. .............. 114 Figure 3. 16 Variation of I(D)/I(G) and FWHM versus bias effect deduced from Raman spectra at 325 nm. ......................................................................................................................................... 115 Figure 3. 17 XPS deconvoluted C1s spectra of (a) a-C (b) a-C:N film deposited at 10 Pa (c) biased a-C:N film deposited 5 Pa and 250 V bias, and N1s spectra of (d) a-C:N deposited at 10 pa, (e) biased a-C:N film deposited at 5 pa and 250 V bias. ........................................................ 119 Figure 3. 18 Chemical shifts of the C1s (a) and N1s (b) XPS spectra of a-C, a-C:N (10 Pa) and biased a-C:N (5 pa and 250 V) films superimposed on the compilation of Rodil et al.[ 19 ]. ........ 120 Figure 3. 19 EELS spectra of the a-C, a-C:N (deposited at 10 Pa) and biased a-C:N (deposited at 5 pa and 250 V) films: (a) low loss spectra, (b) C-K edge spectra. ............................................. 122 Figure 3. 20 Raman spectra of (a) a-C, (b) a-C:N (10 Pa) and (c) biased a-C:N (5 Pa and 250 V) obtained at four wavelength, (d) superimposed Raman spectra of the three films at 325 nm. .... 124

Figure 3 .Figure 3 .Figure 4 . 1

 3341 Figure 3. 21 (a) Variation of I(D)/I(G) ratio and FWHM (G); (b) G peak position and G Peak dispersion versus N content deduced from RAMAN measurement at 325 nm. .......................... 125 Figure 3. 22 Dispersion of the G peak versus N content (already published data from [ 42 ]). ...... 126 Figure 4. 1 Optical emission spectra of graphite ablation plumes expanding in vacuum and various gas conditions at 10 Pa with and without bias assistance at 250V was recorded from 20 ns to 50 µs after interaction............................................................................................................... 135

Figure 4 . 2 Figure 4 . 3 Figure 4 . 4 Figure 4 . 5 Figure 4 . 6 Figure 5 . 1 Figure 5 . 2 Figure 5 . 3 Figure 5 . 5 Figure 5 . 6 Figure 5 . 7 Figure 5 . 8 Figure 5 . 9 Figure 5 .Figure 5 .Figure 5 .Figure 6 . 1 Figure 6 . 3 Figure 6 . 4 Figure 6 . 5 Figure 6 . 6 Figure 6 . 7 Figure 6 . 8 Figure 6 . 9 Figure 6 .Figure 6 .

 42434445465152535556575859555616364656667686966 Figure 4. 2 Spectrally resolved emission from CN (375-385 nm) and C 2 (455-465 nm) of fs laserinduced carbon plasma plume expansion in 1 Pa of inert N 2 gas or of nitrogen plasma recorded at a) 1000 to 1200 ns b) 2500 to 3000 ns after laser interaction. ..................................................... 138 Figure 4. 3 Emission from CN and C 2 molecules summed along the ejection axis in 1 Pa of N 2 inert gas or nitrogen plasma a) from 1000 to 1200 ns and b) from 2500 to 3000 ns after laser interaction. .................................................................................................................................... 139 Figure 4. 4 Spectrally resolved emission from CN (375-385 nm) and C 2 (455-465 nm) ) of fs laser-induced carbon plasma plume expansion in 10 Pa of N 2 inert gas or nitrogen plasma (250 V bias assistance) at a) 1000 to 1200 ns b) 2500 to 3000 ns after interaction. ................................ 140 Figure 4. 5 Emission from CN and C 2 molecules summed along the ejection axis in 10 Pa of N 2 inert gas or nitrogen plasma at 250 V from a) 1000 to 1200 ns b) 2500-3000 ns after laser interaction. .................................................................................................................................... 141 Figure 4. 6 Raman spectra of a-C and a-C: N films deposited at different nitrogen pressures and DC bias along with their N content values (showed in legend). .................................................. 143 Figure 5. 1 Background cyclic voltammetric i-E curves for a-C and a-C:N (deposited at 10 Pa P N2 pressure) electrodes in 0.1 M NaClO 4 , at room temperature, scan rate 100 mV/s. ..................... 153 Figure 5. 2 Cyclic voltammetry of 0.5 mM ferrocene di-methanol in 0.1M NaClO 4 solution, on a-C, a-C:N and bias a-C:N films, scan rate 100 mV/s. ................................................................ 154 Figure 5. 3 Cyclic voltammograms (CV) of a-C:N (10 % of N deposited at 1 Pa P N2 pressure) electrode in 0.5 mM Fc(CH 2 OH) 2 in 0.1 M NaClO 4 at different scan rates (showed in inset). ... 155 Figure 5.5 The correlation between the Raman parameters and electrochemical properties. ...... 157 Figure 5.6 The influence of nitrogen content on electrochemical properties. .............................. 158 Figure 5.7 Voltammograms of a-C:N (10 at.%) electrode in 0.1 M potassium citrate and HCl buffer PH 2 for different Pb concentrations, Deposition potential is -1.7 V vs. SCE, Potential step 10 mV, scan rate 50 mV/s. ........................................................................................................... 160 Figure 5.8 Evolution of the peak current as a function of Pb concentration for a-C:N (10 at.%) electrode deposited at 1 Pa, scan rate 50 mV/s. ........................................................................... 161 Figure 5.9 Schematic of synthetic route used for the synthesis of grafted molecules. ................ 163 Figure 5.10 Cyclic voltammogram (CV) of the in-situ generated 4-ethynylphenyl diazonium salt on a-C:N (10 at.% of N) electrodes at 0.1V/s in HCl 0.1M containing 40 mM NaNO 2 and 2 mM 4-ethynylaniline. The solution is at 4°C and degassed with N 2 . In blue are shown the first CV scan, than in red the two consecutive scans. ................................................................................ 164

Figure S1A .

 S1A Figure S1A. Variation of 𝜓 with the scan rate using for k° determination from the slope

Figure S1B .

 S1B Figure S1B. Variation of 𝜓 with the scan rate using for k° determination from the slope

  

  

  Diamond Film Microcells Micromachined with Femtosecond Laser: Application to the Determination of Water Framework Directive Metals. Anal. Chem. 2012, 84, 4805-4811. (17) Khadro, B.; Sikora, A.; Loir, A.-S.; Errachid, A.; Garrelie, F.; Donnet, C.; Jaffrezic-Renault, N. Electrochemical Performances of B Doped and Undoped Diamond-like Carbon (DLC) Films Deposited by Femtosecond Pulsed Laser Ablation for Heavy Metal Detection Using Square Wave Anodic Stripping Voltammetric (SWASV) Technique. Sens. Actuators B Chem. 2011, 155, 120-125. (18) Sikora, A.; Garrelie, F.; Donnet, C.; Loir, A. S.; Fontaine, J.; Sanchez-Lopez, J. C.; Rojas, T. C. Structure of Diamondlike Carbon Films Deposited by Femtosecond and Nanosecond Pulsed Laser Ablation. J. Appl. Phys. 2010, 108, 113516.

  2 (graphitic) contents in case of ion-implanted diamond or the boron doped in case of CVD diamond films[ 59 ]. The latter films have shown a large electrochemical window, a low background current for aqueous systems and a remarkable stability comparable with the chemical resistance of pure carbon diamond. However, there are

some practical problems for synthesis of such material. The high film procession temperature, 100-800 o C of substrate temperature for CVD diamond film deposition

[ 60 ]

, and 1100 o C for pyrolyzing process

[ 61 ]

, limited their applications of diamond films. Unlike these carbon materials, the DLC films can be deposited at room temperature without specific surface treatment or metal catalyst. Therefore, they can easily be fabricated into micro-devices with conventional semiconductor technology in mass production. The electrical conductivity of DLC is tuned by adjusting the elaboration process or by doping. These characteristics have led to recent efforts in studying the electrochemistry of intrinsic DLC, BDD and doped DLC with a goal to replace high temperature deposited boron doped CVD diamond as electrode materials. The performance of DLC and doped DLC, compare favorably well with those of BDD materials in terms of high chemical inertness, wide potential window and low background current and their process are easier and cheaper (e.g. low temperature without catalyst) [

[62][63][64][65][66][67][68][69][70] 

]. This latter feature makes them good candidates for electrochemical and many other promising applications, e.g, sensing humidity [

71,72 

] and water concentration in oil

[ 73 ]

, detection of heavy metals by stripping voltammetry [

53,[74][75][76] 

], coating electrochemical quartz crystal micro balance (EQCM)

[ 70 ]

, tip electrode for scanning electrochemical microscopy (SECM)

[ 77 ]

, protection layer against corrosion

[ 74 ] 

and optical transparent electrode

[ 78 ]

. Besides these applications, the high bio fouling resistance, low polarization, and large anodic potential limits of the materials recently generates interest in applying them in bio sensing, water treatment and electrochemical energy engineering

[ 53 ]

. Up to now, a lot of work has been done based on amorphous carbon materials.

  C NMR [ 101 ]. The Nuclear Magnetic Resonance (NMR) has been used only in the few occasions in which enough material could be needed and the results

suggest that high nitrogen content films are preferentially sp 2 bonded [

[102][103][104][105][106][107] 

]. The Electron Energy Loss Spectroscopy (EELS) and Near-Edge X-ray Absorbance Spectroscopy (NEXAFS) suggest a decrease in the Csp 3 bonding induced by the increase in the nitrogen content, i. e, at high N at.% the CN films are preferentially π bonded [

  100

  . Fernandez et al.[ 138 ] obtained the carbon nitride films by reactive magnetron sputtering in pure N 2 discharge. Their studies found that N/C ratio reached to 0.5, and that found the formation of polymer like CN amorphous phase, which contains the C≡N, C=N and C-N bonds. In the same year, S. Logothetidis et al.[ 137 ] reported the nitrogenated amorphous carbon films prepared by reactive r. f. magnetron sputtering from a graphite target in a nitrogen containing plasma on Si substrate. They obtained a different degree of N concentration up to 4.4 % achieved. The films were shown composed of two phases, a C 3 N 4 like phase of sp 3 bonded crystallites and an

122,[133][134][135][136] 

], magnetron sputtering (RFMS and DCMS) [

[137][138][139][140][141][142] 

], ion beam assisted deposition (IBAD) [ 143 ], filtered cathodic arc deposition [ 144 ]. The PVD technique usually employs significantly lower growth temperatures, ranging from room temperature (RT) to T<900 o C. Aamorphous phase of sp 2 bonded CN one. Subsequently, a large number of researchers also obtained the CN films by similar method [ 139-141 ]. Before Niu et al.[ 134 ], most of the carbon nitride films deposition dealt with sputtering techniques. The successful demonstration of high N content carbon nitride films deposition by pulsed laser technique have grown a huge interest in the scientific community and also a lot of potential applications were demonstrated by using PLD grown carbon nitride films. Niu et al.[ 134 ] obtained the CN x films on silicon substrate by using pulsed laser evaporation of C target, auxiliary deposition nitrogen. Their studies found that N content reached 40 at.% in films and C and N atoms combined with nonpolar covalent bond. Subsequently, Sharma et al.[ 145 ] and Zhang et al.[ 146 ] also obtained CN x films by a similar method. Mihailescu et al.[ 147 ] produced a hard carbon nitride films with carbon nitrogen single bond, double bond and triple bond by using ammonia instead of N 2 pressure.

  development of pulsed laser deposition technique [ 151 ]. Dijkkamp et al. (1987) demonstrated the deposition of a high temperature super conductivity material YBa 2 Cu 3 O 7 [ 152 ], from that PLD became an attractive thin film deposition technique. Since the work of Dijkkamp

	et al, PLD technique has been employed to fabricate crystalline thin films, ceramic oxides, nitride
	films, metallic multilayers and various super lattices [ 148,153-158 ].
	Recently, a lot of attention was given to synthesize carbon-based materials, such as
	amorphous carbon [ 159 ], amorphous carbon nitride [ 134,160,161 ] and graphene [ 162,163 ]. The thin
	films grown by PLD have shown promising applications in the field of biosensors. Especially, the
	films grown by PLD have attracted much attention as electrode materials in electrochemical
	biosensors for the detection of heavy metals, pollutants and bio pathogens [ 164-167 ]. The
	advantages of using PLD technique is that the many experimental parameters can be changed,
	which has a strong influence on films properties; laser fluence, wavelength, pulse duration,
	repetition rate, target to substrate distance, substrate temperature and background pressure are the
	parameters that influence the film growth process [ 168 ]. The PLD deposited films have less
	contamination than the sputtered deposited films. In complex multicomponent material
	deposition with conventional evaporation methods, the various species come from different
	sources to produce a right mixture in the deposited film, the rate of arrival of each species must
	be monitored and controlled, which becomes difficult when large background pressures are used
	during deposition. The PLD deposited multicomponent films does not require such monitoring

 Dynamic of the ablation materials  Decomposition of the ablation materials onto the substrate  Nucleation and growth of a thin film on the substrate surface Each step is dependent on experimental parameters such as laser wavelength, laser fluence and pulse width, background gas type and pressure, substrate type and temperature and deposition geometry.

The PLD technique was first demonstrated several years after the invention of the ruby laser. At first,

Smith and Turner (1965)

, used a ruby laser to deposit thin films, which marked the very beginning of the

Laser source Plasma source Highest N % Bonding information Nd:YAG [ 134 ] Excimer [ 122,123 ] CO 2 [ 224 ] Excimer [ 225,226 ]

  

	ECR plasma [ 216-218 ] with PLD process. The bombardment of atomic or ionic nitrogen on the film
	surface affects not only the film composition and structure, but also the properties of CN films.
	Until now, most of the work dealt with a radio frequency plasma and ion beam energy assisted
	PLD to deposit the carbon nitride films. Song et al. [ 219 ] found that the concentration of oxygen
	atoms in YBa 2 Cu 3 O 7-x superconducting films deposited by pulsed laser deposition could be
	enhanced significantly by a DC discharge. Recently, Y. H. Cheng et al. [ 195,208-210 ], reported the
	successful deposition of CN films by Direct Current (DC) bias assisted PLD technique, which
	generated a lot of interest for growing amorphous carbon nitride films by DC bias assistance
	pulsed laser deposition with high N content and different chemical and structural properties. The
	DC glow discharge is also an effective way to enhance the ionization of the gas molecules.
	Compared with RF and ion beam source, the direct current glow discharge is simpler and easier
	to operate. The DC bias assistance PLD technique also has a variety of deposition parameters,
	that affest the CN films properties: DC bias voltages, the variation of nitrogen partial pressure,
	the substrate temperature, and laser parameters [ 195,208-210 ]. However, most of the work deals with
	nanosecond DC bias assistance pulsed laser ablation.
	The ultrashort-pulsed laser deposition technique have been showing a promising way to deposit a
	wide variety of thin films. It has especially risen a great interest in depositing carbon-based
	materials by femtosecond pulsed laser deposition technique [ 220-223 ].
	], kaufman
	type ion source [ 212 ], RF radical beam source [ 197,213,214 ], ion beam bombardment [ 180,215 ] and

Table 1 . 1 Literature review presentation of different PLD deposited CN films presenting the highest N content. c. Ultrafast pulsed laser deposition

 1 

		Flux of atomic nitrogen	45 %	Diffraction pattern, Un-polarized covalent bonds
		RF	>30 %	Obtained mixture of sp 2 and sp 3
		Nitrogen after glow	43 %	Showed higher CN sp 3 than the CN sp 2
		RF	47 %	Increase of N-sp 2
		Post discharge	19 %	Increase of sp 2 C bonded to N
	195,208-210 ]	DC	38 %	Increase of sp 2 C bonded to N

.4 Objective of the thesis

  

	The ultrashort pulses have given a lot of interest and applications in precise machining, laser [ 254,259,260 ]. The extreme conditions of temperature and pressure in the area irradiated by ultrashort the materials for various applications of interest. Recently, nitrogen doped amorphous carbon
	induced spectroscopy or biological characterization [ 241 ]. The synthesis and/or the transfer of a pulses can lead to different properties of the ablated species with consequences for the deposited materials have risen interest in environmental and energy applications [ 263-265 ]. Our interest is to
	large class of materials like diamond like carbon (DLC) [ 220,242,243 ], oxides [ 244 ], nitrides films. Only a few number of research has been carried on the deposition of amorphous carbon grow nitrogen doped amorphous carbon and graphene by femtosecond pulsed laser deposition
	[ 161,245,246 ], carbides [ 247 ] and metals [ 248 ] are demonstrated by fs-PLD. Recent studies have shown nitride films by using femtosecond pulsed laser deposition (conventional PLD), without using for electrochemical applications. The aimed sensor materials should have the properties of high
	the ability to deposit amorphous carbon [ 220,242,243,249 ] and doped amorphous carbon materials any energetic ion source. chemical inertness, wide potential window and low background current, and their process is to
	[ 133,161,245,246,250 ] by femtosecond pulsed laser ablation. The structure of the films depends on the Z. Geretorsky, et al., [ 245,246 ], have deposited a-C:N films onto Si substrate by using hybrid be easier, cheaper, and low temperature deposition. The emergency is to deposit high N-content
	type of PLD techniques used. Recently, Sikora et al.[ 249 ] reported that pure a-C films deposited dye/excimer laser with a pulse duration 500 fs, pulse energy 10 mJ and wavelength 248 nm. The sp 2 graphitic like structured amorphous carbon nitride films by fs-PLD and to get a good
	by femtosecond pulsed laser deposition showed high sp 2 content around 60-70% and the a-C N content achieved less than 10 %. electrode in electrochemical sensors. Thus, we can detect heavy metals and pollutants and the
	films deposited by nanosecond PLD showed a Csp 2 content in the 15-25% range. The nitrogen McCann et al.[ 251 ] have deposited a-C:N films onto Si substrate by using a Ti: Sapphire functionalization electrode surface by biomolecules will increase the sensitivity of electrode for
	doped amorphous carbon films deposited by fs-PLD [ 251 ] is an interesting field of study. The femtosecond laser with a pulse duration of 60 fs. The effects of both the nitrogen partial pressure a future use in biosensor applications.
	ablation with ultrashort pulses offers different process conditions in contrast to ns-PLD. The and the laser fluence were examined on the carbon nitride materials. The N content achieved by
	nitrogen-doped a-C films grown by fs-PLD have advantages to grow more sp 2 graphitic like this conventional femtosecond PLD reached 17 at.%, which is high compared to the nanosecond
	structures, which will increase the conductivity of films; hence, it performs good electrode PLD under N 2 atmospheric pressure. XPS analysis of films revealed that as the nitrogen content
	materials in electrochemical applications. increases, the CN sites increases at the expense of CC bonded carbon sites. The N content
	Femtosecond (fs)-PLD is an emerging thin film deposition technique, offering a new set of achieved with classic fs-PLD is very low. There is a possibility to increase the nitrogen
	opportunities for materials deposition. The energy transfer from the electron to the lattice is the percentage in films with reactive fs-PLD. Due to the limitations in N content by classical fs-PLD,
	result of electron phonon interactions. The lattice melts in a few picoseconds after the laser a lot of interest was risen to try to deposit a-C:N films with plasma assistance fs-PLD technique.
	irradiation, leading to material ablation. These processes occur in a short time scales (~ps), the As we stated in the section 3.2, a possible way to incorporate high N content in films is the use of
	heat loaded to the surrounding material is minimized. Hence the craters formed by fs laser energetic ion sources, either by RF, ion beam and DC assistance. In particularly, direct current
	ablation are cleaner and their edges are well defined, and ultrafast lasers are capable to increase bias assistance fs-PLD has not yet been reported. Our interest is to develop good a-C:N
	the target ablation compared to ns pulse lasers [ 240,252 ]. These advantages have motivated the use electrodes by conventional fs-PLD and DC bias assistance fs-PLD in electrochemical
	of femtosecond lasers for a wide range of applications in high precision materials for micro-applications.
	machining [ 253 ]. For PLD, this high intensity laser regime can be a promising alternative to the
	more conventional well-established nanosecond regime. The reduced thermal conduction to the bulk may lead to a reduction on the production of molten droplets as it is commonly observed with nanosecond laser deposited films. One of the drawbacks of using nanosecond PLD is that 1The objective of this thesis is to open a new laser technology path allowing the carbon based
	there is a comparatively larger heat affected zone, which can rise the generation of molten coating of microelectrodes in electrochemical sensors. The DLC coatings were already used for
	droplets. A few reports on short pulse duration laser deposition have shown that a reduction in the detection of heavy metals or pollutants in water [ 164 ]. Doped carbon materials have been
	particulates was possible [ 244,254-256 ]. Although, many theoretical and experimental studies giving a great interest for a wide variety of applications [ 261,262 ], especially doped amorphous
	suggest that in some conditions, ultra-short pulsed laser ablation can lead to mechanical carbon films which show better electrode performances in heavy metals detection [ 164,165 ]. The
	fragmentation [ 257 ] or cluster emission [ 258 ] and generation of sub-micron size particulates nitrogen doping is an effective way to tailor the properties of carbon-based materials and tune
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Table 2 . 2 The combination of fitting functions, BWF: Breit-Wigner-Fano, L: Lorentzian, G: Gaussian, inside parenthesis G and D denotes that G: G peak, D: D peak.
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  constant ∆E mode. The energy scale calibrated with sputter cleaned pure reference samples of Au, Ag and Cu in order that Au4f 7/2 , Ag3d 5/2 and Cu3p 3/2 were positioned at binding energies of respectively 83.98, 386.26 and 932.67 eV. For all the samples analyzed, narrow scans were recorded for C1s, N1s and O1s with a step size of 0.1 eV and pass energy of 50 eV. This pass energy gives a width of the Ag3d 5/2 peak measured on a sputter clean pure Ag sample of 0.55 eV.

  The C1s binding energy values are in range at 284.52-284.97 eV, 285.05-285.84 eV, 286.02-286.86 eV, 287.04-287.80 and 288.38-288.96 eV peaks are assigned to Csp 2 , Csp 3 , sp 2

5

, they correspond to the films with the nitrogen content from low (4 %) to high (18 %) percentage in films.

  5 Pa) to high N content (deposited at 30 Pa). The nitrogen containing films exhibits four N1s contributions in the range between 398.90-398.91 eV, 399.17-399.99 eV, 400.29-400.77 eV, 401.04-401.68 eV and 402.03-402.26 eV respectively. The binding energy values are shift towards higher binding energies with the increase of nitrogen partial pressure.

Table 3 . 1 The C1s and N1s binding energy values of XPS spectra of a-C:N films deposited at different nitrogen partial pressure.
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Table 3 . 2 Characteristics of Raman spectra at 325 nm of a-C and a-C:N films with different nitrogen pressure.
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Table 3 .

 3 3. The pure a-C film binding energy values are at 284.92 eV, 285.89 eV and 287.16 eV assigned to Csp 2 , Csp 3 and CO bonds respectively. The deconvoluted C1s and N1s spectra of a-

C:N films deposited at different bias voltages are shown in the Figure 3.11, The C1s spectra deconvoluted with mixture of Gaussian and Lorentzian profiles with five components. The C1s binding energy values are in range at C1: 284.73-284.99 eV, C2: 285.24-285.82 eV, C3: 286.03-286.88 eV, C4: 287.03-287.71 eV and C5: 288.18-288.68 eV peaks are assigned to CCsp 2 , CCsp 3 , sp 2 CN, sp 3 CN and CO bonds respectively [

Table 3 . 4 Characteristics of Raman spectra related to different bias voltages and at constant pressure at 5 Pa.
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		N at.%
	-1 /nm)	(XPS)

Table 5 . 1 Potential difference values ∆Ep, ratio of anodic to cathodic peak currents (Ipox/Ipred) and apparent rate constant data k° of different films, at a scan rate 100 mV/s.
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  ]. Apart from these, pulsed laser deposition (PLD) is one of the unique physical vapor deposition (PVD) methods, which is a new fabrication method of graphene from solid carbon source.Until now, there are only a few studies on PLD based graphene. Indeed, such method used in graphene fabrication originates from the growth of carbon thin film by PLD technique. If a single carbon layer with aromatic ring structure in plane can be obtained, it gives results of a single layer graphene. For the PLD method, the amorphous C layer can be easily deposited at room temperature. However, in order to fabricate C layer or graphene with desirable crystalline quality by PLD, some other conditions are required. For example, high substrate temperature, vacuum level inside PLD chamber, appropriate laser operation conditions (i.e. laser fluence and repetition rate) and choice of catalytic metal are to be properly chosen. Wang, et al.[ 19 ] has demonstrated that few layer graphene that is bi-layer to multi-layer graphene can be fabricated on catalytic nickel(Ni) thin film by PLD system. The number of graphene layers is found depending on the laser ablation time, and the crystallinity of the graphene depends on the substrate temperature during laser ablation. During the graphene formation, it involves several steps, such as C atoms

Table 6 . 1 Experimental conditions for femtosecond PLD of

 6 .1.

		a-C	a-C:N
	Laser source	Ti: sapphire 800 nm
	Pulse width	60 fs	
	Pulse energy	1 mJ	
	Repetition rate	1 kHz	
	Fluence	5 J/cm²	
	Deposition rate	10 nm/min	2.5 nm/min
	N 2 pressure	-	10 Pa
	N content	-	16 at.%
	Catalyst thickness (Ni)	153 nm	
	Annealing temp (°C)	780°C	
	Cooling Rate	5 o C /min	
	Annealing time (min)	30 min	

a-C and a-C:N films, catalyst film thickness and annealing conditions.

  780 o C and form solid solutions. While cooling, the carbon atom segregates onto the surface of nickel substrate and forms an atomic layer thick graphene. The important conclusion is the improvement of the results compared with the previously reported data by ns-PLD [ 53 ] and moreover a comparable intensity ratio of I 2D /I G with those obtained by filtered cathodic vacuum arc technique and standard reduced graphene oxide[ 17,54 ]. As we know, there is more sp 2 content when a-C is grown by fs-PLD than by ns-PLD [ 55 ], more sp 2 content a-C is favorable to fast grow graphene and require less annealing time. The quality and the number of graphene layers depend

Table 6 . 2 Raman parameters deduced from deconvolution of Raman spectra at 442 nm of graphene and N doped graphene.
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	-1 )	I(D)/I(G)	I(2D)/I(G)	La (nm)

Table S1A . Empirically determined value of 𝜓 calculated from ΔE p value beyond 59mV (quasi-reversible behavior) for a-C film.

 S1A 

	in V/s	ΔE p in mV	ψ
	0.1	63	6.993
	0.2	68	3.115
	0.5	80	1.28
	0.8	87	1
	1	91	0.800
	V in V/s	ΔE p in mV	ψ
	0.1	65	4.689
	0.2	71	2.317
	0.5	86	0.970
	0.8	96	1
	1	103	0.549

Table S1B . Empirically determined value of 𝜓 calculated from ΔE p value beyond 59mV (quasi-reversible behavior) for

 S1B 

a-C:N (10%) film.

µm 1 µm
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List of Abbreviations a-C: Amorphous Carbon a-C:N: Amorphous Carbon Nitride Chapter 4. Spectroscopic studies of graphite ablation plume under nitrogen gas and plasma assistance

Introduction

The dynamics and the quantities of the various laser-ablated plume species strongly affect the deposition process, which in turn determines the properties of the deposited thin films [ [1][2][3][4] ].

When the deposition is performed in a reactive atmosphere, the chemical reactions of the ablated species with the ambient gas are a key factor for the thin film composition and structure.

Especially, when the films are deposited by nitrogen doping into amorphous carbon, the nitrogen forms different CN bonds and nitrogen contents into the films. In order to address and understand the formation of CN bonding and N content incorporation into films produced by nitrogen ambient gas and DC bias assistance fs-PLD during the ablation, transfer or deposition on the substrate, we need in-situ spectroscopy techniques.

There are several techniques for the characterization of the laser-ablated plume, such as Optical Emission Spectroscopy (OES) [ [5][6][7] ], spectrally resolved direct ultrafast imaging [ [8][9][10], time of flight mass spectroscopy [ 11 ], and laser induced fluorescence spectroscopy [ 12 ]. Those allow finding out the correlation between plasma parameters and deposited film properties. Among those techniques, Optical Emission Spectroscopy is one of the fundamental plasma diagnostic methods. OES is effective for in situ studies of the plume dynamics and its interaction with a reactive gas, particularly to observe where chemical bonding take place and how the generated species carry on their path to the deposition substrate [ 5,11,13,14 ].

In this chapter, we present the results of the identification of plume components and expansion dynamics of the ablated plumes produced from the graphite target by ultrafast laser ablation in vacuum, nitrogen atmosphere and DC bias nitrogen plasma. The plumes were analyzed via ultrafast Optical Emission Spectroscopy (OES) technique and Spectrally resolved ultrafast 2Dimaging, coupled with ICCD camera, in order to address and understand the bonding formation and high N content incorporation in DC bias assistance deposited a-C:N thin films. In addition, we studied the films chemical and microstructure properties to link in situ observations of the 
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