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Introduction

I. Motivation and Objectives

Air pollution is considered a big disaster that affects mankind. Air pollution mainly arises from man activities. The main anthropogenic sources of pollution are factories, agriculture, aircraft and automotive traffic, power plants, fires, and wars. The effects of the pollution on the environment include global warming, floods, and global sea levels rising.

Regarding human health, air pollution can lead to stroke, heart diseases, chronic obstructive pulmonary disease, and acute respiratory infections [1]. Urban regions are also more exposed to air pollution. Low-income countries are more suffering from the highest exposure both indoor and outdoor. Thus, there is a strong need for mitigating air pollution. The more ability to monitor and map the pollution, the more we are going to map its diffuse, localize its sources, and the earlier detection before exceeding limits. Decision-makers then can take actions, the most popular to-date being traffic regulation. At the individual level, the knowledge about pollution status can be also used to trigger the emerging indoor air-purification systems either at home or in cars.

Gas sensing can be performed using different technologies where they differ in performance and cost. Examples for these technologies are metal oxide semiconductor (MOS), polymer, carbon-nanotubes, gas chromatography (GC), optical methods, acoustic detectors, and catalytic sensors. MOS is based on gas interaction with the surface of a metal oxide resulting in a change of carrier concentrations. This leads to a change in the resistivity which can be further measured [2]. It is featured by low cost and high sensitivity while its challenge is selectivity, long recovery time after exposure, and high power consumption due to high temperature operation [3], [4]. Polymer-based sensors are based on adsorption of the target gas on the polymer layer leading to change in the physical properties of the polymer. It is characterized by high sensitivity, shorter response time, and working at room temperature [5]. Its drawbacks are the low selectivity, long time instability in addition to irreversibility [3]. Carbon nanotubes CNT has the advantage of low weight and rather quick response. However, its disadvantage is the complicated and non-reproducible fabrication process and high cost [3], [START_REF] Han | Carbon nanotubes and its gassensing applications: A review[END_REF]. Gas Chromatography is based on the separation of gases in a long column followed by a gas detector (i.e. photoionization detector). It is usually used for organic chemicals. It has excellent separation performance, high sensitivity, and selectivity. Its disadvantage is the high cost and low speed; it is mainly limited for laboratories use.

Gas sensing by optical methods is usually straightforward and could achieve higher sensitivity, selectivity, and stability than non-optical methods with much longer lifetime and relatively short response time [3]. Its main advantage relies on the fact that there is no chemical contact between the optical sensor and the gas. It is based on remotely analyzing the optical power absorbed by the gas. The performance is not deteriorated by the changing environment or catalyst poisoning caused by specific gases. Examples for optical methods are non-dispersive infrared detectors NDIR, Fourier transform FT spectroscopy, and laser spectroscopy. NDIR is based on using white light source followed by gas cell (usually short) followed by a spectral filter (corresponds to the absorption band of the target gas) followed by the detector. Thus, each NDIR is specific for a certain gas. On the other side, Fourier transform spectroscopy is based on using optical interferometer which scans wide spectral range leading to multiple detection lines of different gases. For laser spectroscopy, a tunable laser is used to scan a spectral range relatively narrower than Fourier transform spectroscopy but with higher sensitivity. A summary of the performance of the different technologies can be found in Fourier transform MEMS based spectrometer was a proved a successful trial to have a handheld spectrometer of low cost [START_REF] Chai | Review of MEMS Based Fourier Transform Spectrometers[END_REF], [START_REF] Sabry | Monolithic silicon-micromachined freespace optical interferometers onchip[END_REF]. A spectrometer which covers the range from 1.5 𝜇𝑚 to 4.9 𝜇𝑚 is presented in the reference [START_REF] Elsayed | On the environmental gas sensing using MEMS FTIR spectrometer in the near-infrared region[END_REF]. It is based on a Michelson interferometer whose optical components are monolithically integrated on the same chip leading to low cost and the ability to produce low-cost sensor with considerable performance. This MEMS solution motivates us for using the MEMS spectrometer in different gas sensing applications such as monitoring of volatile organic compounds VOCs, open-path measurements, monitoring air purification, etc... FPI using subwavelength grating reflector 2.9 to 3.5 50 nm [START_REF] Meinig | Tunable Fabry-Pérot interferometer with subwavelength grating reflectors for MWIR microspectrometers[END_REF] Lamellar grating-based FT 1.5 to 4.5 20 𝑐𝑚 -1 [START_REF] Scharf | Miniaturized Fourier transform spectrometer for gas detection in the MIR region[END_REF] Wishbone-based FT 2.9 to 10 10.4 𝑐𝑚 -1 [START_REF] Tanahashi | Miniature Fourier transform infrared spectrometer for middle infrared wavelength range[END_REF] Michelson-based FT 1.5 to 4.9 33 𝑐𝑚 -1 [START_REF] Elsayed | On the environmental gas sensing using MEMS FTIR spectrometer in the near-infrared region[END_REF] Since gas cells are key components in sensors where light interaction occurs, integrating them with the MEMS spectrometer is an ultimate goal for having all the senor completely integrated on the same chip, leading to a more compact and lower cost sensor.

II. Main Contributions

The main contributions reported in the thesis can be summarized as the following: feasibility of using PA with MEMS spectrometer). Feasibility study of using the cavity enhancement techniques with MEMS FTIR spectrometer was also performed.

2. Exploring even more compact and more simple spectrometers, the new concept of differential spectrometer based on critical angle dispersion was presented.

Theoretical analysis of the spectrometer was performed in the sense of the principle of operation, spectrometer resolution, and signal to noise ratio. Laser and reference materials were measured using the spectrometer as a proof of concept.

System non-idealities faced in the measurements were studied and a signal processing was presented to reduce its effect on resolution. Another innovative concept, the parallel Fourier Transform spectrometer was evaluated for its potential to gas sensing, thanks to its better spectra resolution.

3. Open-path Fourier transforms spectroscopy using the mid-infrared MEMS spectrometer in Sense city (huge climate chamber of 20 meter characteristic dimension) was reported. An optical system compatible with the MEMS spectrometer was designed and built. Pollution stimulated by a car was monitored and compared to the measurements of localized reference analyzers. For localized gas sensing, toluene, as an example for the VOCs, was measured using a benchtop multi-pass gas cell coupled to the MEMS spectrometer. Ppb-level of toluene concentration, as a detection limit, was achieved.

4.

A chip-scale multi-pass cell was designed and fabricated and this is the first of this kind to be reported based on silicon technologies, according to our knowledge. Design considerations including the light guiding mechanism and mirrors design were studied. Fabrication of the cell and characterization using the MEMS spectrometer were performed. Different gases were measured such as acetylene, butane, carbon dioxide, and water vapor. In addition to that, integrated large throughput hollow waveguides are designed, fabricated, and characterized. This is a solution for localized sensing and enables the possibility of integration with the MEMS spectrometer on the same chip.

III. Thesis Outline

This thesis is organized in main four chapters as described hereafter; these are complemented by an introduction, a conclusion, and perspective section, as well as appendixes.

The introduction presents the motivation and objectives of this work, our major contributions, and the overall organization of the thesis.

Chapter 1:

A review of using Fourier transform and laser spectroscopy in gas sensing. The review covers the two methods of detection (DA or PA) to be used in both technologies. The theoretical analysis of the detection limits was conducted.

Chapter 2:

Gas sensing measurements using the new concept of parallel MEMS spectrometer was presented. Another original spectrometer, the differential spectrometer, was proposed. It is based on the critical angle dispersion. This chapter includes theoretical analysis and measurements. Studying the effect of non-idealities of the optical component on the performance and a correction method are also presented.

Chapter 3:

Gas sensing on different scales and applications using the MEMS spectrometer are presented. In the first part, open path gas measurements using the Fourier transform MEMS spectrometer in a huge climate chamber (Sense city) is presented. Pollution from the car was monitored. In the second part, a setup for reaching the ppb-detection limit of VOCs is presented. In the third part, monitoring of air purification using ZnO nanowires are presented.

Chapter 4:

Integrated gas cells on the silicon are presented. This includes an integrated hollow waveguide and a multi-pass cell. Characterization and gas sensing using the MEMS spectrometer are presented. Theoretical background is given for further optimization, anticipating for technological advances in optical sources and photodetectors, that will contribute enhancing the lower-limit of detection, down the ppb-level, which will accommodate for a vast majority of the applications of spectral gas sensors.

Finally, the conclusion of this thesis is presented while introducing recommendations for future work.

CHAPTER 1: INTRODUCTION TO GAS SENSING TECHNOLOGIES

Introduction

Gas sensors are used extensively in the chemical and pharmaceutical industry, oil refineries, and material science in addition to environmental monitoring. They are also used in the early detection of fires. They are crucial for the measurements of air pollution such as indoor air quality control, monitoring outdoor pollution, and the study of greenhouse gas emission and their dispersion. Consequently, they can be used as an alarm for exceeding pollution limits or for triggering a process for controlling gas emission or air purification.

The workspace exposure limit of hazardous gases ranges from part per million (ppm) down to part per billion (ppb) [START_REF] Eh40 | Workplace exposure limits[END_REF]. Such low concentration levels require sensors with very small lower-limit of detection (LLOD). The corresponding high sensitivity levels are also required in some outdoor environments, such as monitoring the dispersion of atmospheric pollutants, including greenhouse gases that contribute to global warming [START_REF] Shao | Advances in data processing for openpath fourier transform infrared spectrometry of greenhouse gases[END_REF] or for earlystage detection and localization of gas leakages around hazardous gas plants. Detection limits of 𝑝𝑝𝑏 concentration levels of Volatile Organic Compounds (VOCs) are often required for addressing possible health consequences. Consequently. sensors should be able to detect levels smaller than such the limits to enable providing an early alarm.

Gas measurement can be conducted using electrochemical sensors, metal oxide semiconductors, gas chromatographs, mass spectrometers, or optical spectrometers [3]. The optical methods are more compatible with real-time/continuous measurements as compared to gas chromatography for example which require typically tens of minutes to finalize a measurement [START_REF] Griffith | A Fourier transform infrared trace gas and isotope analyser for atmospheric applications[END_REF]. More importantly, optical measurements are the only way to achieve measurements without any chemical contact between the sensor and the gas. This capability not only offers the advantage of remote sensing but it also avoids irreversible effects such as sensor fouling and related induced metrological drawbacks such as hysteresis in addition to reduced lifetime and reliability and robustness to harsh environments. Among the different optical techniques, optical spectroscopy is in the class of analytical chemistry devices, meaning that it allows measuring multiple gases simultaneously, through their specific spectral responses which can be recorded and analyzed from a single spectrum.

Optical spectroscopy for gas sensing

The different forms of optical spectroscopy include atomic emission spectroscopy (AES),

Raman spectroscopy, and fluorescence spectroscopy, but these are not considered in this work. Absorption spectroscopy is the most widespread technique used for gas analysis and probably the most suitable. Within this, the main techniques used include non-dispersive infrared spectroscopy, tunable laser spectroscopy (TLS) and Fourier transform infra-red (FTIR) spectroscopy. Among the different detection methods, TLS is characterized by its high sensitivity and excellent spectral resolution. FTIR is characterized by its wide infrared spectral range covering the absorption molecular spectrum of a broad variety of gases.

The focus in the next discussion will be on the TLS and FTIR due to their superior performance compared to other technologies besides high-temperature stability, insensitivity to environmental change, and long lifetime [3]. Measurement of the amount of light absorbed by gas can be conducted using either an optical detector or a photoacoustic cell. In the former case, we refer to direct absorption spectroscopy DAS whereas in the latter case, we refer to photoacoustic spectroscopy PAS.

Within the DAS category, TLS is used to identify systems that use a tunable laser followed by a gas cell and then an optical detector, as depicted in Figure 1-1(a). The transmitted light after gas absorption is the detected signal. Laser spectroscopy is distinguished by its high power and excellent spectral resolution, which enables excellent gas selectivity; however, it has a limited tunability, in the order of 50-200 nm, hence restricting the spectral range as compared to FTIR spectrometers, whose spectral range is in the order of 2,000-20,000 nm.

TLS has a tremendous range of applications. This high sensitivity of TLS has led to detection limits in the order of parts per trillion (ppt) using MP cells. For example, a detection limit of ammonia (NH3) of 200 ppt was achieved for a 1 s measurement time and a path length of 76 m, whereas for the same configuration it was 300 ppt for nitric oxide (NO) [START_REF] Mcmanus | Pulsed quantum cascade laser instrument with compact design for rapid, high sensitivity measurements of trace gases in air[END_REF]. A detection limit of 20 ppb of methane (𝐶𝐻 4 ) was reported in [START_REF] Richard | A fast-response near-infrared tunable diode laser absorption spectrometer for in situ measurements of CH 4 in the upper troposphere and lower stratosphere[END_REF] using a Herriot cell of path length 252 m and 2 s measurement time.

FTIR spectrometers use a broadband source instead of lasers narrowband widths, in conjunction with an interferometer, which is typically a Michelson configuration. FTIR spectrometers can simultaneously analyze multi-species within a wide range of infrared absorption spectra [START_REF] Chen | Photonic sensing of environmental gaseous nitrous acid (HONO): opportunities and challenges[END_REF]. They also have a high spectral resolution, but it is lower than that of the TLS in addition to its lower spectral power density. FTIR spectrometers have better tolerance against different gases interferences by applying multivariate analysis [START_REF] Aarhaug | Validation of Online Monitoring of PFC by QCL with FTIR Spectroscopy[END_REF], a kind of machine-learning approach. It has been used for many years for the detection of air pollutants. The detection limits of FTIR spectrometers can be enhanced using long path cells (up to hundreds of meters), which enables concentrations as low as the ppb range or even lower to be measured [START_REF] Griffiths | Fourier transform infrared spectrometry[END_REF], [START_REF] Hanst | Detection of atmospheric pollutants at parts-per-billion levels by infrared spectroscopy[END_REF]. Recently, miniaturized MEMS spectrometers have proven to be a good solution for air monitoring with sub-ppm range detection limits [START_REF] Erfan | On-Chip Micro-Electro-Mechanical System Fourier Transform Infrared (MEMS FT-IR) Spectrometer-Based Gas Sensing[END_REF]. In general, FTIR-based DAS is applicable for studying gas reactions [START_REF] Saliba | Reaction of gaseous nitric oxide with nitric acid on silica surfaces in the presence of water at room temperature[END_REF], [START_REF] Winiberg | Direct measurements of OH and other product yields from the\hack{\break} HO$_{2}$\,$+$\,CH$_{3}$C(O)O$_{2}$ reaction[END_REF], gas emission [START_REF] Thompson | Real-time fourier transform-infrared analysis of carbon monoxide and nitric oxide in sidestream cigarette smoke[END_REF]- [START_REF] Adachi | Automotive emission analyses using FTIR spectrophotometer[END_REF],

measuring atmospheric trace gases and greenhouse gases flux [START_REF] Griffith | FT-IR measurements of atmospheric trace gases and their fluxes[END_REF], open path measurements [START_REF] Shao | Advances in data processing for openpath fourier transform infrared spectrometry of greenhouse gases[END_REF], [START_REF] Kelliher | Measuring nitrous oxide emission rate from grazed pasture using Fouriertransform infrared spectroscopy in the nocturnal boundary layer[END_REF]- [START_REF] Oppenheimer | Remote measurement of volcanic gases by Fourier transform infrared spectroscopy[END_REF] and airborne measurements [START_REF] Yokelson | Trace gas measurements in nascent, aged, and cloud-processed smoke from African savanna fires by airborne Fourier transform infrared spectroscopy (AFTIR)[END_REF].

The PAS category has two configurations, similar to the TLS or FTIR in the DAS category.

The first configuration is similar to TLS except that a modulator and a microphone are used instead of the optical detector. The output light from the laser is modulated using either an electrical or a mechanical modulator. The modulated light is absorbed by the gas. The gas absorption of such modulated light leads to the emission of an acoustic pressure wave which is detected by the microphone. The gas is contained in an acoustic cell which can be operated at resonance or not. The cell configurations include one-dimensional cylindrical resonators, Helmholtz resonators, or cavity resonators [START_REF] Miklós | Application of acoustic resonators in photoacoustic trace gas analysis and metrology[END_REF]. This is depicted in Figure 1-1(b). The second configuration exploits the modulated output from an interferometer, which is illuminated by a broad-band source, to pass through a gas. This modulated optical intensity is converted into an acoustic wave, which is then detected by a microphone. This system is depicted in Figure 1-1 (d). The photoacoustic-based system is characterized by its independence on the gas cell length, which allows the possibility of using small volume gas cells instead of the large ones used in the DAS scheme. However, this can be seen as a disadvantage, since the detection limit cannot be enhanced by increasing the path length.

This leads to the DAS being superior when large gas cells are used. Another advantage is that the measured signal is directly related to the absorbed power, not the transmitted one as in TLS. The pioneering microphone type for TLS and FTIR is the one based on the Chapter 1: Introduction to gas sensing technologies 10 cantilever, which has much higher sensitivity than conventional electret microphones. PAS has a tremendous range of applications such as in trace-gases monitoring [START_REF] Miklós | Application of acoustic resonators in photoacoustic trace gas analysis and metrology[END_REF], open-air measurements [START_REF] Miklós | Multipass acoustically open photoacoustic detector for trace gas measurements[END_REF], smoke detectors [START_REF] Keller | Open photoacoustic sensor as smoke detector[END_REF], breath analysis [START_REF] Wojtas | Cavity-enhanced absorption spectroscopy and photoacoustic spectroscopy for human breath analysis[END_REF], automotive emissions [START_REF] Huber | Photoacoustic CO2-sensor for automotive applications[END_REF],

radioactive components analysis [START_REF] Karhu | Broadband photoacoustic spectroscopy of CH 4 14 with a highpower mid-infrared optical frequency comb[END_REF], manned spaceships [START_REF] Zhou | Advanced Photoacoustic Spectrometer for Air Monitoring in Manned Spacecraft[END_REF], biological and medical applications, microbiology [START_REF] Harren | Photoacoustic spectroscopy in trace gas monitoring[END_REF] and even in the analysis of the status of power transformers [START_REF] Zhang | Application of Photo-Acoustic Spectroscopy Technology to Dissolved Gas Analysis in Oil of Oil-Immersed Power Transformer[END_REF]. Regarding its sensitivity, with lasers PAS shows good performance for small gas lengths (< 100 mm) [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. As an example in [START_REF] Tomberg | Sub-parts-per-trillion level sensitivity in trace gas detection by cantilever-enhanced photo-acoustic spectroscopy[END_REF], using a photoacoustic PA cell of 95 mm long and a laser of 0.95 W, a detection limit of 0.65 ppt of hydrogen fluoride (HF) was obtained in half an hour.

It is apparent that the PAS shows good performance for short cells ( 20 mm or less) while direct absorption spectroscopy TLS (Direct TLS) has better sensitivity for longer cells [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF].

However, some questions remain; which detection scheme is more sensitive given certain laser power, given a particular gas cell length, the presence or not of an optical detector, the measurement time for it to be more sensitive than using a 20 mm long photoacoustic cell with a microphone. To answer these questions, a comparison is needed between the two detection systems in the case of TLS for a given power or in the case of FTIR for a given spectral resolution, throughput, and mirror velocity. This comparison was conducted by deriving the theoretical extreme detection limits of the different detection schemes. The related theoretical equations show the limiting parameters of each system alone compared with its respective technology. The figure of merit for this comparison is the normalized absorption coefficient defined as the minimum detectable absorption coefficient normalized for the measurement bandwidth (𝑐𝑚 -1 𝐻𝑧 -0.5 ). In addition, the normalized noise equivalent absorption coefficient NNEA (𝑐𝑚 -1 𝑊. 𝐻𝑧 -0.5 ), commonly used in PAS, is also employed for these comparisons for laser spectroscopy. A review of the literature was also conducted for TLS and FTIR approaches using photoacoustic PA or DAS. This was not only intended to show the latest advancements in these fields but also to summarize the real achieved detection limits and make further comparisons resulting from an analysis based on the proposed theoretical framework. This chapter is organized as follows: Section 1. 

Laser spectroscopy 1.3.1 Direct absorption laser spectroscopy

The TLS system is depicted in Figure 1-1 (a), where the output power from the tunable laser source, at a given wavelength 𝜆 and power 𝑃 𝑜 , is coupled into a gas cell using collimation optics (e.g., a lens). The collimated light propagating in the gas cell interacts with its gaseous content. At the output from the gas cell, light is refocused onto the detector for conversion to an electrical signal. The laser's wavelength is selected at a given gas absorption line. To detect another absorption line or another gas the laser must be tuned to the respective wavelength. The linewidth of lasers can be as low as a few 𝑀𝐻𝑧 or even less [START_REF] Du | Mid-Infrared Tunable Laser-Based Broadband Fingerprint Absorption Spectroscopy for Trace Gas Sensing: A Review[END_REF]- [START_REF] Whittaker | Development and application of spectroscopic techniques in the mid-infrared[END_REF]. On the other hand, the linewidth of gases is a few 𝐺𝐻𝑧 at atmospheric pressure, [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF], [START_REF] Bolshov | Tunable diode laser spectroscopy as a technique for combustion diagnostics[END_REF], [START_REF] Raynor | Trace water vapor analysis in specialty gases: sensor and spectroscopic approaches[END_REF]- [START_REF] Hodgkinson | Gas cells for tunable diode laser absorption spectroscopy employing optical diffusers. Part 1: single and dual pass cells[END_REF], while at reduced pressure linewidths can reach tenths of 𝑀𝐻𝑧 [START_REF] Schilt | Diode laser spectroscopic monitoring of trace gases[END_REF], [START_REF] Pushkarsky | Performance characteristics of a compact widely tunable external cavity quantum cascade laser[END_REF]. Thus, the laser linewidth is much smaller than the gas linewidth.

Theoretical detection limit

Shot noise, thermal noise, quantization noise, and flicker noise represent the different noise types in the optical detector-based systems. The shot noise represents the theoretical noise limit for such systems, and it is given by:

𝑖 𝑛 = √2𝑞𝑖Δ𝑓, (1.1) 
where 𝑖 is the total detector current, q is the elementary charge of an electron, and Δ𝑓 is the noise bandwidth (single-sided). To compare different detectors of different areas, a figure of merit called the specific detectivity is used and is expressed as:

𝐷 * = √A d 𝑁𝐸𝑃 , (1.2) 
where 𝐴 𝑑 is the detector area and 𝑁𝐸𝑃 (𝑊. 𝐻𝑧 0.5 ) represents the equivalent optical power of noise when the signal to noise ratio SNR is equal to 1 and is given by [START_REF] Rogalski | Infrared detectors[END_REF]:

𝑁𝐸𝑃 = 𝑖 𝑛 𝑅 𝑖 √Δ𝑓 , (1.3) 
where 𝑖 𝑛 is the current noise and 𝑅 𝑖 is the detector current responsivity (A/W). The equivalent power of the detector signal at a given wavelength, 𝜆, is given by (𝛼𝑙 ≪ 1):

𝑃 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 (𝜆) = 𝑃 𝑜 (𝜆)𝜁(1 -𝛼(𝜆)𝑙) + 𝑁𝐸𝑃√𝛥𝑓, (1.4) 
where 𝑙 is the gas interaction length, 𝛼(𝜆) is the wavelength-dependent absorption, 𝑃 𝑜 𝜁𝛼𝑙 represents the amount of power absorbed by the gas, 𝑃 𝑜 (𝜆) is the laser power at a given wavelength and 𝜁 is the coupling coefficient from the laser output to the detector. Thus, one can define the 𝑆𝑁𝑅 as:

𝑆𝑁𝑅(𝜆) = 𝑃 𝑜 𝛼(𝜆)𝑙𝜁 𝑁𝐸𝑃√𝛥𝑓 . (1.5)
Thus, the minimum normalized absorption coefficient is given by:

𝛼 𝑚𝑖𝑛 𝐷𝐴𝑆 (𝜆) = 𝛼(𝜆) 𝑆𝑁𝑅(𝜆) √𝛥𝑓 = 𝑁𝐸𝑃 𝑃 𝑜 (𝜆)𝑙𝜁 (1.6)
The total detector current, 𝑖 , is the sum of the currents due to the laser power and background power:

𝑖 = 𝑃 𝑜 ζ 𝑅 𝑖 (𝜆) + ∫ 𝐵 𝐵𝐺 (𝜆′) 𝑇𝑃 𝑑 𝑅 𝑖 (𝜆′) 𝜆 0 𝑑𝜆′, (1.7) 
where 𝑇𝑃 𝑑 is the detector throughput in 𝑆𝑟. 𝑚 2 and 𝐵 𝐵𝐺 represents the spectral radiance (per unit wavelength) of the black body source at temperature 𝑇 𝐵𝐺 in 𝑊. 𝑆𝑟 -1 𝑚 -2 𝑚 -1 .

The first term represents the contribution from the output power from the laser (percentage absorbed by the gas is neglected), while the second term represents the contribution of the background power. The maximum limit of the integration in Equation(1.7) is the peak sensitivity of the detector and also the cutoff wavelength in semiconductor detectors [START_REF] Rogalski | Infrared Detector Characterization[END_REF]. The first term dominates the second term for the range of laser power used in gas sensing (few 𝑚𝑊 up to 𝑊). Also, the laser spot size is within a few micrometers, meaning that the detector area can be reduced significantly leading to small thermal and background noise.

Thus, the second term can be neglected. In view of Equation(1.1),(1.3), (1.6) and (1.7)the corresponding 𝛼 𝑚𝑖𝑛 is obtained as follows:

𝛼 𝑚𝑖𝑛 𝐷𝐴𝑆 = 1 𝑙 √ 2𝑞𝜁 𝑅 𝑖 (𝜆)𝑃 𝑜 . ( 1.8) 
As can be seen, the minimum absorption coefficient is inversely proportional to √𝑃 𝑜 . The responsivity equation is given by 𝜂𝑞𝜆 ℎ𝑐 (𝜆: 0 → 𝜆 𝑐 ), where 𝜂 is the detector quantum efficiency, 𝑞 is the electron charge, ℎ is Plank's constant and 𝜆 𝑐 is the cut off wavelength of the detector. Also, increasing the wavelength has a better detection limit, due to the increased number of photons (better responsivity).

Technologies used in laser spectroscopy

In TLS, the laser source can be a diode laser, inter-band cascade laser (ICL), or a quantum cascade laser (QCL). The physical mechanism of the laser diodes is characterized by the conversion efficiency of photons into electrons at fixed and stable wavelengths. Increasing the emission wavelength of a diode laser requires a smaller bandgap that is closer to the background thermal fluctuations [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. In addition, more non-radiative losses are encountered due to increased Auger recombination [START_REF] Kost | Materials for mid-infrared semiconductor lasers[END_REF], [START_REF] Bauer | Mid-infrared semiconductor heterostructure lasers for gas sensing applications[END_REF]. An example of such a laser operating in the mid-infrared MIR spectral range is the lead salt laser. It can operate over a large spectral range in the IR range (3.3 𝜇𝑚 to 29 𝜇𝑚) [START_REF] Kost | Materials for mid-infrared semiconductor lasers[END_REF], [START_REF] Hecht | The laser guidebook[END_REF] but operated under cryogenic conditions and has low power emission of few mW [START_REF] Tacke | Lead--salt lasers[END_REF]. Therefore, QCL and ICL are used for the MIR spectral range.

The QCL was first demonstrated in 1994 [START_REF] Faist | Quantum cascade laser[END_REF]. The QCL is based on a periodic structure of multiple quantum wells. Each quantum well introduces discrete electronic states within the band, where photon emission occurs in-between (intersub-band/intraband transition). The spacing between the states and, thus, the emission wavelength is determined by the thickness of the layers. After that, the electron tunnels to the next quantum well (intraband tunneling), emits a photon and so on. The multiple photons emission by a single electron raises the efficiency of such a laser. Over the last decade, there have been successful efforts in increasing the overall efficiency of QCL for both continuous and pulsed operation [START_REF] Yao | Mid-infrared quantum cascade lasers[END_REF]. The QCL appears as a strong candidate for mid-infrared gas sensing from 4 𝜇𝑚 to 15 𝜇𝑚 and even in the terahertz range [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. The idea of stacking different wavelength quantum cascade stages was exploited for covering a large spectral range from 5.9 to 10.9 𝜇𝑚 using the same device with a peak power around 50 mW [START_REF] Bandyopadhyay | Ultrabroadband quantum cascade laser, tunable over 760 cm-1, with balanced gain[END_REF]. The main disadvantage of QCLs is the large threshold current, and thus the high power consumption [START_REF] Bauer | Mid-infrared semiconductor heterostructure lasers for gas sensing applications[END_REF], [START_REF] Vurgaftman | Interband cascade lasers[END_REF]. Also, the QCL performance is still limited for wavelengths less than 4 𝜇𝑚 [START_REF] Du | Mid-Infrared Tunable Laser-Based Broadband Fingerprint Absorption Spectroscopy for Trace Gas Sensing: A Review[END_REF], [START_REF] Bauer | Mid-infrared semiconductor heterostructure lasers for gas sensing applications[END_REF]. The ICL, like the QCL, is based on cascading multiple layers and similar to laser diodes, where transitions occur between the conduction and the valence band (interband transitions). After photon emission, the electrons tunnel to the next layer through interband tunneling from the valence band to the conduction band of another layer and so on. The ICL is the choice for applications of low power consumptions.

In its simplest form, the feedback in the laser system is implemented using two mirrors forming a Fabry-Pérot cavity, which is characterized by its rather large bandwidth leading to multimode lasing. This can be mitigated with a narrowband feedback operation using a diffraction grating on the top of the active layer, described as a distributed feedback DFB laser. This method can be applied to laser diodes, QCL, and ICL. Another approach is to apply a multilayer Bragg reflector on the top and bottom of the active layer, where the laser beam is emitted vertically. Thus, it is called a vertical-cavity surface-emitting laser (VCSEL). It can also be applied to laser diodes, QCL [START_REF] Nakwaski | New structure of semiconductor lasers: quantum-cascade vertical-cavity surface-emitting laser (QC VCSEL)[END_REF], and ICL [START_REF] Bewley | Room-temperature mid-infrared interband cascade verticalcavity surface-emitting lasers[END_REF]. For a wider tuning range an external cavity is used to tune the wavelength using the laser active medium and for example, a grating as the wavelength selection component.

To achieve smaller detection limits, there is a need for multiplying the interaction length with the gas for a given volume. This can be accomplished using multi-pass gas cells, where the light bounces forth and back many times using high reflectivity mirrors.

Optical detectors in general can be classified into photon (quantum) detectors and thermal detectors. Quantum detectors can detect photons whose energy is greater than the bandgap energy of the semiconductor. This bandgap corresponds to the cut-off wavelength of the detector. In contrast, thermal detectors can detect light due to changes in temperature through the absorption of light [START_REF] Rogalski | Infrared detectors[END_REF]. They are characterized by a nearly flat and wide spectral response, although they suffer from higher noise and slower response time.

The specific detectivity 𝐷 * of the different detectors as a function of wavelength is depicted in Figure 1-2. The wavelength detectors such as InAs, InGaAs, and PbS are examples of quantum detectors while pyroelectric is an example for thermal detectors. The theoretical limits of 𝐷 * for all these detectors are represented by the dashed line. These limits correspond to the shot noise due to only the background thermal radiation, which is unavoidable.

In the case of near-infrared (NIR), for wavelengths ranging from 1 𝜇𝑚 to 1.7 𝜇𝑚, indium gallium arsenide (InGaAs) (peak responsivity at 1.7 𝜇𝑚) at room temperature can be considered as a highly sensitive detector and a popular choice, although mercury cadmium telluride (MCT) has the same ultimate fundamental performance [START_REF] Rogalski | Infrared detectors: status and trends[END_REF]. For the wavelength range from 1 𝜇𝑚 to 2.5 𝜇𝑚, extended InGaAs (peak responsivity at 2.3 𝜇𝑚) or lead sulfide (PbS) at room temperature are preferred. For better sensitivity, the nitrogen cooled indium arsenide (InAs) can be used. In case of mid infrared MIR for the wavelength range of less than 5 𝜇𝑚, nitrogen cooled indium Antimonide (InSb) and nitrogen cooled MCT are the preferred choice. For the wavelength range from 7.7 𝜇𝑚 to 14 𝜇𝑚, cooled MCT is the better choice [START_REF] Griffith | FT-IR measurements of atmospheric trace gases and their fluxes[END_REF], [START_REF] Rogalski | Infrared detectors: status and trends[END_REF], [START_REF] Photonics | Characteristics and use of infrared detectors[END_REF]. MCT is likely to remain unchallenged for its high performance in long-wavelength infrared LWIR for the next few years [START_REF] Rogalski | History of infrared detectors[END_REF]. Theoretically, shot noise is the quantum limit of the sensitivity of optical detectors [START_REF] Dyroff | Tunable Diode Laser Absorption Spectroscopy for Trace Gas Measurements with High Sensitivity and Low Drift[END_REF]. In practice, other noise sources are affecting these systems such as laser source noise and optical fringes. The effect of laser source noise can be reduced by 1) increasing the absorbed signal by increasing the interaction length 𝐿 using a cavity or a multi-pass cell; 2) modulating the wavelength of the laser to operate away from the flicker noise due to laser power fluctuations [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. TLS is also often limited by optical fringes rather than the theoretical detection limit of the detector [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. These fringes arise from the parasitic Fabry-Pérot cavity introduced into the system by the different components such as the laser source, the detector, the optical windows, and the collimation optics. These fringes are the main contributors to background noise [START_REF] Yang | A method of reducing background fluctuation in tunable diode laser absorption spectroscopy[END_REF]. Various methods have been described in the literature for suppressing the fringes such as wedging of optical components [START_REF] Li | High-speed multi-pass tunable diode laser absorption spectrometer based on frequency-modulation spectroscopy[END_REF], anti-reflective coating for suppressing the Fabry-Pérot effect, dithering/ mechanical vibration of optical components to vary the cavity length, double-tone modulation [START_REF] Yang | A method of reducing background fluctuation in tunable diode laser absorption spectroscopy[END_REF] and using neural algorithms [START_REF] Nicely | Applicability of neural networks to etalon fringe filtering in laser spectrometers[END_REF].

TLS is also affected by light intensity fluctuations and baseline-fitting errors, which can also be minimized by modulation [START_REF] Zheng | Performance improvement of a near-infrared CH4 detection device using wavelet-denoising-assisted wavelength modulation technique[END_REF]. Modulation relies on imposing a sinusoidal current component at a high frequency 𝑓 𝑚 to the slower ramp laser current (ramp current is responsible for spectrum scanning). Thus, the laser wavenumber equation is given as [START_REF] Klein | Rapid, time-division multiplexed, direct absorption-and wavelength modulation-spectroscopy[END_REF], [START_REF] Chao | Wavelength-modulation-spectroscopy for real-time, in situ NO detection in combustion gases with a 5.2 $μ$m quantumcascade laser[END_REF]:

𝜈 𝑙 (𝑡) = 𝜈̅ 𝑙 (𝑡) + 𝜈 𝑎 cos (2𝜋𝑓 𝑚 𝑡), (1.9) 
where 𝜈̅ 𝑙 (𝑡) is the corresponding ramp wavenumber function and 𝜈 𝑎 is the corresponding modulation wavenumber amplitude. Substituting the above equation in Beer Lambert's law for an interaction with a gas of small absorption ( 𝛼(𝜈)𝑙 ≪ 1), the transmitted power is given by:

𝑃(𝑡)~𝑃 𝑜 (𝑡)(1 -𝛼(𝜈)𝑙) = 𝑃 𝑜 (𝑡)(1 -𝛼(𝜈̅ 𝑙 (𝑡) + 𝜈 𝑎 cos(2𝜋𝑓 𝑚 𝑡)) 𝑙), (1.10) 
where 𝑃 𝑜 is the laser power. The imposed harmonic component leads to a periodic signal for the detected power, which can be further decomposed by the Fourier series into its harmonic components including the second harmonic 2𝑓 𝑚 that is away from the flicker noise.

Another advantage of this method is the ability to have a free calibration method independent of the laser power since the ratio between different harmonics is independent of the laser power and depends on the gas absorption [START_REF] Chao | Wavelength-modulation-spectroscopy for real-time, in situ NO detection in combustion gases with a 5.2 $μ$m quantumcascade laser[END_REF].

The normalized noise equivalent absorption coefficient (NNEA) is a common fig-

ure of merit in the PAS. NNEA is the product of the normalized minimum absorption coefficient (absorption coefficient normalized with respect to the measurement time) and the laser power, so it is dependent only on the detector specifications. Thus, one can compare between different PA detectors. Trying to define such parameters in the DAS, in the case of a shot-noise limited system leads to a power-dependent NNEA, which cannot be used as a comparison figure of merit. However, in some circumstances, the detection limit in the DAS originates from the thermal noise of the detector instead of the shot noise, for example in an uncooled detector, large detector area, or small laser power. The thermal noise increases with the optical detector area 𝐴 𝑑 and can be related to the specific detectivity in Figure 1-2. Returning to Equation (1.6) and knowing that 𝑁𝐸𝑃 = √𝐴 𝑑 /𝐷 * [START_REF] Rogalski | Infrared detectors[END_REF], the corresponding NNEA can be given by : .11) In the above equation, the 𝑁𝑁𝐸𝐴 is path length and area dependent while it is independent onf the optical power. The NNEA curves of the DAS of different detector types are plotted in Figure 1-3 using Equation (1.11)and the data in Figure 12. The curves are for detectors of diameter of 1 mm and path length of 1 m with no propagation losses and assuming that the system is thermal noise limited. For different detector areas, one multiplies the NNEA of the different detectors by √𝐴 𝑑 , where 𝐴 𝑑 is in (𝑚𝑚) 2 . For such curves, the NNEA is independent of the laser power and increasing the source power directly enhances the sensitivity. The nitrogen cooled MCT detectors have the best sensitivity in the MIR range while the InGaAs detector has good performance in the NIR range (1.2 to 3 𝜇𝑚) in addition to the PbS. In the case of different path lengths, one could easily divide the curves by the new length in meters. These curves will be used later to compare DAS and PAS. Also, for different detector diameters, one directly multiplies the curves by √𝐴 𝑑 where 𝐴 𝑑 is in (𝑚𝑚) 2 . 

𝑁𝑁𝐸𝐴 𝐷𝐴𝑆 = √𝐴 𝑑 𝐷𝑙 . ( 1 

Photoacoustic laser spectroscopy

A simple illustration of the PAS mechanism is depicted in Figure 1-4. The system consists mainly of an excitation light source, which could be a laser, an LED, or even a white light source. The light is coupled into an acoustic cell containing a gas that has an absorption at a wavelength aligned with the excitation wavelength. Thus, the gas absorbs the optical energy and the molecules are excited to a higher energy level. After that, the molecules relax the energy in non-radiative in the form of kinetic or translational energy via inelastic collision. Such a process occurs within a time denoted as the relaxation time 𝜏 𝑅 . This leads to a rise in the local temperature 𝑇, which corresponds directly to a rise in the local pressure 𝑃. The heat energy transfers to the walls of the cell within a response time 𝜏 𝐻 . Introducing an amplitude modulation for the excitation light leads to variation in the pressure with the time that forms an acoustic wave. This wave propagates inside the PA cell and can be detected by a microphone. The sensitivity of the PA sensors strongly depends on the geometry of the PA cell and can be improved further by operating at its resonance frequency [START_REF] Niu | Temperature-dependent photoacoustic spectroscopy with a T shaped photoacoustic cell at low temperature[END_REF], [START_REF] Vainio | Mid-infrared optical parametric oscillators and frequency combs for molecular spectroscopy[END_REF]. Most of the cells described in the literature are used in conjunction with cantilevers that have a cylindrical form whose length and diameter typically range from 1 to 20 mm. 

Theoretical detection limit

In the PAS, a laser of a given wavelength 𝜆 and power 𝑃 𝑜 is modulated with a repetition rate 𝜔 = 2𝜋𝑓 (𝑟𝑎𝑑./𝑠). The modulated output from the laser is coupled into a photoacoustic cell of an illumination area 𝐴 𝑐𝑒𝑙𝑙 and cell length 𝑙 containing a gas of an absorption coefficient 𝛼. The PA cell comprises the cantilever for acoustic wave detection. The cantilever motion can be detected using an interferometer, for high dynamic range and sensitivity.

The deflection of the cantilever 𝑥 produces fringes at the interferometer output, which corresponds to the magnitude of beam deflection [START_REF] Kauppinen | High sensitivity in gas analysis with photoacoustic detection[END_REF]. The cantilever dimensions are 𝑏 𝑏 × 𝑙 𝑏 × 𝑡 𝑏 (width × length × thickness). Solving a set of equations, namely the gas law equation, heat transfer rate equation, first law of thermodynamics and cantilever second order differential equation, one can find a relation between the absorbed power 𝑃 𝑜 𝛼𝑙 and the beam deflection 𝑥 (for a non-resonant PA cell), a simplified relation can be found [START_REF] Kuusela | Photoacoustic gas analysis using interferometric cantilever microphone[END_REF]:

𝑥 = 𝑏 𝑏 𝑙 𝑏 (𝜅-1)
𝐴 𝑐𝑒𝑙𝑙 𝑘𝜔 𝛼𝑃 𝑜 .

(1.12)

where 𝜔 𝑜 , 𝑘 and 𝑄 are the beam resonance angular frequency, stiffness, and quality factor, respectively, and 𝜅 is the ratio of the specific heat capacity at constant pressure to the specific heat capacity at a constant volume (for air, 𝜅 = 1.4 𝑎𝑡 𝑇 = 300 𝐾 [START_REF] Slocum | Tables of thermal properties of gases[END_REF]).

Chapter 1: Introduction to gas sensing technologies 20 Such an equation is valid when the cantilever is operated in the non-resonant mode of the cantilever (𝜔 < 0.25 𝜔 𝑜 ) as the Brownian noise is amplified with the PA signal around the resonance and, thus, there is no enhancement in the signal to noise ratio [1][45]. Also, the non-resonance operation is similar to the operation of FTIR spectrometers where a wide range of modulation frequencies with a flat response is required. Second, the thermal response time increases dramatically with increasing the cell volume.

Note evident that the response is independent of the path length. An undesired photoacoustic signal is generated by the windows installed in the PA cell, which can be reduced by increasing the cell length so that the signal is spread over a larger volume [START_REF] Harren | Photoacoustic spectroscopy in trace gas monitoring[END_REF]. One can define the gas cell constant, as the ratio of cantilever deflection to the product of the absorption coefficient and power. This is given by: 𝐶 = 𝑏 𝑏 𝑙 𝑏 (𝜅 -1) 𝐴 𝑐𝑒𝑙𝑙 𝑘𝜔 = (𝜅 -1) 𝐴 𝑐𝑒𝑙𝑙 𝜌 𝑏 𝑡 𝑏 𝜔 𝑜 2 𝜔 (𝑚 2 𝑊 -1 ).

(1.13) Thus, a noisy PA signal is given by:

𝑥 = 𝐶𝑃 𝑜 𝛼 + 𝛥𝑥 𝑛 √Δ𝑓, (1.14) 
where Δx n represents the noise normalized to the square root of the measurement bandwidth. Then the signal to noise ratio, 𝑆𝑁𝑅, is given by:

𝑆𝑁𝑅 = 𝑃 𝑜 𝛼𝐶 Δ𝑥 𝑛 √Δ𝑓
.

(1.15)

The minimum detectable absorption coefficient, defined as the detectable absorption coefficient, when 𝑆𝑁𝑅 is unity, normalized to square root of measurement bandwidth, is given by:

𝛼 𝑚𝑖𝑛 𝑃𝐴 = 𝛼 𝑆𝑁𝑅 √Δ𝑓 = Δ𝑥 𝑛 𝑃 𝑜 𝐶 . (1.16)
Then, the 𝑁𝑁𝐸𝐴 is given by,

𝑁𝑁𝐸𝐴 𝑃𝐴𝑆 = 𝛼 𝑚𝑖𝑛 𝑃𝐴 𝑃 𝑜 = Δ𝑥 𝑛 𝐶 . (1.17)
It is clear that the 𝑁𝑁𝐸𝐴 in the PAS is independent of the laser power and measurement time but depends on the cell response and noise. The encountered noise types are acoustical noise, Brownian noise, source fluctuation noise, vibrational (or acceleration) noise, light back-action on the cantilever (fluctuation in radiation pressure) [START_REF] Smith | Limits of force microscopy[END_REF], and thermal and shot noise due to the optical detector used in the beam deflection measurement. For an ideally sealed cell, the sum of dominated noises is given by:

Δ𝑥 𝑛 2 = < 𝑥 𝐵𝑛 2 > + < 𝑥 𝑆𝑛 2 > + < 𝑥 𝑏𝑎𝑛 2 >, (1.18) 
where 𝑥 𝐵𝑛 , 𝑥 𝑆𝑛 and 𝑥 𝑏𝑎𝑛 represent the Brownian noise, shot noise (laser source of cantilever detection interferometer), and back-action noise, respectively. The symbols < > mean the statistical average. Increasing the laser power, 𝑃 𝑏 , leads to decreasing the shot noise but increasing the back-action noise. An optimum value of the power for non-resonant operation is given by [START_REF] Smith | Limits of force microscopy[END_REF]:

𝑃 𝑏 = 𝑘 𝑏 𝑐𝜆 8𝜋 , (1.19) 
where 𝑐 is the speed of the light. In this case, the total displacement noise can be given by [START_REF] Smith | Limits of force microscopy[END_REF]:

Δ𝑥 𝑛 2 = ( 4𝐾 𝐵 𝑇 𝐵𝐺 𝜔 𝑜 𝑄 + 2ℎ 𝜋 ) Δ𝑓 𝑘 . (1.20)
The Brownian noise term is the dominating term as long as 𝑓 𝑜 𝑄 ≪ 𝐾 𝐵 𝑇 𝐵𝐺 ℎ ~6 × 10 12 . This condition is practically satisfied even at high frequencies. The stiffness equation is given by [START_REF] Blom | Dependence of the quality factor of micromachined silicon beam resonators on pressure and geometry[END_REF]:

𝑘 = 𝜆 𝑛 4 12 𝑡 𝑏 3 𝑙 𝑏 3 𝑏 𝑏 𝐸, (1.21) 
where 𝐸 is Young's modulus and 𝜆 𝑛 is the mode Eigenvalue (for the first mode: 𝜆 1 = 1.875). In the viscous regime (air pressure is in the vicinity of atmospheric pressure), by modeling the beam as a string of spherical beads, the quality factor can be given by [START_REF] Blom | Dependence of the quality factor of micromachined silicon beam resonators on pressure and geometry[END_REF]:

𝑄 = 𝜆 𝑛 2 𝑡 𝑏 2 √𝐸𝜌 𝑏 12√3𝜋𝜇𝑙 𝑏 (1+𝑏 𝑏 √ 𝜌 𝑔 𝜔 2𝜇 ) , (1.22) 
where 𝜇 is the viscosity of the surrounding fluid (For air: 𝜇=18.6 𝜇𝑃𝑎. 𝑠 and for nitrogen: 𝜇= 17.9 𝜇𝑃𝑎. 𝑠 at 300 K and 1 atm. [START_REF] Lide | CRC handbook of chemistry and physics: a ready-reference book of chemical and physical data[END_REF]). In view of Equation (1.16), (1.20) where 𝜃 𝑃𝐴 is frequency independent but depends on the cantilever and cell area. It is given by:

𝜃 𝑃𝐴 = 𝐴 𝑐𝑒𝑙𝑙 √ 1 𝜆 𝑛 2 𝑡 𝑏 √ 𝜌 𝑏 𝐸 , (1.25) 
and

Γ 𝑔 = √𝐾 𝐵 𝑇 𝐵𝐺 √ 𝜌 𝑔 𝜇 (𝜅-1)
.

(1.26)

From the above equation, one can see that the detection limit depends on different parameters which correspond to different system components as follows: 1) ratio of the modulation frequency to the cantilever resonance frequency, cantilever resonance frequency, cantilever thickness, and cantilever specific stiffness 𝐸/𝜌 𝑏 .,2) laser power, and 3) cell area and the density of the gas inside.

Decreasing the ratio of 𝜔/𝜔 𝑜 by 10 dB enhances the detection limit by 12.5 dB. In addition, the detection limit is enhanced by decreasing cantilever resonance means worse the detection limit. Using typical values of the cell diameter, the modulation frequency and the cantilever thickness in the literature, one can draw a color plot of NNEA for different 𝜔/𝜔 𝑜 and resonance frequencies 𝑓 𝑜 in the case of unity 𝜃 𝑃𝐴 as shown in Figure 1-5 (a).

For different 𝜃 𝑃𝐴 , one simply multiplies the curves by the corresponding value.

Increasing the cantilever thickness enhances performance. However, increasing the thickness by 10 dB increases the stiffness by 30 dB according to Equation (1.21)(1.22), which increases the optimum laser power by 30 dB according to Equation (1.21). Thus, increasing the thickness is not practically applicable. The higher 𝐸/𝜌 𝑏 is, the better the sensitivity.

NNEA is also plotted Figure 1-5 (b) for different cantilever thicknesses and different 𝐸/𝜌 𝑏 ( 𝑓 𝑜 = 500 𝐻𝑧, 𝜔/𝜔 𝑜 = 0.2 and the cell diameter equals 5 mm). It is apparent from this figure that silicon has high specific strength compared to different metals and polymers.

The detection limit is enhanced linearly with the source power [START_REF] Karhu | Broadband photoacoustic spectroscopy of CH 4 14 with a highpower mid-infrared optical frequency comb[END_REF], which is an advantage compared to the DAS. Decreasing the cell area enhances the system's sensitivity unless it affects the flow of the gas into the cavity. Finally, it is apparent from Equation(1.24) that there is no dependence on the wavelength of operation as compared to the DAS.

(a) (b) 

Excitation sources

Erbium-doped ring lasers [START_REF] Chen | Research on fiber-optic cantilever-enhanced photoacoustic spectroscopy for trace gas detection[END_REF], DFB [START_REF] Chen | Parts-per-billion-level detection of hydrogen sulfide based on near-infrared all-optical photoacoustic spectroscopy[END_REF], [START_REF] Wei | All-optical cantileverenhanced photoacoustic spectroscopy in the open environment[END_REF], 𝐶𝑂 2 lasers [START_REF] Suchánek | First application of multilayer graphene cantilever for laser photoacoustic detection[END_REF], visible LEDs [START_REF] Westergaard | All-optical detection of acoustic pressure waves with applications in photoacoustic spectroscopy[END_REF], IR LEDs [START_REF] Kuusela | Photoacoustic gas detection using a cantilever microphone and III--V mid-IR LEDs[END_REF] and THz diodes [START_REF] Coutu | Improved Sensitivity MEMS Cantilever Sensor for Terahertz Photoacoustic Spectroscopy[END_REF] [96] are among the source types used with PA cells equipped with cantilevers. To enhance the sensitivity of such systems, optical amplifiers such as Erbium-doped fiber amplifiers have been used [START_REF] Chen | Research on fiber-optic cantilever-enhanced photoacoustic spectroscopy for trace gas detection[END_REF]. Another type of source is blackbody emitters followed by an IR filter at the corresponding absorption wavelength of the gas. This technique is characterized by its simplicity but lack of power and the slow response time limit its modulation frequency to less than 50 𝐻𝑧 [START_REF] Ledermann | Piezoelectric Pb (Zrx, Ti1-x) O3 thin film cantilever and bridge acoustic sensors for miniaturized photoacoustic gas detectors[END_REF]. Blackbody sources are either electrically amplitude modulated (EM) at low frequencies (20 Hz) [START_REF] Fonsen | Dual cantilever enhanced photoacoustic detector with pulsed broadband IR-source[END_REF] or modulated using a mechanical chopper [START_REF] Kauppinen | High sensitivity in gas analysis with photoacoustic detection[END_REF]. In the case of the laser, it is more efficient to use wavelength modulation and detect the 2nd harmonic signal [START_REF] Chen | Research on fiber-optic cantilever-enhanced photoacoustic spectroscopy for trace gas detection[END_REF], [START_REF] Zhou | Demonstration of a highly sensitive photoacoustic spectrometer based on a miniaturized all-optical detecting sensor[END_REF]. When using wavelength modulation, the PA signal is dependent on wavelength-dependent losses, such as the absorption lines of the gases, not the losses introduced by the windows and the walls [START_REF] Tomberg | Sub-parts-per-trillion level sensitivity in trace gas detection by cantilever-enhanced photo-acoustic spectroscopy[END_REF], [START_REF] Vainio | Mid-infrared optical parametric oscillators and frequency combs for molecular spectroscopy[END_REF]. Compared to conventional sinusoidal modulation, triangular-shaped and quasi-square waves enhance the photoacoustic signal by factors of 1.12, 1.42, and 1.57, respectively [START_REF] Saarela | Wavelength modulation waveforms in laser photoacoustic spectroscopy[END_REF]. The modulation frequency is off-resonance for a flat response [START_REF] Chen | Parts-per-billion-level detection of hydrogen sulfide based on near-infrared all-optical photoacoustic spectroscopy[END_REF],

[101], [START_REF] Laurila | Cantilever-based photoacoustic detection of carbon dioxide using a fiber-amplified diode laser[END_REF] or at resonance [START_REF] Zhou | Demonstration of a highly sensitive photoacoustic spectrometer based on a miniaturized all-optical detecting sensor[END_REF], [START_REF] Adamson | Photoacoustic detection of gases using microcantilevers[END_REF]. For the 2nd harmonic detection, the modulation frequency should be half the 2nd harmonic frequency. For multiple component analysis at the same time, multiple laser sources can be combined using frequency division multiplexing (where each laser is WM modulated at a different frequency) and detected using the same PA detector [START_REF] Mcnaghten | Simultaneous detection of trace gases using multiplexed tunable diode lasers and a photoacoustic cell containing a cantilever microphone[END_REF].

Acoustic detector

Microphones used in the PAS can be capacitive (electret or condenser) [START_REF] Szabó | In situ and wide range quantification of hydrogen sulfide in industrial gases by means of photoacoustic spectroscopy[END_REF], [START_REF] Holthoff | Development of a MEMS-scale photoacoustic chemical sensor using a quantum cascade laser[END_REF], piezoelectric, quartz tuning forks [START_REF] Kosterev | Quartz-enhanced photoacoustic spectroscopy[END_REF], cantilevers, polymer diaphragms [START_REF] Wang | An all-optical photoacoustic spectrometer for trace gas detection[END_REF], [START_REF] Cao | Miniature fiber-tip photoacoustic spectrometer for trace gas detection[END_REF] and membranes. In recent years, cantilevers have appeared as a strong candidate for PA detection taking advantage of the intensive studies and optimizations of cantilevers in atomic force microscopes (AFM). The motion of the cantilever is characterized by its high linearity and large dynamic range, which is larger than that of conventional membranes [START_REF] Vainio | Mid-infrared optical parametric oscillators and frequency combs for molecular spectroscopy[END_REF]- [START_REF] Kuusela | Photoacoustic gas analysis using interferometric cantilever microphone[END_REF], [START_REF] Suchánek | First application of multilayer graphene cantilever for laser photoacoustic detection[END_REF], [START_REF] Kachanov | Cavity-enhanced optical feedbackassisted photo-acoustic spectroscopy with a 10.4 $μ$m external cavity quantum cascade laser[END_REF], while the limited sensitivity of the membrane cannot be improved by further decreasing the gap [START_REF] Kuusela | Photoacoustic gas analysis using interferometric cantilever microphone[END_REF]. An experimental comparison of an electret microphone, a differential microphone, and a cantilever shows the superiority of using cantilevers by two orders of magnitudes over the microphone [START_REF] Kuusela | Photoacoustic gas analysis using interferometric cantilever microphone[END_REF], [START_REF] Lindley | A sensitivity comparison of three photoacoustic cells containing a single microphone, a differential dual microphone or a cantilever pressure sensor[END_REF], [START_REF] Wilcken | Optimization of a microphone for photoacoustic spectroscopy[END_REF]. NNEA in the order of 10 -10 𝑐𝑚 -1 𝑊 𝐻𝑧 -0.5 can be achieved without using a resonant PA cell [START_REF] Hirschmann | Sub-ppb detection of formaldehyde with cantilever enhanced photoacoustic spectroscopy using quantum cascade laser source[END_REF]. These values can be attained using an electret microphone in the case of a resonant PA cell. For example, a differential Helmholtz resonator PA cell (resonance frequency is 320 Hz) equipped with electret microphones (sensitivity 100 mV/Pa) has an NNEA of about

2.4 × 10 -10 [114].
An alternative is to use a quartz tuning fork as a resonant transducer. It is characterized by its high-quality factor (can reach 8000 or even 18,000 at low pressure [START_REF] Spagnolo | THz Quartz-enhanced photoacoustic sensor for H 2 S trace gas detection[END_REF]) and its immunity to acoustical noise due to its high resonance frequency (32.8 kHz ) [START_REF] Kuusela | Photoacoustic gas analysis using interferometric cantilever microphone[END_REF]. Acoustical resonance in conjunction with quartz can be used to improve sensitivity [START_REF] Vainio | Mid-infrared optical parametric oscillators and frequency combs for molecular spectroscopy[END_REF]. It can also be used in conjunction with a high finesse cavity [START_REF] Patimisco | High finesse optical cavity coupled with a quartz-enhanced photoacoustic spectroscopic sensor[END_REF] or multi-pass cell [START_REF] He | Ultra-high sensitive light-induced thermoelastic spectroscopy sensor with a high Q-factor quartz tuning fork and a multipass cell[END_REF] to further improve the sensitivity. The obtained NNEA values are around 10 -10 𝑐𝑚 -1 𝑊 𝐻𝑧 -0.5 [START_REF] Spagnolo | THz Quartz-enhanced photoacoustic sensor for H 2 S trace gas detection[END_REF],

[118], [START_REF] Spagnolo | Mid-infrared fiber-coupled QCL-QEPAS sensor[END_REF]. Better sensitivity is reached by measuring methanol (𝐶𝐻 3 𝑂𝐻) using a THz quantum cascade laser at 3.93 THz. The NNEA achieved was 3.75 × 10 -11 𝑐𝑚 -1 𝑊 𝐻𝑧 -0.5 [START_REF] Sampaolo | Improved tuning fork for terahertz quartz-enhanced photoacoustic spectroscopy[END_REF]. However, using such a structure has a drawback in that precise adjustment of the modulation frequency is needed [START_REF] Sadiek | Optical frequency comb photoacoustic spectroscopy[END_REF] and it is incompatible with blackbody sources, which cannot be modulated with such a high frequency [START_REF] Kuusela | Photoacoustic gas analysis using interferometric cantilever microphone[END_REF]. Finally, it cannot be used with scanning FTIR spectrometers due its limited bandwidth. A detailed review of QEPAS was recently published [START_REF] Spagnolo | Recent advances in quartz enhanced photoacoustic sensing[END_REF]. Thus, the focus of this review is the cantilever-based PAS.

For the cantilever-based microphone, different materials are used such as silicon [START_REF] Kauppinen | High sensitivity in gas analysis with photoacoustic detection[END_REF], mica for highly corrosive chemicals [START_REF] Rakovsk\ | A simple photoacoustic detector for highly corrosive gases[END_REF], stainless steel [START_REF] Chen | Fiber-optic Fabry-Perot interferometer based high sensitive cantilever microphone[END_REF], silica, borosilicate [START_REF] Zhou | Demonstration of a highly sensitive photoacoustic spectrometer based on a miniaturized all-optical detecting sensor[END_REF] and polyvinylidene fluoride [START_REF] Liu | A novel photoacoustic spectroscopy gas sensor using a low cost polyvinylidene fluoride film[END_REF]. The process of fabricating such cantilevers made from silicon is discussed in [START_REF] Glauvitz | MEMS cantilever sensor for photoacoustic detection of terahertz radiation[END_REF].

The higher the length to thickness ratio, the less stiff the beam, and consequently, the higher the sensitivity. However, this makes the cantilever more fragile and easier to break [START_REF] Glauvitz | Terahertz photoacoustic spectroscopy using an MEMS cantilever sensor[END_REF]. In the case of a system dominated by Brownian noise, this means greater sensitivity to Brownian noise. With respect to cantilever gap, a large gap means more gas leakage and in the case of low pressure, the beam behaves as an undamped structure. The minimum gap that can be achieved is dependent on the minimum feature size of the lithography process [START_REF] Coutu | Improved Sensitivity MEMS Cantilever Sensor for Terahertz Photoacoustic Spectroscopy[END_REF] used in cantilever fabrication.

Different locations for the cantilever in the system have been described. These include: 1) the cantilever can be placed in the PA cell at one end of the cylinder while the excitation light is from the other end [START_REF] Zhou | Demonstration of a highly sensitive photoacoustic spectrometer based on a miniaturized all-optical detecting sensor[END_REF]; 2) both the excitation and readout fibers are on the same side [START_REF] Zhou | A fiber-tip photoacoustic sensor for in situ trace gas detection[END_REF], and 3) the cantilever can be placed at the side of the cell [START_REF] Laurila | Cantilever-based photoacoustic detection of carbon dioxide using a fiber-amplified diode laser[END_REF].

The detection of the cantilever's motion can be performed using a Michelson interferometer (MI) [START_REF] Uotila | Selective differential photoacoustic method for trace gas analysis[END_REF], [START_REF] Kauppinen | Optical audio microphone arrangement including a Michelson type interferometer for providing a phase difference between different parts of light beams[END_REF], Fabry-Pérot cavity [START_REF] Yu | Fast white light interferometry demodulation algorithm for low-finesse Fabry--Pérot sensors[END_REF], or the piezo-electric effect [START_REF] Liu | A novel photoacoustic spectroscopy gas sensor using a low cost polyvinylidene fluoride film[END_REF]. The Fabry-Pérot configuration can be a white-light based Fabry-Pérot interferometer (WL-FPI) as in [START_REF] Yu | Fast white light interferometry demodulation algorithm for low-finesse Fabry--Pérot sensors[END_REF], where the fiber end and cantilever side constitute such a Fabry-Pérot configuration, or a laser-based Fabry-Pérot interferometer (L-FPI) [START_REF] Gruca | Demonstration of a miniature alloptical photoacoustic spectrometer based on ferrule-top technology[END_REF]. Fabry-Pérot cavities are characterized by their high sensitivity, small size, and immunity to electromagnetic radiation [START_REF] Chen | Research on fiber-optic cantilever-enhanced photoacoustic spectroscopy for trace gas detection[END_REF].

Alternatively, Michelson interferometers can be used with a sensitivity down to a few picometers [START_REF] Kauppinen | High sensitivity in gas analysis with photoacoustic detection[END_REF]. In the Michelson configuration, an iris can be placed in the path of the laser beam before impinging on the cantilever, which controls the size of the beam impinging on and reflecting off the cantilever In the path of [START_REF] Coutu | Improved Sensitivity MEMS Cantilever Sensor for Terahertz Photoacoustic Spectroscopy[END_REF]. Its disadvantages are cost and complexity [START_REF] Kachanov | Cavity-enhanced optical feedbackassisted photo-acoustic spectroscopy with a 10.4 $μ$m external cavity quantum cascade laser[END_REF], [START_REF] Cao | Acetylene detection based on diode laser QEPAS: combined wavelength and residual amplitude modulation[END_REF]. In its simplest form, the cantilever deflection can be measured using a laser impinged on the cantilever with a certain incidence angle, and the reflected light is detected using a quadrant detector [START_REF] Suchánek | First application of multilayer graphene cantilever for laser photoacoustic detection[END_REF], [START_REF] Adamson | Photoacoustic detection of gases using microcantilevers[END_REF]. Instead of using the optical detection methods for detecting cantilever vibration, one could use a cantilever made of a material that has a piezoelectric effect. In this case, the output piezo-electric signal, due to the film vibration, can be related to the PA signal.

Comparison between photoacoustic and direct detection in TLS

A comparison between two systems using Equation (1.8) and Equation (1.24) can be carried out based on the ratio between the minimum absorption coefficients in the PAS system as compared to the optical detector system. This ratio is given by: Therefore, for lasers with the power of a few mWs the DA systems with path lengths greater than tens of mms should provide better sensitivity. Increasing the power to hundreds of mWs or even greater results in the PAS having better sensitivity as compared to the DAS with a path length smaller than hundreds of mms.

𝛾 = 𝛼 𝑚𝑖𝑛 𝑃𝐴 𝛼 𝑚𝑖𝑛 𝐷𝐴𝑆 = 9.
The NNEA for a DAS in a shot-noise limited system is inversely proportional to the square root of the input laser power when compared to the NNEA in the PAS which is independent of laser power. But as shown before, for a thermal noise limited DAS, the NNEA becomes independent of the laser power. Thus, one can plot the NNEA of the PAS in conjunction with the NNEA of the DAS which is depicted in .

FTIR spectroscopy

The FTIR spectrometers have a large spectral range which can simultaneously detect different gases. Good sensitivity can also be achieved using the FTIR but it is less than TDLS due to the use of a broadband light source instead of a laser. The Michelson interferometer is the main type used in FTIR spectroscopy. The output light from the interferometer is modulated in the form of an interferogram versus time due to the interferometer's mirror motion. This interferogram is mathematically an auto-correlation function and so its Fourier transform gives the spectrum of the input light. In the FTIR based DAS, a gas cell is placed between the light source and the interferometer. Thus, the spectrum measured by the spectrometer represents gas transmission, not the respective absorbance. The optical power is detected by an optical detector. In another configuration, the gas cell and interferometer positions can be swapped as shown in Figure 1-1(c). Replacing the gas cell and the optical detector with a PA cell and a cantilever leads to the FTIR based PAS as depicted in The absorbed light is further converted into an acoustic signal and detected by the microphone (cantilever). The acoustic signal is in the form of an interferogram (i.e., autocorrelation function) but its Fourier transform corresponds to the spectrum of absorbed power.

Ideally, both systems should have the same absorption spectrum, either directly by the PAS or indirectly by the DAS. However, the detection method in the PAS depends on a heating mechanism and may cause broadening of the absorption peaks leading to spectra different from those measured with direct absorption spectroscopy using the FTIR spectrometer [START_REF] Campbell | Development of idealized practices for photoacoustic spectroscopy[END_REF].

Direct absorption FTIR spectroscopy

The optical source used in the FTIR spectroscopy can be filament-based, a plasma source, a mode-locked laser [START_REF] Othman | EXPRESS: Micro--Electro--Mechanical Fourier Transform Infrared (MEMS FT-IR) Spectrometer Under Modulated--Pulsed Light Source Excitation[END_REF], or a frequency-comb source. Usually, conventional filament sources are made from silicon carbide (SiC) (Globar source) or ceramic rod (Nernst source) for the MIR range, whereas tungsten lamps are used for wavelengths lower than 5.5 𝜇𝑚 (tungsten-halogen has a spectrum limited to 2.6 𝜇𝑚 ). A plasma source can be used for wideband operation down to UV [START_REF] Lahneman | Broadband near-field infrared spectroscopy with a high temperature plasma light source[END_REF], [START_REF] Smith | Laser-driven light source[END_REF] with a larger radiance (equivalent 𝑇 𝑠𝑟𝑐 = 9000K [START_REF] Lahneman | Broadband near-field infrared spectroscopy with a high temperature plasma light source[END_REF] or even more [START_REF] Zhu | LDLS sheds light on analytical-sciences applications[END_REF]) compared to filament-based sources at the expense of power consumption and source fluctuations. A frequency-comb source can be also used for wideband wavelength range measurements [START_REF] Khodabakhsh | Fourier transform and Vernier spectroscopy using an optical frequency comb at 3--5.4 $μ$m[END_REF]. The gas cell can be a multi-pass cell such as a White cell [18] [37] or HWG [START_REF] Kim | Midinfrared trace gas analysis with single-pass Fourier transform infrared hollow waveguide gas sensors[END_REF]. An open-air configuration can be used instead of a gas cell for measuring gases over long distances (open-path FTIR). InGaAs detectors are often used when wavelengths are less than 2.5 𝜇𝑚, and InSb detectors have a maximum detectivity for wavelengths less than 5.5 𝜇𝑚 and mercury cadmium telluride (MCT) detectors are used when the wavelength ranges from 7.7 𝜇𝑚 to 14 𝜇𝑚 [START_REF] Griffith | FT-IR measurements of atmospheric trace gases and their fluxes[END_REF], [START_REF] Photonics | Characteristics and use of infrared detectors[END_REF].

Theoretical detection limit

The power coupled into the detector is the summation of the contribution from a wide band of wavelengths. The average detector current is to some extent similar to Equation (1.7) and given by:

𝑖 = ∫ 𝐵 𝑠𝑟𝑐 (𝜆′) 𝜁 𝑇𝑃 𝑜 𝜂 𝑅 𝑖 (𝜆′) 𝑑𝜆′ 𝜆 𝑐 𝜆 𝑚𝑖𝑛 + ∫ 𝐵 𝐵𝐺 (𝜆 ′ ) 𝑇𝑃 𝑑 𝑅 𝑖 (𝜆 ′ )𝑑𝜆′ 𝜆 𝑐 0 , (1.28) 
where the first term represents the output power from the interferometer followed by the gas cell, 𝑇𝑃 𝑜 is the spectrometer output throughput in 𝑆𝑟. 𝑚 2 and 𝑇𝑃 𝑑 is the detector throughput and is given by 𝜋𝐴 𝑑 sin 2 𝜃 𝑑 (assuming Lambertian distribution of background emission), 𝜆 𝑚𝑖𝑛 is the minimum operation wavelength of the interferometer (limited by the beam splitter material or the detector). The maximum limit of the integration in Equation

(1.28) is 𝜆 𝑐 , which is the peak sensitivity of the detector (cutoff wavelength in semiconductor detection), 𝜁 represents the light transmission losses in the interferometer and 𝐵 𝑠𝑟𝑐 represents the spectral radiance of the black body source of temperature 𝑇 𝑠𝑟𝑐 .

The radiation pattern is assumed to be a Lambertian source (of constant radiance).

The coupling reaches a maximum when 𝑇𝑃 𝑑 equals to 𝑇𝑃 𝑜 . In such a case, using Equation (1.1), (1.3) and Equation(1.28), the 𝑁𝐸𝑃 is given by :

𝑁𝐸𝑃 = 1 𝑅 𝑖 (𝜆) √2𝑞 (∫ 𝐵 𝑠𝑟𝑐 (𝜆′)𝜁 𝑇𝑃 𝑜 𝑅 𝑖 (𝜆′) 𝑑𝜆′ 𝜆 𝑐 𝜆 𝑚𝑖𝑛 + ∫ 𝐵 𝐵𝐺 (𝜆′)𝑇𝑃 𝑜 𝑅 𝑖 (𝜆′) 𝑑𝜆′ 𝜆 𝑐 0
) .

(1.29)

The second term under the square root can be neglected for the following conditions: small 𝜆 𝑚𝑖𝑛 , compact spectrometer with low insertion losses (<10 dB) and 𝑇 𝑠𝑟𝑐 > 500𝐾 (as the power ∝ 𝑇 4 according to Stefan's law).

The linewidth of the gases is around a few 𝐺𝐻𝑧 (tenths of 𝑐𝑚 -1 as mentioned before, while the reported resolution of FTIR in gas sensing ranges from a few tenths up to tens of 𝑐𝑚 -1 (see the next section). Thus, the spectrometer resolution affects the measured absorbance. From the definition of the SNR in Equation(1.5), one should take into account the spectrometer resolution as follows:

𝑆𝑁𝑅(𝜆) = 𝑃 𝑜 (𝜆)𝜁𝑙 𝛼(𝜈) * 𝑠𝑖𝑛𝑐(𝜈 Δ𝜈 -1 )Δ𝜈 -1 𝑁𝐸𝑃√𝛥𝑓 , (1.30) 
where Δ𝜈 is the spectrometer resolution in wavenumber, 𝜈 = 1/𝜆 and * denotes convolution. The 𝑠𝑖𝑛𝑐 function represents the response function of the Fourier transform spectrometer (Fourier transform of a Boxcar function) [START_REF] Griffiths | Fourier transform infrared spectrometry[END_REF]. The convolution term is written as a function of 𝜈 instead of 𝜆 -1 only as a simplification (convolution should be performed in the wavenumber domain). The mean output power 𝑃 𝑜 from the Michelson interferometer is expressed as the following (Δ𝜆 = 𝜆 2 Δ𝜈):

𝑃 𝑜 (𝜆) = 𝐵 𝑠𝑟𝑐 (𝜆) 𝜁 𝑇𝑃 𝑜 𝜆 2 Δ𝜈 . (1.31)
It is assumed that the source spectrum is slowly varying with respect to spectrometer resolution and gas absorption, thus it is excluded from convolution. Such an assumption is true since the light source has a wide spectral range (black body). The absorption coefficient 𝛼(𝜈) is given by 𝛼(𝜈) = 𝛼 𝑜 𝑓 𝑔 (𝜈), where 𝛼 𝑜 is the absorption peak value and 𝑓 𝑔 (𝜈) is the gas line shape (normalized to one). The 𝑓 𝑔 (𝜈) has a Lorentzian profile (

Δ𝜈 𝑔 2 Δ𝜈 𝑔 2 +(𝜈-𝜈 𝑜 ) 2
) when the pressures are low as pressure broadening dominates. The Δ𝜈 𝑔 represents the FWHM of the gas line shape and 𝜈 𝑜 is its center. 𝑓 𝑔 (𝜈) has a Gaussian profile (𝑒

- (𝜈-𝜈 𝑜 ) 2 ln 2 Δ𝜈 𝑔 2
) in case of high atmosphere (low pressure) [141]. Using the Fourier transform properties, the absorbance peak (𝜈 = 𝜈 𝑜 ), for a Lorentzian gas profile, is given by:

𝐴(𝜈 = 𝜈 𝑜 ) = 𝛼 𝑜 𝑙 (1 -𝑒 - Δ𝜈 𝑔 𝜋 Δ𝜈 ) log 10 𝑒 , ( 1.32) 
Whereas for a Gaussian gas profile, the absorbance is given by:

𝐴(𝜈 = 𝜈 𝑜 ) = 𝛼 𝑜 𝑙 erf ( 𝜋Δ𝜈 𝑔 2 √ln 2 Δ𝜈 ) log 10 𝑒 , (1.33) 
where 𝑒𝑟𝑓 corresponds to the error function. It is obvious that when Δ𝜈 → ∞, the absorbance peak reaches the extreme value 𝛼 𝑜 𝑙 log 10 𝑒. The normalized absorbance is depicted in ). Saturation occurs for Thus, using Equations (1.6), (1.29) and (1.33) 𝛼 𝑚𝑖𝑛 at the absorbance peak is given by:

Δ𝜈 < Δ𝜈 𝑔 . (a) (b) 
𝛼 𝑚𝑖𝑛 (𝜆)~𝜃 𝐷𝐴𝑆 𝑅 𝑖 (𝜆)𝐵 𝑠𝑟𝑐 (𝜆) 𝜆 2 √2𝑞 ∫ 𝐵 𝑠𝑟𝑐 (𝜆′)𝑅 𝑖 (𝜆′) 𝑑𝜆′ 𝜆 𝑐 𝜆 𝑚𝑖𝑛 , (1.34) 
where 𝜃 𝐷𝐴𝑆 is the only parameter which depends on the specifications of the different system components and is independent of the wavelength and it is given by

(√𝜁 𝑇𝑃 𝑜 Δ𝜈𝑙 (1 -𝑒 - Δ𝜈 𝑔 𝜋 Δ𝜈 ) ) -1 or (√𝜁 𝑇𝑃 𝑜 Δ𝜈𝑙 erf ( 𝜋Δ𝜈 𝑔 2 √ln 2Δ𝜈
) )

-1

[ 𝑐𝑚. 𝑆𝑟 -0.5 ] The normalized 𝛼 𝑚𝑖𝑛 is plotted as a function of Δ𝜈 𝑔 /Δ𝜈 in Figure 1-7 (b). The 𝛼 𝑚𝑖𝑛 is saturated Δ𝜈 ≫ Δ𝜈 𝑔 because within this region increasing the resolution increases both the absorbance and the noise collected, by the same factor. Further improving the resolution will not enhance the absorbance by the same factor and 𝛼 𝑚𝑖𝑛 degrades. Thus, the optimum point is to operate at low resolution. However, this is not practical as this means that the peaks of different gases will interfere and cannot be discriminated. For a system having a minimum wavelength of detection, 𝜆 𝑚𝑖𝑛 of 1 𝜇𝑚, one can plot color mapping of the 𝛼 𝑚𝑖𝑛 for different absorption wavelengths and different 𝑇 𝑠𝑟𝑐 , for a unity 𝜃 𝑠𝑦𝑠 (i.e. 𝜁 = 1, 𝑇𝑃 = 0.01(𝑐𝑚) 2 . 𝑆𝑟, Δ𝜈 = 1𝑐𝑚 -1 𝑎𝑛𝑑 𝑙 = 100 𝑚𝑚 ), as depicted in Figure 1-8 (a). The contour line of minimum value of 𝛼 𝑚𝑖𝑛 for each value of 𝑇 𝑠𝑟𝑐 is plotted (solid line with markers), showing that the corresponding absorption wavelength increases with decreasing source temperature. An example of using an optical source of 𝑇 𝑠𝑟𝑐 of 2000 K, the minimum absorption coefficient at the wavelength of 3 𝜇𝑚 is 3 ⨉ 10 -9 𝑐𝑚 -1 , which corresponds to a detection limit of 0.1 ppb of methane (𝐶𝐻 4 ). For a system with a different 𝜃 𝑠𝑦𝑠 , one can directly multiply the plot by 𝜃 𝐷𝐴𝑆 , where increasing 𝜃 𝐷𝐴𝑆 means higher 𝛼 𝑚𝑖𝑛 (poorer detectivity).

Using a source of higher temperature enhances the detection limit only for short wavelengths (less than 8 𝜇𝑚 for 𝜆 𝑚𝑖𝑛 = 1 𝜇𝑚) whereas this is not the case for longer wavelengths due to the increased shot noise (larger spectral power is absorbed). The situation is reversed in the case of increasing the minimum wavelength of detection (limiting the spectral range). That is why it is advised to use a filter to limit the spectral range of the spectrometer to only the spectral band of interest to decrease the shot noise.

Photoacoustic FTIR spectroscopy

In the FTIR based PAS, the spectrometer can be operated in one of two modes: rapid scanning or step scanning. The rapid mode is the conventional mode of operation, where the mirror of the Michelson interferometer is in continuous motion with a given velocity v M . Such motion leads to a wavelength-dependent modulation (sinusoidal amplitude modulation of each wavelength with a frequency related to its respective wavelength).

The respective modulation frequency is given by 𝑓 = 2v M /𝜆 [START_REF] Hasegawa | Quantitative Infrared Spectroscopy for Understanding of a Condensed Matter[END_REF], which is the same frequency as the PA signal. This leads to a high frequency of operation. In the case of step scanning, the mirror is moved in step scan motion, which requires an additional optical modulator after the interferometer to modulate the light for the PA cell. The next analysis will focus on the continuous scanning mode. Different optical sources are reported to be used in FTIR based PAS such as optical parametric oscillator OPO [START_REF] Thompson | Real-time fourier transform-infrared analysis of carbon monoxide and nitric oxide in sidestream cigarette smoke[END_REF], supercontinuum source [START_REF] Mikkonen | Broadband cantilever-enhanced photoacoustic spectroscopy in the mid-IR using a supercontinuum[END_REF], and optical frequency comb [START_REF] Sadiek | Optical frequency comb photoacoustic spectroscopy[END_REF]. Regarding the acoustic detector, it can be based on a microphone [START_REF] Baldwin | Exploration of FTIR-based PAS for on-site analysis of volatile contaminants in air[END_REF]- [START_REF] Wright | Evaluation of a portable Fourier transform infrared gas analyzer for measurements of air toxics in pollution prevention research[END_REF]or cantilever [START_REF] Uotila | Fourier transform infrared measurement of solid-, liquid-, and gas-phase samples with a single photoacoustic cell[END_REF], [START_REF] Hirschmann | Fourier transform infrared photoacoustic multicomponent gas spectroscopy with optical cantilever detection[END_REF].

Theoretical detection limit

As was seen in Figure 1-1 (d), and according to the prior analyses, having as small a PA cell area as possible is better given all the interferometer output power is coupled to the PA cell. Thus, the optimum cell area 𝐴 𝑐𝑒𝑙𝑙 is given when the cell throughput 𝜋𝐴 𝑐𝑒𝑙𝑙 sin 𝜃 𝑐𝑒𝑙𝑙 2 equals the interferometer throughput. Having a PA cell of a maximum acceptance angle (𝜃 𝑐𝑒𝑙𝑙 = 𝜋/2), the 𝑃 𝑜 is rewritten as:

𝑃 𝑜 (𝜆) = 𝐵 𝑠𝑟𝑐 (𝜆)𝜁𝜋𝐴 𝑐𝑒𝑙𝑙 𝜆 2 Δ𝜈, (1.35) 
whereas Equation(1.6) will be as follows: .

𝑆𝑁𝑅 = 𝑃 𝑜 𝐶 𝛼(𝜈) * 𝑠𝑖𝑛𝑐(𝜈 Δ𝜈 -1 )Δ𝜈 -1 Δ𝑥 𝑛 √Δ𝑓 . ( 1 
(1.37)

The modulation frequency 𝜔 can be related to its respective wavelength 𝜆 (i.e. 𝜆 𝑜 is the corresponding wavelength at the resonance frequency). The maximum frequency of operation 𝜔 𝑚𝑎𝑥 = 0.25𝜔 𝑜 , for the operation out of the resonant mode of the cantilever. This means that the minimum wavelength of the operation of the interferometer can be related to 𝜆 𝑜 by 𝜆 𝑚𝑖𝑛 = 4𝜆 𝑜 . Then, 𝛼 𝑚𝑖𝑛 will be:

𝛼 𝑚𝑖𝑛 ~726 𝜃 𝑃𝐴
𝐵 𝑠𝑟𝑐 (𝜆) 𝜆 3.25 where 𝜃 𝑃𝐴 is wavelength-independent and depends on the specifications of different components and is given by:

𝜃 𝑃𝐴 = 1 𝜁 𝛥𝜈 (1-𝑒 - Δ𝜈 𝑔 𝜋 Δ𝜈 ) √ v M 3.5 𝜆 𝑛 2 𝑡 𝑏 √ 𝜌 𝑏 𝐸 . (1.39)
The 𝛼 𝑚𝑖𝑛 has the same dependence on the resolution as in the FTIR based DAS. It is important to note that the acoustical noise is assumed to be small with tight PA cell seals. To illustrate the dependence of the system on wavelength, the 𝛼 𝑚𝑖𝑛 is plotted for different source temperatures 𝑇 𝑠𝑟𝑐 , at unity 𝜃 𝑃𝐴 and 𝜆 𝑚𝑖𝑛 = 1𝜇𝑚, in Figure 1-9. For a system with different 𝜃 𝑃𝐴 , one just multiplies the plot by 𝜃 𝑠𝑦𝑠 𝑃𝐴 . From these curves, it is clear that for longer wavelengths, the detection limit is better. This is because the longer wavelengths correspond to lower frequencies of modulation (PA signal ∝ 𝜔 -1 , due to heat conduction response time). One can also observe the following: 1) increasing the resonance frequency (decreasing 𝜆 𝑚𝑖𝑛 (down to UV)) degrades 𝛼 𝑚𝑖𝑛 .; 2) increasing source radiance (higher optical source temperature) and decreasing the background temperature enhances the detection limit; 3)the detection limit is enhanced linearly with the source brightness, which is an advantage compared to the DAS, and 4) the detection limit is directly proportional to v M 1. 75 . Thus, the mirror velocity should be operated in step mode or with slow motion (less than 0.1 m/s) to avoid such notable degradation in the performance. 

Comparison between Acoustic and optical in Fourier transform spectroscopy

A comparison between the two systems based on FTIR spectroscopy, using (1.34)and (1.38), can be expressed by the ratio of the minimum absorption coefficient in the PAS system to that of the DAS. This is given by:

𝛾 = 𝛼 𝑚𝑖𝑛 𝑃𝐴 𝛼 𝑚𝑖𝑛 𝐷𝐴𝑆 = Ω 𝑔 𝜃 𝑃𝐴 𝜃 𝐷𝐴𝑆 𝑅 𝑖 (𝜆) 𝜆 1.25 √∫ 𝐵 𝑠𝑟𝑐 (𝜆′)𝑅 𝑖 (𝜆′) 𝑑𝜆′ 𝜆 𝜆 𝑚𝑖𝑛 , (1.40) 
where 𝛼 𝑚𝑖𝑛 𝑃𝐴 and 𝛼 𝑚𝑖𝑛 𝐷𝐴𝑆 represent the normalized minimum absorption coefficient for the FTIR based PAS and the FTIR based DAS, respectively. The parameter Ω 𝑔 is given by: From the above equation, the following conclusions can be drawn: 1) regarding the interferometer parameters, the ratio between the two systems is independent of the resolution as both have the same dependence on the resolution; 2) on the other hand, the smaller measurement time (i.e. higher mirror velocity v M ), the better the DAS as compared to the PAS

Ω 𝑔 = 513√ 𝐾 𝐵 𝑇 𝐵𝐺√ 𝜌 𝑔 𝜇 𝑞𝜆 𝑚𝑖𝑛 (𝜅-1) 2 . (1.41) (a) (b)
(𝜃 𝑃𝐴 ∝ v M 1.75 ).
3)The DAS is better for larger interferometer throughput (𝑇𝑃 𝑜 ) given that the output light fills all the detectors (PA cell in PAS, the optical detector in DAS). This can be stated in another way; for the PAS having a smaller cell area is preferable (cell diameter is usually a few mms or even tenths of mms), thus there is no need for an interferometer with large throughput, whereas in the DAS based FTIR spectrometer, in the case of a shotnoise limited detector, having a larger throughput and detector area means more signal (𝜃 𝐷𝐴𝑆 ∝ 𝑇𝑃 𝑜 -0.5 ). 4) For the optical source, increasing its temperature enhances the performance of the photoacoustic based system compared to the optical one, due to the increased shot noise in the latter. This is clear in Figure 1-10 (a) -(b). In addition, this also applies to increase the wavelength for a given 𝜆 𝑚𝑖𝑛 and for increasing 𝜆 𝑚𝑖𝑛 (lower 𝑓 𝑜 ), given that the seal effectively blocks acoustical noise. 5) Increasing the cell length, 𝑙, enhances the performance of the DAS over the PAS provided that the introduced losses, due to the mirrors, will not mask such enhancement. In general, the cell length and the mirror velocity are the dominating factors in specifying which is better.

Summary

A critical review has been conducted of gas sensing using direct absorption spectroscopy and photoacoustic spectroscopy. Each method was analyzed when using a tunable laser source or a Fourier transform spectrometer. In the case of PAS, the survey and the analysis were focused on the cantilever due to its high performance. The review includes analyses of the different cantilevers described in the literature that vary in size, material composition, and vibration detection methods. A theoretical analysis was conducted on these systems to find the extreme detection limits for each system. To compare the DAS and PAS, a figure of merit was used which was defined as the ratio between the normalized absorption coefficients (normalized with respect to measurement time) of each system. The normalized noise equivalent absorption coefficient (NNEA) was also used to compare the systems when using a tunable laser. The derived relations are a function of the specifications of the systems including their: source power, the wavelength of operation, system throughput, and detector parameters such as detector size, and cooling temperature. The relations allow the user to choose between the DAS and PAS given other system parameters. In the case of using a tunable laser, the direct absorption spectroscopy is better for lower laser powers and longer gas cells and the converse is also correct. For the FTIR-based systems, a direct absorption spectroscopy system is better than a PA-based system for lower source temperatures, higher spectrometer throughputs (bench-top spectrometer), faster mirror velocities, and longer gas cells. For a comparison between the capabilities of FTIR and TLS, one can check Table 1-1.

Since, the MEMS spectrometer is characterized by small throughput, fast mirror velocity and there is a need to have a long path lengths (to achieve low detection of limits), applying the photoacoustic spectroscopy with the MEMS spectrometer is not feasible. 

CHAPTER 2: CONTRIBUTION TO MINIATURIZED SPECTROMETERS

Introduction to MEMS FTIR spectrometer

Micro-Electro-Mechanical System (MEMS) are miniaturized devices fabricated using micro-fabrication techniques. The size ranges from a few millimeters to a few micrometers [153][154]. The MEMS device could be static without any moving parts [START_REF] Mi | Static and electrically actuated shaped MEMS mirrors[END_REF] or with multiple electro-mechanical moving parts actuated using electronic circuits either integrated into the same chip, such as accelerometers and pressure sensors, or outside such as spectrometers and RF MEMS [START_REF] Fischer | Integrating mems and ics[END_REF]. Interestingly, MEMS have many applications which makes them impact our daily life. For example, in automotive, cars contain tens of sensors fabricated using MEMS technology [START_REF] Gogoi | Integration technology for MEMS automotive sensors[END_REF]. Almost all smartphones contain typically 10 up to 20 This trend is also compatible with the new era of internet of things (IoT), where MEMS are expected to play an important role due to its small size, cheap and its low cost due to its mass production. In this area, spectrometers have a great potential as multi-parameter chemical spectral sensor.

MEMS
Using MEMS technology, the size and cost of spectrometers can be decreased while preserving relatively high performance. This extends the use of IR spectrometers in many applications and creates a new market for end-users. So, the market demand for portable IR spectrometers is increasing dramatically. According to reference [START_REF] Bouyé | Miniature and micro spectrometers market: who is going to catch the value?[END_REF], the annual growth rate of mini and micro spectrometers is at a rate of 11%. The market was worth $

170M in 2016 and expected to reach $ 297 M in 2021. The main driver of this growth [START_REF] Bouyé | Miniature and micro spectrometers market: who is going to catch the value?[END_REF] is farmers' application by bringing the handheld spectrometers to the farmers to easily test the crops quality, humidity of the soil, etc.. Other applications are controlling industrial process quality, bringing medical diagnosis capabilities to patients, to name a few.

The MEMS devices are fabricated using a variety of materials [START_REF] Zhou | Microsystems and nanotechnology[END_REF], but the most common are fabricated on silicon, due to the well-established microelectronic industry and CMOS process for integrated circuit (IC) fabrication. Silicon also has superior thermal and mechanical properties that can be summarized as follow [START_REF] Jha | MEMS and nanotechnology-based sensors and devices for communications, medical and aerospace applications[END_REF][161]: 1) Doesn't suffer from hysteresis. 2) Large Young's modulus in the order of 2 × 10 5 𝑀𝑃𝑎 as stiff as the steel while silicon is lighter and has smaller thermal expansion. 3) Large melting point temperature, which is about 1400 °C. 4) Its oxide (SiO2) is stable. 5) Compatible with metals such as aluminum and gold that are commonly used in MEMS technology for pad metallization, electrical connectivity and mirror metallization. MEMS can be fabricated using either surface or bulk micromachining, where the etching is carried-out in deposited layers on the substrate (surface micromachining) or in the substrate itself (bulk micromachining), respectively [START_REF] Kaajakari | Practical MEMS: Analysis and design of microsystems, MEMS sensors, electronics, actuators, rf mems, optical mems, and microfluidic systems[END_REF].

Considering the miniaturization format, MEMS-based FTIR spectrometers using different architectures have already been implemented, such as the Michelson interferometer [START_REF] Erfan | On-Chip Micro-Electro-Mechanical System Fourier Transform Infrared (MEMS FT-IR) Spectrometer-Based Gas Sensing[END_REF], lamellar grating [START_REF] Ayerden | High-speed broadband FTIR system using MEMS[END_REF], Mach-Zehnder interferometer [START_REF] Souza | Fourier transform spectrometer on silicon with thermo-optic non-linearity and dispersion correction[END_REF], [START_REF] Omran | Fully integrated Mach-Zhender MEMS interferometer with two complementary outputs[END_REF], moving wedge interferometer [START_REF] Al-Saeed | Spot size effects in miniaturized moving-opticalwedge interferometer[END_REF], low finesse Fabry-Pérot interferometer [START_REF] Al-Saeed | Fourier transform spectrometer based on Fabry--Perot interferometer[END_REF] and cascaded Fabry-Pérot interferometers [START_REF] Eltagoury | Novel Fourier transform infrared spectrometer architecture based on cascaded Fabry-Perot interferometers[END_REF]. However, all the reported solutions have a limited spectral resolution. On the one hand, the monolithic integration of all the components of the Michelson interferometer led to a resolution of approximately 33 cm -1 [START_REF] Erfan | On-Chip Micro-Electro-Mechanical System Fourier Transform Infrared (MEMS FT-IR) Spectrometer-Based Gas Sensing[END_REF]. On the other hand, a better resolution could be achieved, but at the loss of the advantage of monolithic integration, leading to challenging alignment and high assembly costs; for instance, a resolution of approximately 25 cm -1 in the spectral range from 2 μm to 5 μm [START_REF] Sandner | Miniaturized FTIRspectrometer based on optical MEMS translatory actuator[END_REF] has been obtained with a 3 𝑚𝑚-diameter MEMS mirror that requires further assembly with other discrete components to form the interferometer. A moving mirror with a relatively long physical travel range of approximately 600 μm was assembled perpendicular to the substrate with other Michelson components and led to a resolution of approximately 8 cm -1 [START_REF] Deutsch | High-resolution miniature FTIR spectrometer enabled by a large linear travel MEMS pop-up mirror[END_REF]. In the case of the MEMS-lamellar grating spectrometer, a resolution of approximately 15 cm -1 within the mid-IR range has been achieved [START_REF] Ayerden | High-speed broadband FTIR system using MEMS[END_REF], and gas measurement has been demonstrated with a resolution of approximately 20 cm -1 [START_REF] Scharf | Gas detection with a micro FTIR spectrometer in the MIR region[END_REF]. In all FTIR spectrometers, the spectral resolution 𝛥𝜆 is inversely proportional to the mirror travel range 𝛥𝑥, i.e., 𝛥𝜆~ 1/𝛥𝑥, such that achieving fine spectral resolution requires a large travel range. Therefore, the limitation of the on-chip resolution arises from the restricted travel range of the micro-mirror, limited by the stability and reliability requirements of the MEMS actuators [START_REF] Legtenberg | Comb-drive actuators for large displacements[END_REF].

2.2 Concept of parallel spectrometer and its use for gas measurement.

Optical spectrometers enable contactless chemical analysis. However, decreasing both their size and cost appears as a requirement before their widespread deployment. Chip-scale implementation of the optical spectrometers still requires tackling two main challenges.

First, operation over a broad spectral range extending to the infrared is required to enable covering the molecular absorption spectrum of a broad variety of materials. This is addressed in our work with a MEMS-based Fourier transform infrared spectrometer with embedded movable micro-mirror on a silicon chip. Fourier transform infrared (FTIR) spectrometers appear as a promising option since its broad spectral range enables covering the absorption molecular spectrum of a broad variety of materials including gases, liquids and solids. In addition, high signal-to-noise ratio (SNR) can be achieved due to the detection of all wavelengths simultaneously with a single detector [START_REF] Ayerden | The miniaturization of an optical absorption spectrometer for smart sensing of natural gas[END_REF].

Second, fine spectral resolution Δλ is also required to facilitate screening over several chemicals. A fundamental limit states that Δλ is inversely proportional to the mirror's motion range, which cannot exceed the chip size. To boost the spectral resolution beyond this limit, we propose the concept of parallel (or multi-core) FTIR, where multiple interferometers provide complementary optical paths using the same actuator and within the same chip.

The concept of parallel (or multi-core) spectrometer had been developed during my master thesis. The concept is summarized hereafter and then we demonstrate experimentally the advantage of its use in gas sensing. the second one scans from -400 to 0 μm, the third one scans from 0 to +400 μm and the last one scans from +400 μm to +800 μm. The overall interferogram is the concatenation of the four complementary interferograms, and the corresponding spectral resolution is expected to be quadrupled compared to that of a single interferometer.

Concept summary of the parallel spectrometer

Details on the concatenation algorithm can be found in our paper [START_REF] Fathy | On-chip parallel Fourier transform spectrometer for broadband selective infrared spectral sensing[END_REF]. 

Experimental device.

The main target of the proposed design is to enhance the spectral resolution using four interferometers monolithically integrated on the same chip. This was obtained by replicating the core interferometer, previously reported in reference [START_REF] Erfan | On-Chip Micro-Electro-Mechanical System Fourier Transform Infrared (MEMS FT-IR) Spectrometer-Based Gas Sensing[END_REF], design on-chip, but with shifts in the rest positions of the moving mirrors. A three-dimensional schematic of the chip with the four interferometers is depicted in Figure 2-2 (a). Since each of the four interferometer has a full travel range 2𝐿 of 360 𝜇𝑚, the total range is 1440 𝜇𝑚. Theoretically, this improves the resolution from 33 𝑐𝑚 -1 to 8.3 𝑐𝑚 -1 , according to the 𝐹𝑊𝐻𝑀 criterion 13 .

The interferogram of the first interferometer has OPD range from -860 𝜇𝑚 to -500 𝜇𝑚 , the second has OPD range from -500 𝜇𝑚 to -140 𝜇𝑚, the third has OPD range from -140 Such design is replicated for the parallel interferometers. Regarding the quality of surfaces, the RMS value of roughness is less than 20 nm using such technology [START_REF] Sabry | Curved silicon micromirror for linear displacement-to-angle conversion with uniform spot size[END_REF] and the measured verticality of the surfaces is better than 0.05˚. Mirrors reflectivity is more than 90%.

𝜇𝑚
A photo for the fabricated chip assembled on a PCB daughter board is shown in Figure 2 The relation between the mirror position and the capacitance was calibrated using a reference light at 1550 nm [START_REF] Saadany | Technique to determine mirror position in optical interferometers[END_REF].

The output optical light from the interferometers are different, they can't be summed on the same detector and the output of each one should be coupled to its corresponding detector.

Output electrical signal from corresponding detector is amplified by electronic amplifiers.

These are followed by Analog-to-digital converter (ADC) to sample the analog signal and convert it to the digital domain where digital filtering is applied to obtain the corresponding interferogram. After time averaging of each of the four interferograms, the concatenation algorithm is applied, and the final spectrum is obtained. The scan time 𝑇 𝑠𝑐𝑎𝑛 is about 1.5

𝑚𝑠 while 𝑁 𝑠𝑐𝑎𝑛𝑠 was 1000 scans or more.

White light characterization.

A that of the interferometers 1 and 2 because the signal power in these parts is higher and, thus, the noise effect in the transitions is smaller.

Characterization with narrow band filters.

To test the resolution enhancement achieved by the parallel interferometers, an optical filter with a FWHM of 2 nm cantered at 1.55 𝜇𝑚 was placed after the white light lamp for obtaining a narrow band spectrum. Also, the same filter was measured using a benchtop spectrometer (Bruker Tensor II). The spectrum obtained from a single interferometer, which contains the main burst is shown in 

Methane gas spectral analysis.

A gas measurement was conducted to show the ability of the parallel interferometers to discriminate between gas absorption bands. A gas cell that contains 10% methane 

Differential Spectrometer based on Critical Angle Dispersion

Looking for further innovative concepts for simple and low-cost spectral sensing, we also explored the potential of dispersive spectrometers, which are another example of widely used spectrometers beside the FT spectrometer. A dispersive spectrometer can be based on a prism or a diffraction grating. In the case of the prism-based spectrometer, the collimated white light impinges a prism surface. It is refracted into different directions due to the wavelength dependence of material. Thus, different wavelength components are separated in different directions allowing one to couple each wavelength to its respective detector or by rotating the prism and coupling wavelengths one by one to a single detector.

The prism can have different configurations such as Bunsen-Kirchhoff prism, Wadsworth prism mirror configuration, Pellin -Broca prism [START_REF] Pellin | A spectroscope of fixed deviation[END_REF], compound prism [START_REF] Browning | On the use of compound prism spectroscopes[END_REF] or others [START_REF] Zissis | Dispersive prisms and gratings[END_REF].

The spectrometer based on the diffraction grating comprises a grating of a periodic structure. The structure alters periodically the phase or the amplitude of the input light.

Each wavelength of the modulated intensity/ phase is diffracted in a respective direction.

Using a moving detector, rotating grating, or multiple detectors one could measure the spectrum of input light. The diffraction grating could be a transmitting or reflecting grating. A combination of the prism and diffraction grating is also found [START_REF] Chen | Grism (grating-prism combination)[END_REF], [START_REF] Cheng | Combined optical dispersion by prism and arrayed waveguide grating with multiple diffraction orders for Raman spectrometer[END_REF].

The prism is characterized by high transmission efficiency (only one order of refraction) compared to the diffraction grating. Regarding the resolution, the diffraction grating can achieve better resolution [START_REF] Lerner | Imaging spectrometer fundamentals for researchers in the biosciences-a tutorial[END_REF]. Prism-based spectrometer does not need a sorting filter to remove the overlap between the diffraction orders. Due to using off-axis parabolic mirrors, astigmatism aberration is encountered. This makes a limitation for the spatial and spectral resolution.

In this work, we present a novel spectrometer based on using a long dispersive stretched prism structure of beveled input and output interfaces. By sweeping the incidence angle and detecting the power at the other side using a single detector, one will have a wavelength integrated power. By differentiating such signal, the corresponding spectrum is retrieved.

Thus, no exit slit is needed, and the spectral resolution will not be limited. The spatial resolution, for spectral imaging, will not also limited.

Concept

The spectrometer idea depends on injecting a collimated light inside a long stretched prism of dimensions much greater than the wavelength of operation. The structure could be made of any dispersive material such as silicon or glass. The stretched prism input and output interfaces are beveled with an angle 𝛼 as depicted in Figure 2 From the geometry, one can find that the relation between 𝜃 2 and the incidence angle 𝜃 𝑜 is given by the following:

θ 2 = 𝛼 -sin -1 ( sin 𝜃 𝑜 𝑛(𝜆) ) (2.1)
If 𝑛(𝜆) sin 𝜃 2 < 1, corresponding to a certain range of wavelengths 𝜆 satisfying this condition, then the light will be totally reflected inside the structure until it exits from the other side. In the opposite case, corresponding to another range of wavelengths, a portion of the light will be refracted out of the structure, while the other complementary portion will be reflected inside the structure. Therefore, for a structure of relatively long length, no light of the corresponding 𝜆 will exit from the right side of the structure. There is a critical wavelength 𝜆 𝑐 at the border between these two regimes, separating them into two spectral ranges. This critical wavelength 𝜆 𝑐 is respective to a certain critical input angle 𝜃 𝑜 according to Eq. (2.1), satisfies 𝑛(𝜆 𝑐 ) sin 𝜃 2 = 1.Thus, the output power is given by:

𝑃(𝜃 𝑜 ) = ∫ 𝑃𝑆𝐷(𝜆′)𝑑𝜆′ 𝜆 𝑐 (𝜃 𝑜 ) 𝜆 𝑚𝑖𝑛 (2.2)
where 𝜆 𝑚𝑖𝑛 corresponds to the minimum wavelength of operation depending on the stretched prism/ detector material and 𝑃𝑆𝐷 is the input light power spectral density. Differentiating the above formula leads to the original spectrum as follow:

𝑃𝑆𝐷(𝜆) = | 𝑑𝑃 𝑑𝜃 𝑜 𝑑𝜃 𝑜 𝑑𝜆 | (2.3)
where 𝑑𝜃 𝑜 /𝑑𝜆 is obtained from Equation Eq. Due to coupling all wavelengths to the same detector, two benefits are acquired; (1) there is no need for an exit slit, and (2) the resolution is not limited by the aberrations, such as spherical and astigmatism, as compared to the conventional dispersive spectrometers. Thus, better spatial and spectral resolution can be achieved. The curve is compared with the PSD of the input.

System specifications

Spectrometer resolution

Given the input collimated light has a divergence angle of + 𝛿𝜃 𝑜 , the spectral resolution is governed by such value. In case of a laser and zero 𝛿𝜃 𝑜 , the integrated power 𝑃(𝜃 𝑜 ) versus 𝜃 𝑜 has a step function (blue dash line), as depicted in Figure 2-9 (a). Differentiating such curve has an impulse shape at 𝜃 𝑐 (blue solid curve). In case of limited divergence angle 𝛿𝜃 𝑜 , 𝑃(𝜃 𝑜 ) has a gradual decrease with 𝜃 𝑜 (red dash curve) and the corresponding differentiated signal has a gaussian like shape with a full width at half-maximum of 2𝛿𝜃 𝑜 (red solid curve). Multiplying the differentiated signal with 𝑑𝜃 𝑜 /𝑑𝜆 leads to a wavelength dependent resolution which depends on the material dispersion.

Regarding the length of the structure, it should be long enough to attenuate the power of the rejected wavelengths because once such wavelengths impinge on the horizontal surface, part of the power is transmitted, and the complementary part is reflected (residual power).

The effect of an increasing number of reflections 𝑁 𝑟𝑒𝑓 on the spectrum shape of the laser is shown in The spectrometer resolving power can be deduced for such a spectrometer. Knowing that the resolving power 𝑅 is given by [START_REF] Sparrow | On spectroscopic resolving power[END_REF]:

𝑅 = 𝜆 Δ𝜆 = 𝑎 𝑑𝜃 𝑜 𝑑𝜆 (2.4)
One can find 𝑑𝜃 𝑜 𝑑𝜆 by differentiating the equation 1 = 𝑛 sin 𝜃 2 with respect to 𝜆 in conjunction with the Eq. (2.1). After substituting in equation (2.4) the resolving power is given by:

𝑅 = 𝑎 sin 𝛼 cos 𝜃 𝑜 cos 𝜃 2 𝑑𝜃 𝑜 𝑑𝜆 (2.5)
The resolving power can be rewritten as follows:

𝑅 = 𝑑 √1 -𝑛 -2 𝑑𝜃 𝑜 𝑑𝜆 (2.6)
Such resolving power represents the ultimate theoretical resolution which is limited by the Rayleigh diffraction limit of stretched prism aperture. In Figure 2 , where the prism base is taken to be equal to stretched prism width 𝑎). It is clear that the resolving power of the new spectrometer is order of magnitudes bigger than the prism at the beginning of its spectral range and slightly better for longer wavelengths. 

Spectrometer SNR

In real-time measurement, the detected power will be sampled at different times (i.e. P(t)).

The noisy detected power will be given by 𝑃 𝑛 (𝑡) = 𝑃(𝑡) + 𝑛(𝑡), where 𝑛(𝑡) is the noise.

The noisy retrieved spectrum is given by: , where the Δ𝜃 𝑜 represents the range of 𝜃 𝑜 scanned (which corresponds to the scanned spectral range) and 𝑇 is the measurement time. The noise power spectral density of white is 𝑁(𝑓) = 𝑁 𝑜 (𝑉 2 . 𝐻𝑧 -1 ), where 𝑓 is the electrical frequency. The effect of differentiation leads to 𝑁(𝑓) = 𝑁 𝑜 (2𝜋𝑓) 2 . Thus, the root mean square of the noise 𝑛 𝑟𝑚𝑠 (in the time domain) is the square root of the total integration of the noise power spectral density within the electrical bandwidth 𝐵𝑊 of interest. It is given by:

𝑃𝑆𝐷 𝑛 = |𝑃𝑆𝐷 + 𝑑𝑛 𝑑𝑡 𝑑𝑡 𝑑𝜃 𝑜 𝑑𝜃 𝑜 𝑑𝜆 | (2.
𝑛 𝑟𝑚𝑠 = √∫ 𝑁(𝑓)𝑑𝑓 𝐵𝑊 0 = 2𝜋√𝑁 𝑜 𝐵𝑊 3 /3 (2.8)
The bandwidth of operation can be determined from the resolution. Since the divergence of collimation 𝛿𝜃 𝑜 determines the width of the spectrum as depicted in Figure 2-9, the corresponding electrical bandwidth is given by 𝐵𝑊 = Δ𝜃 𝑜 𝑇 2𝛿𝜃 𝑜 . After that, the signal to noise ratio 𝑆𝑁𝑅 is given by:

𝑆𝑁𝑅 = 𝑃𝑆𝐷 𝑛 𝑟𝑚𝑠 𝑑𝑡 𝑑𝜃 𝑜 𝑑𝜃 𝑜 𝑑𝜆 (2.9)
Given the equations of 𝐵𝑊 and

𝑑𝑡 𝑑𝜃 𝑜

, the SNR is given by:

𝑆𝑁𝑅(𝜆) = √6 𝜋 𝑃𝑆𝐷 √𝑁 𝑜 /𝑇 √Δ𝜃 𝑜 /(𝛿𝜃 𝑜 ) 3 𝑑𝜃 𝑜 𝑑𝜆 (2.10)
which can be rewritten as follows:

𝑆𝑁𝑅(𝜆) = √6 𝜋 𝑃𝑆𝐷 𝛿𝜆(𝜆) √𝑁 𝑜 /𝑇 √𝑀 (2.11)
where 𝑀 is the number of wavelength points and 𝛿𝜆(𝜆) is the spectrometer resolution which is wavelength dependent as mentioned before. Decreasing the number of spectral points M or increasing the measurement time 𝑇 enhances the SNR. Also, SNR is better for higher wavelengths due to the limited resolution.

Results

Experimental setup

The spectrometer idea was applied using a ATR crystal (Length × width × depth = 60 mm After that, the outputs of two laser sources were combined using a coupler and coupled to the spectrometer. The differentiated signal is plotted in White light from a halogen light source (AvaLight-HAL, Avanyes) followed by a reference material (TS5, Starna) was also measured. TS5 is an organic matrix which has many absorption lines in the near infrared. Thus, it is used in the wavelength calibration of spectrometers. The corresponding transmission is shown in Figure 2-14, after performing time to wavelength conversion. The TS5 material was also measured using an FTIR spectrometer (Neospectra, Si-ware) for comparison.

Discussion

Using Ray tracing using commercial software (ZEMAX) was also performed to trace rays inside the stretched prism. This was to check if there are rays path which contributes to the output or an effect from the aberrations introduced by the optics. However, the detected signal at the output doesn't show any degradation in the resolution.

Diffraction due to the stretched prism limited width is also negligble as the width is about One of the effects which may cause such a resolution degradation is the roughness on the stretched prism surface which scatter light to wider angles which can widen the divergence angle of the collimated beam due to multiple reflections inside the stretched prism. Thus, the roughness was measured and was taken into account in the modeling in the next part.

Surface roughness

In order to measure the roughness, surface profile ℎ(𝑥, 𝑦) was measured for different positions of the ATR crystal. This was performed using a Digital Holographic Microscope where 𝑓 𝑥 and 𝑓 𝑦 are the spatial frequencies of the surface roughness. The PSD was calculated for positions which are far away from each other. After that, the average was taken because the roughness in these positions are uncorrelated. The corresponding 𝑃𝑆𝐷 is plotted in Thus, surface roughness RMS is equal to 8.4 nm. The correlation length is defined as the length over which the ACF drops to 10% of its peak value [START_REF] Bhushan | Surface roughness analysis and measurement techniques[END_REF]. It ranges from 7 to 12 𝜇𝑚 (depending on the slice plane).

Effect of Roughness

Different scattering models are reported for modeling the effect of surface roughness on the reflected light such as [START_REF] Krywonos | Linear systems formulation of scattering theory for rough surfaces with arbitrary incident and scattering angles[END_REF], [START_REF] Schröder | Modeling of light scattering in different regimes of surface roughness[END_REF] Gaussian distribution of roughness with arbitrary PSD. In the modified Harvey-Shack theory, a small scattering angle with respect to the specular reflection is assumed in calculating the phased difference between scattered rays as follows [START_REF] Hsu | MEMS and microsystems: design, manufacture, and nanoscale engineering[END_REF]:

𝜙(𝑥 ̂, 𝑦 ̂) = 2𝜋 𝜆 𝑛(cos 𝜃 𝑖 ′ + cos 𝜃 𝑜 ′ )ℎ (𝑥, 𝑦)~4 𝜋 𝜆 𝑛 cos 𝜃 𝑖 ′ ℎ(𝑥, 𝑦) (2.16)
where 𝑥 ̂, 𝑦 ̂ are co-ordinates normalized to wavelength, 𝜃 𝑜 ′ is the reflected scattered angle and 𝑛 is the medium refractive index. These are depicted in Figure 2-18 (a). The corresponding surface transfer function is given by [START_REF] Hsu | MEMS and microsystems: design, manufacture, and nanoscale engineering[END_REF]:

𝐻 𝑠 (𝑥 ̂, 𝑦 ̂ ) = 𝑒 -( 4𝜋 𝜆 n cos 𝜃 𝑖 ′ 𝜎 𝑟 ) 2 [1 - 𝐴𝐶𝐹(𝑥 ̂,𝑦 ̂) 𝜎 𝑠 2 ]
(2.17) where 𝜎 𝑠 is the surface RMS roughness and 𝜎 𝑟 is the band-limited RMS roughness (calculated from the 𝑃𝑆𝐷 where roughness frequencies which generate evanescent scattered light are excluded). Applying the Fourier transform, one gets the corresponding angle spread function (𝐴𝑆𝐹) which represents the scattering distribution. 𝐴𝑆𝐹 was calculated for a laser of 1548 nm and an incidence angle of 24° on the glass-air interface This is the critical angle of total internal reflection angle on the stretched prism surface. The roughness parameters 𝜎 and ACF measured using the DHM were used. The respective 𝐴𝑆𝐹 is plotted in Figure 2-18 (a). The percentage of the total power scattered is 2.3% of the input incident power while the specular reflection is still dominant. Light intensity (power per unit solid angle) is related to 𝐴𝑆𝐹 as follow:

𝐼(𝜃 𝑜 , 𝜃 𝑖 ) = 𝐴𝑆𝐹(𝜃 𝑜 ′ , 𝜃 𝑖 ′ )𝑅(𝜃 𝑖 ′ ) cos 𝜃 𝑖 ′ (2.1)
where 𝑅(𝜃 𝑖 ) is the reflection coefficient of light of incidence angle of 𝜃 𝑖 .

Applying these equations on the stretched prism structure is discussed as follows. As shown in Figure 2-18 (b), at every reflection of an incidence angle 𝜃 2 𝑖 , the light is scattered into different directions with angles 𝜃 2 𝑜 . Thus, the intensity after one reflection 𝐼 𝑖𝑛 (𝜃 2 𝑜 ) is related to intensity before 𝐼 𝑖𝑛 (𝜃 2 𝑖 ) as follow:

𝐼 𝑖𝑛 (𝜃 2 𝑜 ) = ∫ 𝐼 𝑖𝑛 (𝜃 2 𝑖 )𝐴𝑆𝐹(𝜃 2 𝑜 , 𝜃 2 𝑖 )𝑅(𝜃 2 𝑜 ) cos 𝜃 2 𝑜 𝑑𝜃 2 𝑖 𝜋/2 0 (2.2)
The above equation should be applied for every reflection, till the light exits from the other side of the stretched prism. Monitoring the 𝑃(𝜃 2 ) after a different number of reflections help us to know what happens to the divergence of the beam inside the stretched prism. This is depicted in Figure 2-18 (d) after 10, 30, and 48 reflections. Increasing the number of reflections leads to 1) attenuation of the specular reflected where attenuated power difference is in the form of scattered power at both sides of specular reflected light. 2) Power of the scattered light in a given 𝜃 2 direction also decreases as itself being scattered more.

3) Finally, for such roughness values, most of the power is contained in the specular reflected light and power of the scattering rays are still an order of magnitudes less than that of the specular reflected light. This is attributed to the small percentage of the scattered light (2.3%) which is spread along wide scattering angles (10 to 40°, as depicted in the ASF in Figure 2-18 (c)) compared to specular light at only one angle 24°.

By sweeping the input incidence angle 𝜃 𝑜 , summing all the scattered and the specular rays, one could have the corresponding 𝑃(𝜃 𝑜 ) depicted in Figure 2-18 (e). As seen, the output ATR width at the two ends was measured using a digital microscope. The difference between widths ranges from 8 to 12 𝜇𝑚. Such variation arises from the microscope resolution.

Thus, 𝛼 2 , defined in Figure 2-19 (e), is in the vicinity of 0.01°. This value was taken an input to the model for investigating its effects. The laser has a wavelength of 625 nm, full width half maximum (FWHM) of 1.3 nm, and a divergence of collimation of 0.005°. The detected power versus the incidence angle of the input is depicted in Figure 2-20 (a) for positive and negative 𝛼. Such polarity will depend on the input side of injection (left or right one). One could observe different critical angles of 𝜃 𝑜 depending on the polarity of 𝛼 2 . This was observed experimentally where the critical angle of incidence was found to be 80.4° or 73° depending on the direction of excitation. Such a shift in the critical angle is expected and can be explained as follow 1) In the ideal stretched prism of parallel sides, once one injects the light at the critical angle, all reflections inside the stretched prism are at the corresponding critical angle of total internal reflection as the incident angle of light is the same everywhere. 2) For imperfect stretched prism, the incidence angle is different.

Thus, the effective critical angle of incidence is the angle when the angle of incidence of light on the stretched prism surface is at the critical angle of total internal reflection at the 

Signal correction

Mathematical correction could be performed to correct the resolution by removing the effect of unparallel surfaces of the stretched prism. The effect of unparallel surfaces appears in the matrix 𝜷 in Equation (2.14). Replacing 𝜷 with another corrected matrix 𝜷 𝒄 can solve this issue. First, one has to find 𝜷 (whose row direction is a function in 𝜆 and the column direction is a function in 𝜃 𝑜 ). This is can be extracted from the laser measurements. The 𝑃𝑆𝐷 of laser is expressed by 𝛿(𝜆 -𝜆 𝑠 )(in vector form, it is [0. .010 … 0] 𝑇 ). Thus, the measured 𝑃 𝐿𝑎𝑠𝑒𝑟 (𝜃 𝑜 ) is given by:

𝑷 𝑳𝒂𝒔𝒆𝒓 = 𝜷 * [𝟎. . 𝟎𝟏𝟎 … 𝟎] 𝑻 = 𝜷 𝝀 𝒔 (2.18)
where 𝜷 𝝀 𝒔 is the column vector in 𝛽 which corresponds to 𝜆 𝑠 (i.e. the signal in Figure 2-12 (c)). One can assume that the dependence of 𝜷 on wavelength is just a shift in the position of the critical angle of incidence (see Figure 2-9 (a) where the falling edge occurs at the critical angle. Thus, ideally 𝜷 𝝀 𝒔 of different 𝜆 𝑠 has the same shape but with shifting the position of falling edge or critical angle). Thus, the whole matrix can be estimated 𝜷 using the laser measurement 𝜷 𝝀 𝒔 with the help of Figure 2-10 (a). The estimated matrix is named 𝜷 𝒆𝒔𝒕 . The corrected form of 𝜷 𝒄 can be generated from the Equation (2.13) and the input intensity distribution 𝐼, while the measured divergence angle of the light is 0.06° in case of the smaller fiber used. Finally, the corrected signal is given by the following:

𝑷 𝒄 = 𝜷 𝒄 * 𝜷 𝒆𝒔𝒕 -𝟏 * 𝑷 (2.19)
The corrected spectra of lasers measurements are shown in 

Conclusion

Summarizing the results of the chapter; first, a MEMS chip which comprises a novel concept of parallel interferometers intended to provide better spectral resolution, was used to measure methane peaks with an enhanced spectral resolution enabling to discriminate peaks and identify methane. The parallel concept appears as a solution to the theoretically-limited resolution of MEMS FTIR spectrometers. Second, another novel concept of differential spectrometer based on a dispersive material was presented and studied in detail.

Theoretical analysis, measurements and deep analysis were performed on the new structure. The concept was proved using a crystal. The achieved resolution was 60 nm around 1548 nm. A reference material was measured and compared with the measurements of FTIR spectrometer. Furthermore, the provided theoretical background provides a route for further improvements of the performance based on the proposed concept.

CHAPTER 3: MONITORING POLLUTION AND DE-POLLUTION OF AIR

Introduction

Air pollution is a critical problem that kills seven million people every year according to the world health organization [1]. Short term exposure limits (15 min.) are set to help prevent effects such as eye irritation, which can occur after a few minutes. An example of the limits of different gases can be found in Table 3-1 according to EH40/2005 Workspace exposure limits [START_REF] Eh40 | Workplace exposure limits[END_REF]. Due to the harmfulness of pollutants, there is a need for a way to decrease the contaminants.

This can be achieved by controlling pollution sources, increasing the air exchange rate, or by using air purifiers. Air purification methods either recover or destroy pollutants. Popular recovery techniques can be absorption, adsorption, or condensation while combustion and ionization are used for destroying pollutants. Another way is to eliminate such organic contaminants using photocatalytic oxidation whose final reaction products are safe and include carbon dioxide and water. For several decades, nanostructured metal oxide semiconductors such as zinc oxide ZnO, titanium dioxide TiO2, iron (III) oxide Fe2O3, Cadmium sulfide CdS or Zinc sulfide have responded to the issue of destruction of VOCs [START_REF] Zhao | Photocatalytic oxidation for indoor air purification: a literature review[END_REF]. Indeed, because of its wide bandgap (3.37 eV) and its great excitonic binding energy (60 meV), ZnO has very interesting properties. It can be used in several fields of applications such as energy harvesting [START_REF] Liao | Flexible piezoelectric nanogenerators based on a fiber/ZnO nanowires/paper hybrid structure for energy harvesting[END_REF], photovoltaics [START_REF] Leschkies | Photosensitization of ZnO nanowires with CdSe quantum dots for photovoltaic devices[END_REF], photodetectors [START_REF] Liu | ZnO-based ultraviolet photodetectors[END_REF], gas sensing [START_REF] Gong | Nano-crystalline Cudoped ZnO thin film gas sensor for CO[END_REF], and photo-catalysis [START_REF] Azzouz | Zinc oxide nano-enabled microfluidic reactor for water purification and its applicability to volatile organic compounds[END_REF]. ZnO-NWs can be easily obtained by hydrothermal synthesis, a simple and inexpensive method that can be implemented at low temperatures [START_REF] Ma | Density-controlled hydrothermal growth of well-aligned ZnO nanorod arrays[END_REF].

Real-time monitoring of pollutants in factories, stations, homes, and streets is important for the analysis of pollution sources and early alerting of exceeding the harmful limits. Thus, in this chapter, we are considering 3 activities:

1. Air pollution monitoring in a district scale: Onsite outdoor gas monitoring enables pollution mapping and control in cities and on the district scale. Having a low-cost and compact sensor that can monitor pollution over a long distance is needed. We are presenting an open-path Fourier transform infrared (FTIR) gas analyzer based on a mid-infrared (MIR) MEMS. The setup was deployed inside a huge climatic chamber (Sense-City, Paris, France) and a car was deployed inside the climatic chamber to create a pollution source. This is discussed in section 3.4.

2. Low concentration detection of VOCS in a localized gas cell: while the previous method allows retrieving average pollution levels over a wide space, there is also a strong need for the localized detection of these gases, in the part per billion ranges, for indoor air quality monitoring. We report the use of a MEMS FTIR spectrometer in the mid-infrared for this purpose and Toluene, as an example, was measured using a multi-pass gas cell of 20 m long to achieve a lower limit of detection in the ppb range. This is discussed in section 3.4.

Air purification monitoring:

We monitor a purification process of toluene and acetone using ZnO while applying the UV light for photo-oxidation. The monitoring was performed using the MEMS spectrometer and short gas cell (path length = 10 cm) to monitor and studythe decrease of pollutants with time and to assess the efficiency of the mentioned method. This is discussed in section 3.4.

Open-Path Air Pollution Monitoring

Sense city is a climate chamber that covers a surface area of 400 𝑚 The MEMS FTIR spectrometer (NeoSpectra MIR SWS6241, Si-Ware Systems) that we are considering to be used in our experiments for open-path measurements, is an extended wavelength prototype version of Neospectra SWS62221 NIR commercial products. This MIR prototype covers a spectral range from 1.5 to 4.9 𝜇𝑚. Such a range covers the absorption coefficient of CO, CO2, and NOx. However, due to the limited throughput of the MEMS spectrometer, the respective detection limit may be greater than the typical values of gas concentrations inside the city. In section 3.2.1, such limits are discussed.

Optical coupling system design

In radiometry, the light power emitted from a circular source can be given by [START_REF] Wolfe | Introduction to radiometry[END_REF]:

𝑃 = ∫ ∫ ∫ 𝑅 𝑜 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃𝑑𝜃 𝜃 𝑜 0 2𝜋 0 𝑑𝜙𝑑𝐴 = 0.25𝑅 𝑜 𝜋 2 𝐷 2 sin 2 𝜃 𝑜 𝜋(0.5𝐷) 2 0 (3.1)
where 𝜃 0 is the light divergence angle and 𝑅 𝑜 is the source radiance. Radiance is conservative in any optical system given negligible reflection losses or scattering which is our case, where very few optical components are used. In the case of Lambertian source, the radiance is independent of viewing angle or the position on the source. In the case of a small divergence angle, sin 𝜃 𝑜 ~𝜃𝑜 . The product of the area and the divergence angle is the called the throughput, noted 𝑇𝑃, which is varaible among the system depending on the spot diameter 𝐷 and 𝜃 𝑜 . For simple writing, the constants are omitted and 𝑇𝑃 = 𝐷 2 𝜃 𝑜 2 .

To avoid chromatic aberrations (mainly due to material's dispersive refraction), off-axis parabolic mirrors are used instead of lenses (Figure 3-2). The off-axis parabolic mirrors will be used to collimate light at the source side and refocus light at the spectrometer side.

The off-axis parabolic mirrors have an acceptance angle < 0.5 rad. (focal length > half the diameter). Filament sources have a big throughput compared to that of the input of the MEMS spectrometer. The divergence angle is big (in other words it is > 0.5 𝑟𝑎𝑑). This means that all the area of the mirror (diameter of the mirror is 𝐷 𝑚 ) will be illuminated. Thus, light throughput from the collimating mirror is 𝑇𝑃 1 = 𝐷 𝑚 2 𝜃 1 2 , where 𝜃 1 is the divergence angle of the collimated light, as depicted in Figure 3-2.

Light received by the other mirror is given by 𝐷 𝑚 𝜃 2 , where 𝜃 2 is the divergence angle of the light received by the mirror and it is equal to

0.5𝐷 𝑚 𝐿
, where 𝐿 is the path length. Thus, the light throughput received by the 2 nd mirror is given by 𝑇𝑃 2 = 0.25𝐷 4 /𝐿 2 . It is obvious that increasing the path length 𝐿, the transmission, that is given by 𝑇𝑃 2 /𝑇𝑃 1 , will degrade.

On the other side, the spectrometer has a numerical aperture 𝜃 𝑠 and the diameter of the input fiber 𝐷 𝑠 . Such throughput is much smaller than the source throughput or even 𝑇𝑃 1 .

There is a range of path lengths from 0 to 𝐿 𝑚𝑎𝑥 where the power received by the spectrometer is constant. 𝐿 𝑚𝑎𝑥 holds when the light throughput 𝑇𝑃 2 the second mirror is equal to that of the spectrometer. Thus, 𝐿 𝑚𝑎𝑥 is given by: 𝐿 𝑚𝑎𝑥 = 0.5𝐷 Thus, the maximum path length is increased by the product of both focal length and diameter of parabolic mirror.

If one is going to increase the path length > 𝐿 𝑚𝑎𝑥 using the same mirror, losses will be introduced and the absorption path length indeed will be increased. However, the percentage of power decrease is proportional to ( 

Optical setup in Sense city

The 

Results and discussion

The spectrum measured by the FTIR is plotted in Figure 3-6(a). It is compared to the spectrum measured at 0 m. The spectrum's shape is the same except for the water absorption around the wavelength of 1.87 𝜇𝑚 and 2.7 𝜇𝑚 and carbon dioxide absorption around 4.25 𝜇𝑚. The SNR was measured at a distance 38 m using a spectral resolution of 80 𝑐𝑚 -1 and average measurement time of 1 minute. The SNR was calculated using a 100%-line method. The method is based on acquiring many successive measurements and 100%-lines are calculated by dividing each two succeeded measurements. Calculating the average across these lines, the SNR can be obtained [START_REF] Elsayed | On the environmental gas sensing using MEMS FTIR spectrometer in the near-infrared region[END_REF]. Using the SNR curve, the detection limits of different gases can be calculated. Noise standard deviation in absorbance can be calculated from the SNR by the following equation:

𝜎 𝐴 (𝜆) = log 10 𝑒 𝑆𝑁𝑅(𝜆) √2 (3.4)
where 𝜆 is the wavelength. Optimum wavelength 𝜆 𝑜𝑝𝑡 of detecting a gas is the wavelength which has a maximum ratio between absorbance value and the noise. Once finding this value, the minimum concentration is the concentration when the absorbance 𝐴(𝜆) = 𝜎 𝐴 (𝜆 𝑜𝑝𝑡 ). The detection limit of different gases was calculated, and the results are mentioned in Table 3-2. These are compared to that of the reference analyzers. In table 2, the detection limits of CO, NO and NO2 using the FTIR appear as being far from the typical measured values inside the room as will be shown later. It is worth reminding that in this experiment, Neospectra is giving an average value of the gas concentration over the whole path length of 38.1 m, while the gas analyzer is taking local measurements at the close vicinity of the gas pollutant source, where the concentration is expected to be much higher.

(a) (b) 

Methodology for Background removal

The background effect on the raw measured spectrum is due to the non-idealities in the optical source spectrum, collimation optics, and spectrometer line shape function. All these effects deform the spectral response and should be removed. Conventionally this is carried out by measuring a first spectrum in the absence of the sample under test. This is not accessible in our case since we are measuring in the open air. This difficulty can be removed using baseline correction methods such as Polynomial fit [START_REF] Lieber | Automated method for subtraction of fluorescence from biological Raman spectra[END_REF], adaptive iteratively weighted penalized least squares [START_REF] Zhang | Baseline correction using adaptive iteratively reweighted penalized least squares[END_REF], wavelet transform [START_REF] Shao | Automatic baseline correction by wavelet transform for quantitative open-path Fourier transform infrared spectroscopy[END_REF]….etc. Polynomial fitting is considered as a popular and fast method. The procedure is explained as follow:

1. A polynomial fit of a low order is applied to the measured absorbance 𝐴 0 as depicted in Figure 3-7(a). This absorbance is a typical measurement captured in Sense city. Such fit represents the initially estimated baseline.

2. New absorbance 𝐴 1 is calculated according to 𝐴 1 = min ([𝐴 0 , 𝑃𝑜𝑙𝑦. 𝑓𝑖𝑡]). This tends to remove the absorption peaks as depicted in Figure 3-7 (b). This method was repeated for all the measured spectra, also to overcome the source stability with time which leads to a wavelength-dependent shift in the baseline as time evolves.

A new fit is applied to 𝐴 1 as depicted in

At the start of the measurement, it is expected that the concentration of gases is almost the same (steady-state) in the whole room since there is no local pollution perturbation that happened for a long time (chamber is sealed from the outer environment and the chamber was closed for more than 12 hours). Thus, the absorbance value measured by the MEMS FTIR at the absorption wavelength of each gas corresponds to the concentration measured by the reference analyzer, also meaning that calibration of the MEMS FTIR can be done at this stage by comparison with the data given by the reference analyzer. Since the absorbance is directly proportional to the gas concentration (absorbance = constant x concentration) according to Beer Lambert's law. Therefore, the proportional constant can be retrieved from the concentration measured by the analyzer at time 0 and the absorbance value measured by the FTIR. Measurement recordings started at time 0. After 6 hours and 10 minutes, the car, whose position depicted in Figure 3-5, was turned on and was turned off at 6 hours and 30 minutes. After 10 minutes, the car was turned on again for only 5 minutes. The concentration of the carbon dioxide measured versus time is depicted in Figure 3-8(a). The analyzer measurement is also plotted in the same figure for comparison. The transparent red part represents the duration when the car was running (pollution was introduced). A spike in 𝐶𝑂 2 concentration was observed in the measurement of the analyzer as the analyzer was placed in close proximity to the car. After the car was turned off, 𝐶𝑂 2 concentration started to decrease due to diffusion inside the room. On the other side, the open-path FTIR measured a fast increase of the 𝐶𝑂 2 , once the car was turned on, but no faster than that of the analyzer and also didn't reach the same peak. This is because the FTIR averaged the concentration over a long distance. After, a while it measured a gradual increase in carbon dioxide with a slower rate due to the continuous diffusion of carbon dioxide inside the room. The concentration of water was monitored for a peak at 1.848 𝜇𝑚 in the FTIR measurement. This was compared using the water concentration calculated from the humidity sensor and temperature sensor, as depicted in Figure 3-8 (b). Saturated water vapor pressure (Pascal) is calculated using the Magnus formula as follow [START_REF] Magnus | Versuche über die Spannkräfte des Wasserdampfs[END_REF]:

𝑃 𝐻 2 𝑂 𝑠𝑎𝑡. = 𝑒𝑥𝑝 ( 17.62𝑇 243.12 + 𝑇 ) (3.5)
where 𝑇 is the temperature in (C°) and the corresponding water concentration is given by:

𝐶 𝐻 2 𝑂 (%) = 𝑅𝐻(%) * 𝑃 𝐻 2 𝑂 𝑠𝑎𝑡. 𝑃 (3.6)
where 𝑃 is the air total pressure. The concentration of NO and 𝑁𝑂 2 measured by the analyzer are plotted in Figure 3-8(c) and Figure 3-8(d), respectively. There was a failure in the analyzer from 6:10 to 7:10 causing a drop in the signal during this period. However, a spike in both gases is observed once the pollution is started.

Finally, the presented setup present a promising solution of open path measurements surpassing conventional open-path FTIR sensors which suffers from high cost, bulky and heavy [START_REF] Childers | Multi-pollutant concentration measurements around a concentrated swine production facility using open-path FTIR spectrometry[END_REF], [START_REF] Griffiths | Completely automated open-path FT-IR spectrometry[END_REF], [START_REF]SBIR Phase II: An Improved Open-Path FTIR Spectrometer for Remote Monitoring of Atmospheric Gases[END_REF]. The experiments presented in this section were conducted in laboratory. Since the spectrometer is operated in the wavelength range of 1.6 µm -4.9 µm, the absorption spectrum of water vapor, BTEX and Aldehydes are detected around 2.65 µm, 3.27 µm, and 3.6 µm, respectively. The absorbance spectrums of the different VOCs are plotted in Figure 3456789.

VOCs analysis using MEMS spectrometer and multi-pass gas cell

The simulation was conducted using the PNNL database. The simulation configuration was an ideal FTIR with resolution 80 𝑐𝑚 -1 and a boxcar apodization.

The corresponding detection limit of these gases can be calculated using the same method specified in section 3.2.2. The detection limit was detected for toluene, acetone, and acetaldehyde for different SNR and path lengths. The detection limit is inversely proportional to the path length and the SNR. 

Experimental setup

The Toluene has a strong absorption at 3.27 𝜇𝑚. For the preparation of Toluene gas inside a Tedlar bag with a given concentration, the corresponding volume of Toluene liquid can be calculated from the gas law. Thus, the volume of liquid analyte required is given by [START_REF] Scharf | Miniaturized Fourier transform spectrometer for gas detection in the MIR region[END_REF] :

𝑉 𝑎𝑛𝑎𝑙 = 𝐶 𝑃𝑀 𝑊 𝑉 𝑏𝑎𝑔 10 6 (𝑇 + 273.15) 𝜌 𝑅 (3.7)
where C is the required gas concentration in ppm, 𝑃 is the gas pressure, 𝑉 𝑏𝑎𝑔 is the Tedlar bag volume, 𝑀 𝑤 is gas molecular weight and ρ is the gas-liquid density (for toluene 𝜌 = 967𝐾𝑔/𝑚 3 [START_REF] Tanahashi | Miniature Fourier transform infrared spectrometer for middle infrared wavelength range[END_REF]). The volume of the analyte can be obtained using a liquid syringe. In this experiment, 100 μL and 0.5 μL syringes were used.

Regarding the steps for preparing different concentrations of toluene gas, a Tedlar bag was first filled with nitrogen with a volume equals to the gas cell 𝑉 𝑐𝑒𝑙𝑙 . Using the syringe, a controlled volume amount of toluene in liquid phase was added to the Tedlar bag.

After that, the bag was shaken to vaporize the volatile liquid so as it is diluted in the gas phase. To get a more diluted concentration (ppb concentrations), a syringe (manual syringe 5190-0464/ 5190-1509, Agilent), specific for gases, can be used to take a gas sample of volume 𝑉 𝑔𝑎𝑠 from the bag to a new bag filled with the nitrogen of volume 𝑉 𝑏𝑎𝑔 ′ . The new concentration is related to the concentration in the old bag by:

𝐶 2 = 𝐶 1 𝑉 𝑔𝑎𝑠 𝑉 𝑏𝑎𝑔 ′ (3.8)
The experimental setup for measuring gas concentration is depicted in Figure 3-11 (a). A multi-pass gas cell (Tornado T20, Specac) of a base length of 0.5 m long, 40 reflections, and a total effective length of 20 m was used. A detailed discussion about the multi-pass cells can be found in chapter 4. The light from the source was injected into the gas cell using a collimation lens. After 40 multiple passes in the gas cell, the light at the output of the cell was coupled into the input of the MEMS spectrometer using another lens. The spectrum was retrieved from a computer connected to the spectrometer. The multi-pass gas cell was evacuated using an air pump. A background spectrum was measured using the spectrometer. This is shown in Figure 3-11 (b). After that, the Tedlar bag which contained the Toluene with a given controlled concentration is connected to the gas cell to allow air to flow into the gas cell. After filling the cell, the inlet valve was closed. The spectrum of gas was then obtained. Thus, the transmission curve of Toluene could be obtained, and the corresponding absorbance curve. Concentrations of Toluene in 𝑝𝑝𝑚 range and 𝑝𝑝𝑏 range were measured using the former steps. 

Results and discussion

The measured transmission spectrum through 8 ppm of Toluene was measured with a resolution of 80 𝑐𝑚 -1 . The measured transmission curve is plotted together with the simulated curves in Figure 3-12. The measurement shows a good agreement with the simulation.

The discrimination in the curve after 3400 nm is attributed to the self apodization of the MEMS spectrometer which is different from the ideal case. To study the linearity of the system, the absorbance of Toluene is plotted versus the corresponding concentration 𝐶. The curve is fitted to a straight line as shown in The SNR of the system was measured by filling the gas cell with Nitrogen and calculated using the 100%-line method. The SNR was measured for a different average time as depicted in Figure 3-16. The measured SNR at 𝜆 = 3.27𝜇𝑚 was found to be 5000:1. This value correspondence to a standard deviation 𝜎 in the absorbance around 10 -4 . From the fitted equation in Figure 3-15, the corresponding minimum detectable concentration is calculated by:

𝐶 𝑚𝑖𝑛 = 𝜎 𝑚 (3.9)
where m is the slope of the fitted line. Based on this, the minimum detectable concentration was found to be 30 ppb.

Monitoring of air purification using ZnO NWs chip

Here, we focused our study on the demonstration of the photocatalytic effect of ZnO-NWs on degradation reactions of the polluting gases contained in tobacco smoke, to evaluate its efficiency in the purification of indoor air. For the study of simple gases contained in tobacco smoke, acetone and toluene are chosen as models. We aim to study the efficiency of ZnO-NWs of these pollutants, by distinguishing the contributions of the two main mechanisms involved, that is, adsorption and photocatalysis. Therefore, both capturing by adsorption and photocatalysis reactions were continuously tracked by using the MEMS spectrometer. The setup for continuous monitoring of the depollution process is depicted in 

Experimental setup using MEMS-based FTIR spectrometer

The used ZnO nanowire arrays had been synthesized as described in reference [START_REF] Capochichi-Gnambodoe | A comparative study of the gas sensing properties of hierarchical ZnO nanostructures[END_REF]. The average length of nanowires is 1.8 ± 0.1 µm with an average diameter of 51 ± 5 nm. The whole experimental setup that we developed for our analysis is presented in Figure 3-18.

Photocatalysis is implemented as a remediation solution to reduce different gas pollutants, such as acetone and Toluene. It was conducted inside a direct path gas cell (cell volume is Vcell =132 mL and path length is 10 cm). The wall of the gas cell was made of Pyrex while 2 Potassium Bromide (KBr) windows were used for coupling the IR light in and out. First, background measurement was taken with a gas cell containing pure air. After that, the ZnO- where Pgas corresponds to the partial pressure of pollutant, PTotal is the total pressure inside the gas cell which is equal to 1 atm., R is Boltzmann constant, 𝜌 is the pollutant density in liquid state and Mw is the molecular weight of pollutant. The cell was sealed and irradiated with a UV lamp (Hamamatsu LC8, 4500 mW/cm², λ = 365 nm) localized above the cell with a distance of 10 cm between the lamp and ZnO-NWs sample. After starting the UV illumination, gas pollutant concentration was monitored every 20 minutes during 3h, by Neospectra (Si-Ware MEMS FTIR, resolution 80 cm -1 ) and confirmed by FTIR (Perkin Elmer, Spectrum Two, resolution 4 cm -1 ). Also, the same experiment was repeated using 10 µL of toluene corresponding to a gas concentration of 1.7%. 

Results and discussion

Monitoring purification of air polluted with Acetone

The transmission of acetone was measured using the MEMS spectrometer every 20 minutes. The transmission spectra during the purification process of acetone using ZnO is shown in at different acquisition times. The elimination is also calculated for the four different cases: without/with ZnO chip in the absence/presence of UV light. The elimination ratio at an observation time 𝑡 is calculated as follows:

𝐸(𝑡) = 100 × 𝐴(𝑡 0 ) -𝐴(𝑡) 𝐴(𝑡 0 ) (3.11)
where 𝐴(𝑡 0 ) and 𝐴(𝑡) represents the absorbance at a given wavelength at an initial time 𝑡 0 

Monitoring purification of air polluted with Toluene

To extend the study to different VOCs, a similar experiment has been carried out for toluene degradation. First, the toluene concentration variation was monitored using the MEMS spectrometer without applying the UV light. The transmission spectra measured at different acquisition times are shown in Figure 3-20 (a). The elimination ratio is calculated using the absorbance value at 3042 cm -1 and shown in Figure 3-20 (c). After three hours of adsorption, the elimination ratio reaches around 63% in the case of ZnO while it reaches 35% in the absence of ZnO. The elimination ratio is enhanced over all the observation time. In When comparing the experimental results obtained with the two VOCs considered in this work, namely acetone and toluene, it appears that much higher elimination ratios are attained with Toluene (up to 63%) compared to Acetone (14%) after 3 hours. However, one can also note that ZnO improves the purification up to 1.4 times for toluene. It appears that ZnO plays a crucial role in the efficiency of the acetone removal since almost no elimination (nearly 3%) is observed in the absence of ZnO (Figure 345678910111213141516171819). On the contrary, when considering the removal of toluene (Figure 3-20), the presence of ZnO is not as crucial as for acetone since a significant elimination of toluene (35% up to 38 %) is obtained even without ZnO. However, the presence of ZnO for the removal of the toluene leads to further enhancement of elimination (55% to 63%), in both cases of with and without using UV light. These results suggest that both adsorption and photocatalysis play a role in the degradation of toluene. It is also worth mentioning that elimination of the acetone is also obtained in both cases of using UV light or not, reaching quite similar levels (11% up to 14%), suggesting that in this case, ZnO NWs enhances adsorption only, with almost no effect on photocatalysis. Furthermore, we can clearly see from both Figure 3-20 (c), (d) that saturation occurs at levels much below 100%. This saturation occurs after nearly 90 minutes, corresponding to the diffusion time τ at this scale of the gas cell. This can be ascribed to a saturation of physisorption, which is related to the limited specific surface area and hence to the limited sites for physisorption to occur.

Conclusion

Three studies were introduced in this chapter. The studies covered pollution and depollution monitoring over different scales. The second study was about measuring one of the most harmful VOCs, which is the toluene, using a 20 m multi-pass cell. This is for localized measurement with a low ppb-detection limit. Toluene was measured at different concentrations. The achieved detection limit was 30 ppb.

The last study was about localized monitoring of VOCs depollution in the presence of ZnO-NWs array(NWA). The amount of pollutant gases was continuously monitored using the MEMS-FTIR spectrometer. Elimination ratio of 63% in 3 hours was achieved for toluene, while it was only 14% for acetone. The presence of ZnO-NWs appeared as crucial in the case of acetone removal since almost no elimination (nearly 3%) was obtained in the absence of ZnO-NWs. On the contrary, ZnO-NWs are not as crucial for the elimination of toluene; however, it significantly enhances the removal ratio. Finally, it also appeared that in both cases of using UV light or not, ZnO NWs produces an enhancement suggesting that both adsorption and photocatalysis are enhanced by ZnO-NWs.

The three studies that were conducted show the applicability of using the MEMS spectrometer in different applications of pollution and depollution monitoring. In the next chapter, we are presenting a 𝑚𝑚 scale gas cell for a very localized lab measurement. This was achieved using a silicon integrated silicon gas cells instead of using bulky gas cells or openpath measurement as considered in this chapter. This is expected to open even wider perspectives of using the MEMS spectrometer as a multi-parameter spectral gas sensor.

CHAPTER 4: INTREGRATED GAS CELLS

Introduction

According to Beer-Lambert Law: the absorbance is given by A = log 10 e -α(ν)L , where 𝛼 is the wavelength-dependent absorption coefficient and 𝐿 is the interaction path length of light within the gas. Thus, increasing 𝐿 enhances the signal and hence it improves the detection limit. The path length between the source and the spectrometer can be elongated while maintaining good light coupling using large optics like in open FTIR measurements.

This is for open air gas sensing over a big area. To perform localized measurements while taking advantage of a long interaction length, there are three main technologies which can be used: (i) cavity enhancement, (ii) multi-pass cell or (iii) hollow waveguide (HWG).

In case of the cavity, the gas is placed between two highly reflective mirrors forming a resonant Fabry Pérot cavity. Upon coupling light to the cavity, light propagates back and forth multiple times according to multiple reflections in the same gas volume before getting transmitted and coupled to the spectrometer. This leads to high interaction path length within a small gas volume, whose effective length is proportional to the finesse of the cavity [START_REF] Zheng | Review of Incoherent Broadband Cavity-Enhanced Absorption Spectroscopy (IBBCEAS) for Gas Sensing[END_REF]. Multi-pass cells are well-known in gas sensing for increasing the sensitivity by bouncing light in a long path within a gas volume using high reflectivity mirrors without any optical resonance in this case. The larger path length to cell volume ratio means a smaller gas cell which leads to a compact gas sensor. The more interaction with the light without introducing losses, the better the sensitivity of the gas sensor. The main differences between the cavity cell and the multi-pass cell, which are depicted in Figure 4-1, can be summarized as following:

In the case of the cavity gas cell 1) light goes back and forward following the same path many times and hits the same position on the mirrors.

2) Number of round trips is mainly dependent on the reflectivity of the mirrors. The more its reflectivity the more round-trips (the higher the cavity finesse). Note that this enhancement occurs only at the resonant wavelength of the cavity. Instead of metallic mirrors, Bragg mirrors with special coating are usually used to achieve high reflectivity while limiting the spectral range.

3) Mirrors are partially transmitting.

On the other hand, the multi-pass cell is characterized by the following:

1) Light goes back and forward following the different shifted paths and may or not hit the same position on the mirrors.

2) Number of paths is governed by the optical design of mirrors and its orientation.

High quality finished metallic mirrors are used. Also, a single layer of special coating can be applied to protect the mirrors and enhance reflectivity. It is characterized by wide spectral range.

3) Finally, mirrors are not transmitting any power. Multi-pass cells have also different applications [START_REF] Herriott | Folded optical delay lines[END_REF] such as optical delay line, a nonlinear tool for a spectral broadening of laser pulses [START_REF] Daher | Multipass cells: 1D numerical model and investigation of spatiospectral couplings at high nonlinearity[END_REF], [START_REF] Kaumanns | Multipass spectral broadening of 18 mJ pulses compressible from 1.3 ps to 41 fs[END_REF], and are used in magnetometers [START_REF] Cai | Applications of multipass cells in atomic magnetometers and co-magnetometers[END_REF]. In fact, the design of gas cells benefits from rich research background. Gas cells classification include White [START_REF] White | Long optical paths of large aperture[END_REF], Herriott [START_REF] Herriott | Folded optical delay lines[END_REF], astigmatic Herriott [START_REF] Mcmanus | Astigmatic mirror multipass absorption cells for long-path-length spectroscopy[END_REF], multi-pass matrix system [START_REF] Chernin | Optical multipass matrix systems[END_REF], circular gas cells [START_REF] Chernin | New generation of multipass systems in high resolution spectroscopy[END_REF] and integrating sphere [START_REF] Hawe | An investigation into the use of an integrating sphere as a gas absorption cell[END_REF]. The different multipass cells are depicted in Figure 4-2. Circular multi-pass cells can be implemented using flat concentric mirrors (mirror for each reflection) [START_REF] Thoma | A multiple-reflection cell suited for absorption measurements in shock tubes[END_REF], spherical concentric mirrors (light hits each mirror more than once) [START_REF] Manninen | Versatile multipass cell for laser spectroscopic trace gas analysis[END_REF], a single toroidal mirror (different radius of curvature in sagittal and tangential plane to correct astigmatism aberration) [START_REF] Tuzson | Compact multipass optical cell for laser spectroscopy[END_REF], or circular cell of multiple rows in the vertical direction [START_REF] Yang | Generalized optical design of the multiple-row circular multi-pass cell with dense spot pattern[END_REF]. Macro HWG can be a simple hollow metallic guide or metallic waveguide internally coated with dielectric material such as AgI [START_REF] Kriesel | Hollow core fiber optics for mid-wave and long-wave infrared spectroscopy[END_REF]or ZnS [START_REF] Matsuura | Er: YAG, CO, and CO 2 laser delivery by ZnS-coated Ag hollow waveguides[END_REF] for enhanced reflection. This is depicted in Figure 4-3(a). Ppb detection limit of CO2 was achieved using metallic HWG in conjunction with a benchtop FTIR spectrometer [START_REF] Kim | Midinfrared trace gas analysis with single-pass Fourier transform infrared hollow waveguide gas sensors[END_REF]. Ppb range of BTX (Benzene, Toluene, Xylene) and N2O was also achieved using the HWG in conjunction with a pre-concentrator and the FTIR [START_REF] Young | Infrared hollow waveguide sensors for simultaneous gas phase detection of benzene, toluene, and xylenes in field environments[END_REF], [START_REF] Da Silveira Petruci | A hyphenated preconcentrator-infrared-hollow-waveguide sensor system for N 2 O Sensing[END_REF]. Poly HWG using 3D printing was presented in reference [START_REF] Stach | PolyHWG: 3D Printed Substrate-Integrated Hollow Waveguides for Mid-Infrared Gas Sensing[END_REF]. Multi dielectric layer coating on the metal was theoretically studied in reference [START_REF] Miyagi | Design theory of dielectric-coated circular metallic waveguides for infrared transmission[END_REF]. Another HWG which is formed from a multilayer of dielectric instead metallic walls are discussed in references [START_REF] Fink | Guiding optical light in air using an all-dielectric structure[END_REF], [START_REF] Yeh | Theory of Bragg fiber[END_REF]. Finally, idea of having HWG made of subwavelength grating is discussed in reference [START_REF] Zhou | A novel ultra-low loss hollow-core waveguide using subwavelength high-contrast gratings[END_REF] as shown schematically in Figure 4-3(b). A detailed review on HWGs can be found in reference [START_REF] Harrington | A review of IR transmitting, hollow waveguides[END_REF].

Regarding the integration on a substrate, metallized V-grooved is proposed in reference [START_REF] Mcmullin | Hollow metallic waveguides in silicon V-grooves[END_REF] . A gold coated HWG on aluminum substrate, like the one shown in Figure 4-3(c), was already measured with a benchtop FTIR spectrometer [START_REF] Wilk | Substrate-integrated hollow waveguides: a new level of integration in mid-infrared gas sensing[END_REF] or with a micro-spectrometer [START_REF] Rohwedder | iHWG-$μ$NIR: a miniaturised near-infrared gas sensor based on substrate-integrated hollow waveguides coupled to a micro-NIRspectrophotometer[END_REF].

In our work, a first study was conducted to check in general the feasibility of using the cavity with the MEMS spectrometer. This is different from the case of multi-pass cells where a previous work was already reported on using macro cell to enhance the detection limit down to ppb in conjunction with the MEMS spectrometer, as discussed in chapter 3.

Returning to the MEMS technology which represents a promising trend for implementing low cost spectrometer, building the gas cell with the same technology enables whole integration of the whole spectral gas sensor. This leads to a compact gas cells with low volume of gas to be probed. In this chapter, we are introducing a silicon integrated gas cell such as HWG then in the format of a multi-pass cell. They are characterized with the MEMS FTIR spectrometer and then using gas to demonstrate and study gas sensing measurements. Design methodology and models are derived leading to guidelines and important considerations. The chapter is organized as following: feasibility of using the cavity with MEMS spectrometer is discussed in section two. Section three discusses the fabrication process used. In section four and five the fabricated HWG and multi-pass cell are discussed, respectively. Finally, results are summarized in section six.

Cavity Enhancement Absorption Spectroscopy

Cavity Enhancement Absorption Spectroscopy CEAS technique is based on using a resonant Fabry Perot cavity as a gas cell where light interacts multiple time with a gas placed between the two mirrors of the cavity. Thus, the effective absorption length can be increased dramatically within the same gas volume depending on the cavity finesse. The cavity is characterized by 1) its base path length L, 2) a free spectral range in the wavenumber domain FSR ν and it is given by c/(2L), 3) The ratio between the FSR ν and FWHM ν which is the Finesse F and it is given by πR/(1 -R), where R is the mirror power reflectivity. In laser spectroscopy, laser source of small linewidth and cavity resonance are tuned at the desired absorption line of gas. The effective path length is 2F/π.

Regarding the FT spectroscopy, wideband source is used in conjunction with the spectrometer with a limited spectral resolution which can be comparable to/ bigger than the cavity FSR. Within the cavity FSR, there is a maximum transmission at resonance and the transmitted power falls drastically out of resonance. Thus, the measured light intensity is attenuated which means lower power signal compared to noise. Thus, the enhancement in the path length may be faded away by the signal attenuation. Thus, there is a need to find the dependence of sensitivity on different system parameters. According to the former discussion, the system has four effecting parameters: the spectrometer resolution Δν s , gas absorption linewidth Δν g , the cavity FSR and the cavity FWHM. Depending on the relation between these parameters, one can conclude the expected enhancement in sensitivity.

The foregoing analysis assumes the following: 1) losses in the cavity due to diffraction or mirror absorbance are neglected, 2) negligible wavelength dependence of light source intensity (constant source spectrum B(ν) = B o ), 3) cavity resonance is already aligned at the gas absorbance peak, 4) High Finesse cavity F = π√R 1-R ~π 1-R (error≤10% for reflectivity R ≥80%) and 5) weak absorption or in other words αL ≪ (1 -R) and e -αL ~1 -α(ν)L, where α(ν) is the gas absorption coefficient and ν is the wavenumber.

The enhancement in the detection limit increases with the transmitted power and percentage of absorbed power (1 -T), and noise decreasing. Thus, the enhancement factor 𝐸 will be defined as the ratio between the products of these parameters in case of using a cavity with the product of the parameters in case of using a direct gas cell with the same base length of the cavity. This is defined as below:

E = [ (1 -T(ν))S B (ν) σ ] CEAS [ (1 -T(ν))S B (ν) σ ] DT (4.1) 
where subscript DT referes to direct transmission, S is the measured spectrum by the spectrometer and σ is the noise standard deviation. In case of direct transmission shown in Figure 4-4(a), the background spectrum measured by the spectrometer S B is given by:

S B (ν) = B o * 2Δν s -1 sinc(2νΔν s -1 ) = B o (4.2)
where sinc is the spectrometer response function and * holds for convolution. The spectrometer resolution Δν s equals to the inverse of half of full travel range of spectrometer.

Once placing the gas sample, the corresponding spectrum S G is given by

S G (ν) = B o e -α(ν)L * 2Δν s -1 sinc(2νΔν s -1 ) (4.3) 
where α(ν) is the gas absorption coefficient, it is equal to α o f G (ν) and f G (ν) is normalized to 1. Using αL ≪ 1, the corresponding transmission is given by

T = S G (ν) S B (ν) = 1 -α o L[f g (ν) * 2Δν s -1 sinc(2νΔν s -1 )] (4.4) 
The second term represents the percentage of the absorbed power. In CEAS the configuration, as depicted in Figure 4-4(b), the corresponding background spectrum is given by

S B (ν) = B o T c (ν) * 2Δν s -1 sinc(2νΔν s -1 ) (4.5) 
where T c (ν) is the cavity transfer function without the gas. The spectrum of the sample is given by:

S G (ν)~B o [ T c (ν) -α o L 2F π f g (ν)T c 2 (ν)] * 2Δν s -1 sinc(2νΔν s -1 ) (4.6) 
One can return to appendix A.1 for further details. Thus, the corresponding transmission is

given by:

T G ~1 - α o L 2F π [( f g (ν)T c 2 (ν) ) * 2Δν s -1 sinc(2νΔν s -1 )] [T c (ν) * 2Δν s -1 sinc(2νΔν s -1 )] (4.7) 
Substituting equations (4.2), (4.4), (4.5), (4.7) in equation ( 4.1), one get the following equation:

E = 2F π [( f g (ν)T c 2 (ν) ) * sinc(2Δν s -1 ν)]σ DT [f g (ν) * sinc(2Δν s -1 ν)]σ CEAS (4.8) 
Such Enhancement will be solved at ν = ν o which is the wavenumber corresponding to maximum absorption and it is also integer multiple of the FSR. In such case E will be given by:

E(ν o ) = 2F π ∫ f g (ν)T c 2 (ν) ∞ -∞ sinc(2Δν s -1 (ν -ν o ))dν σ DT ∫ f g (ν)T c 2 (ν) ∞ -∞ sinc(2Δν s -1 (ν -ν o ))dν σ CEAS (4.9) 
In the extreme relation between several parameters, one can find the corresponding enhancement factors in Table 4-1 while clarifying plots of the different regions of operation, in the same order, are shown in Figure 4-5. If the system is thermal noise limited which is case of low power detected by the spectrometer detector σ DT = σ CEAS . If the system is dominated by shot noise (cooled detectors), the noise standard deviation is directly proportional to the square root of power. The ratio is given by: The MIR MEMS spectrometer which we are using is limited by the thermal noise. Thus, we are concentrating on this mode. To have a real sense, a simulation was conducted to calculate the enhancement using the following parameters Δν g = 10 cm -1 , FSR ν = 1000 cm -1 in addition to changing the FWHM ν from 100 cm -1 to 0.01 cm -1 (R = 0.7 to 0.99995). The result is depicted in Figure 4-6. The Enhancement increases according to

σ DT σ CEAS = √ ∫ S B (ν)dν ∞ -∞ | DT ∫ S B (ν)dν ∞ -∞ | CEAS = √ 2F π (4.10) (a) (b) (c) (d) (e) 
2F/π till it saturates at

FSR ν Δν S
for Δν s = 0.1 cm -1 and saturates to Thus, one can conclude the following in case of thermal noise limited system that (1) continue increasing of reflectivity (Finesse) saturate the enhancement to depending on if Δν g is smaller than Δν s , or Δν s is smaller than Δν g , respectively.

(2) Having FSR less than both Δν g and Δν s , no enhancement is achieved with respect to a direct gas cell of the same base length. In case of the system limited by the shot noise, the enhancement continues theoretically to increase with the reflectivity. In reality, Chapter 4: Intregrated Gas cells 108 the introduced cavity losses will limit the enhancement and one will have an optimum reflectivity for a given loss per round trip where after that the enhancement continue to degrade [START_REF] Fiedler | Incoherent broad-band cavity-enhanced absorption spectroscopy[END_REF]. The effective path length L eff which can be gained using CEAS will be the product of base path length L and the enhancement E. In other words, any losses in the CEAS is taken into account in the effective path length.
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For the 1 st region, where Δν g ≪ FWHM ν , and Δν g has a typical value in the vicinity of 0.01 cm -1 at atmospheric pressure, FWHM ν >0.1 cm -1 . The effective path length is L eff = 1 πFWHM ν which comply L eff < 3.2 cm. Such a constraint makes such a region of operation is not important for gas sensing where long path lengths are required to achieve small detection limits as discussed in Chapter 3.

For the 2 nd region Δν s ≪ FWHM ν ≪ Δν g , Δν s has to be smaller than 0.001 cm -1 which is something unachievable nowadays with the MEMS spectrometer.

For the 4 th region, constant L eff = 1 2πΔν g ~16 cm which is still not a big path length if one is going to use macro mirrors in conjunction with the MEMS spectrometer. Also, such analysis assumes only one absorption line while in reality gases have many absorption lines which are nearer to each other and are seen by the MEMS spectrometer as a big absorbance band of a FWHM of few cm -1 . This predicts that the maximum achievable path length will be smaller than 16 cm.

Finally, in the 5 th region, L eff = 1 2πΔν s which is equal to (for the MEMS spectrometer of maximum resolution of 30 cm -1 ) L eff = 53 μm. Thus, in conclusion using the CEAS with the MIR MEMS spectrometer will not lead to a considerable enhancement in the detection limit. where 𝜃 𝑥 (resp. 𝜃 𝑥 ) is the angles between the ray and x-coordinate (resp. 𝜃 𝑦 ) as depicted in Figure 4567. 𝐼 𝑠 is the input/source power distribution, φ 𝑖 is the angle of incidence of the 𝑖 𝑡ℎ reflection on the HWG walls and it is a function of the excitation position of the ray (𝑥, y) and the direction cosines of the initial ray (𝜃 𝑥 , 𝜃 𝑦 ). The number of reflections is dependent on the previous parameters and HWG dimensions shown in Figure 4567. The longer HWG, the increased number of reflections. HWG of a bigger lateral cross-section area means a decreased number of reflections, also meaning decreased insertion loss. This motivates us to use the deep reactive ion etching DRIE to achieve bigger depths for the HWG.

Silicon integrated HWGs

Design considerations

The output power can be calculated easily by tracing the rays inside the structure of HWG using ray tracing software.

( Implementing HWG on a silicon chip is based on etching the HWG in the device layer of the SOI wafer. The HWG will be covered from the top by another wafer. Both wafers are totally covered by metal before being bonded to each other. The choice of the metallization material is dependent on the higher reflection coefficient within the incidence angle of light.

Since light is along the optical axis of HWG, light impinges the walls with an incidence angle greater than 85° which corresponds to the maximum acceptance angle of the used MIR spectrometer (which is limited to 5°). Using Fresnel equations, reflection coefficient Reflection coefficient versus wavelength of operation is depicted in Figure 4-8 (b). Since gold has a higher reflectivity, it was chosen for the metallization.

( Such losses increase with increasing the HWG length (i.e. on increasing the NA from 0.1 to 0.4 radian, losses increase by 4 dB at 10 cm and by 7 dB at 50 cm).

Given the HWG cross section is square, increasing the side length also enhances transmission due to the decreased number of reflections. This is depicted in Figure 4-9 (b) for a source of an NA = 0.2. In case of a rectangular cross section (i.e. HWG depth is different from its width), increasing the depth enhances the insertion loss. The enhancement is not big as the previous case because the number of reflections is only decreased in the vertical direction. Simulation was also conducted for different depths 100, 200 and 400 𝜇𝑚 using a source of an NA of 0.2 radian. The results are depicted in Figure 4-9 (c). The insertion loss in these different cases can be modelled with a rational function

1 1+ 𝐿/𝑎
, where increasing 𝑎 leads to slower increase in the losses with increasing the HWG length. The coefficient 𝑎 is bigger for smaller angle of divergence, bigger cross-section. It is more sensitive to the source divergence compared to other parameters, while increasing the depth has the lowest effect on increasing the losses.

To be able to build the HWG with a long path inside a silicon chip, multiple HWG segments can be used. However, they should be distributed and joined in a manner that fulfill the following: 1) efficient usage of the chip area HWGs to increase the path length and 2) input and output ports of HWG should be at the chip sides. The S-shape pattern of HWG inside the chip can fulfill such conditions. This is depicted in 

Fabrication process

The silicon wafer is first thermally oxidized to form a thick SiO2 layer which serves as a hard mask for the deep reactive-ion etching (DRIE) process, as depicted in Figure 4-11(a).

The whole-cell design was then transferred to the oxide layer by using a photolithography process followed by a plasma etching of the hard mask, as depicted in Figure 4-11(b-c).

The next step consists of a deep silicon etching using the Bosch process in an etch tool (Alcatel, Annecy, France A601E). The etching process used a time-multiplexed plasma etch including an etch step with SF6 gas s and a passivation step with C4F8 gas. The etching process was carried-out to achieve an etch depth of 200 µm hence shaping the gas cell profile. A smoothing process was then used to reduce the surface roughness of the walls and mirrors that are originated from the DRIE process and, thus, to reduce the reflection losses. This smoothing process was carried out by oxidizing the wafer. A 2 µm-thick oxide was thermally grown and then removed with wet etching in hydrofluoric acid (HF). Another silicon wafer was used as the capping for the structure. A final sputtering step was used to metalize the cap wafer, as well as the whole gas cells' wafer, with a 30 nm-thick TiW layer covered by a 500 nm-thick gold layer. This is shown in as depicted in Figure 4-11(e). 

Experimental Results and discussion

For characterizing the HWG and to measure gases, the MEMS based MIR FTIR was used. from 1500 nm to 4500 nm. Such losses increase dramatically to 30 dB for the longest waveguide HWG3. For HWG3, the losses increase for shorter wavelengths which is attributed to the roughness (roughness losses increase with decreasing wavelength of operation).

There is a discrepancy of 4 dB between the measurements and the simulations in case of the HWG1 and HWG2, while the difference increases to 15 dB in case of the HWG3.

From the insertion losses measurements, one could extract information about the CO 2 concentration. This peak is around 4.25 μm. First, the wavelength dependence losses of the HWG in the transmission measurement was removed using the baseline correction method (polynomial of 4 th order), which was explained in chapter 3. The peaks of the CO Despite the big losses inside the HWG, it is still compact gas cell which can be integrated easily with the MEMS spectrometer. This is besides of its low sampling volume which makes it fast compared to chemical sensors [START_REF] Rohwedder | iHWG-$μ$NIR: a miniaturised near-infrared gas sensor based on substrate-integrated hollow waveguides coupled to a micro-NIRspectrophotometer[END_REF]. This was apparently observed on measuring the carbon dioxide from man-exhaling and butane gas emitted from a lighter.

The butane emitted from a lighter was measured using HWG1. The corresponding absorbance is apparent around 3.4 µm as seen in Figure 4-14 (a). Different measurements were sampled at different time each 3s once a small volume of butane was burst out of the lighter.

The measurement was repeated for CO 2 emitted from a man-exhaling who stands near to the chip. The measurements show the gradual increase of CO 2 upon exhaling and the gradual decrease due to diffusion. Such compact sensor opens different daily applications in people life related to comfort and safety indoor. Despite the big losses inside the HWG, it is still compact gas cell which can be integrated easily with the MEMS spectrometer. This is besides of its low sampling volume which makes it fast compared to chemical sensors [START_REF] Rohwedder | iHWG-$μ$NIR: a miniaturised near-infrared gas sensor based on substrate-integrated hollow waveguides coupled to a micro-NIRspectrophotometer[END_REF]. This was apparently observed on measuring the carbon dioxide from man-exhaling and butane gas emitted from a lighter.

The butane emitted from a lighter was measured using HWG1. The corresponding absorbance is apparent around 3.4 µm as seen in Figure 4-14 (a). Different measurements were sampled at different time each 3s once a small volume of butane was burst out of the lighter.

The measurement was repeated for CO 2 emitted from a man-exhaling who stands near to the chip. The measurements show the gradual increase of CO 2 upon exhaling and the gradual decrease due to diffusion. Such compact sensor opens different daily applications in people life related to comfort and safety indoor. 

Silicon integrated multi-pass gas cell

When dealing with a gas cell at the chip scale, as considered in our work, we are facing two major difficulties related to miniaturization. First, the lateral dimensions of a chip are limited to a few millimeters, which is a severe limitation to the optical path L, hence reducing the light-gas interaction. One can deal with this first limitation by adopting the concept of multi-pass gas cells. Second, one also has to accommodate other optical considerations related to the miniaturization of the gas cells. For instance, we need to make sure that optical loss is mainly governed by gas absorption, hence the need for careful optical design to minimize the insertion loss. The loss can be significantly affected by the small thickness of silicon wafers, which is limited to no more than a few hundred micrometers. Such small thickness hinders the optical throughput of the cell operating with free-space propagating light as it makes it difficult to collimate an incident light of small spot-size with large throughput into the silicon chip. On the other side, the use of the lithographic process offers the great advantage of high-quality self-alignment of the micro-fabricated optical parts according to a given computer-aided design (CAD) mask design. This can lead to high mechanical stability as well since all components are micromachined in the same substrate.

This allows implementing sophisticated designs without the need for post-fabrication alignment.

Design considerations

An example of the conventional circular multi-pass cell is shown in Figure 1a. The light path (red rays) forms a star polygon [START_REF] Griffiths | Fourier transform infrared spectrometry[END_REF]. The star polygon is characterized by a radius r , the number of vertices p lying on the circle circumstance and density of the star q . Each segment is connected from a vertex to another one spaced q positions. The input tilt angle is given by θ = π

). In our work, cylindrical mirrors can be placed at the positions of the vertices as shown in Figure 1b. These mirrors can improve cell insertion loss and coupling efficiency by tuning its radius of curvature and even by using an acylindrical profile. This can be also used to reduce the aberrations due to multiple reflections inside the cell. In both designs, the circular multi-pass cell suffers from complexity in light coupling because the input and output are on the same side with an angle of 2θ. To mitigate such a limitation, the last mirror impinged by rays in Figure 4-15 (b) can be omitted, as shown in In the next part, we are going to evaluate the cell throughput leading us to deduce the absorbed power by the gas as a function of cell parameters. Such equation will be optimized to find the optimum cell parameters given technology constraints. From optical point-of-view, the system throughput is limited by the input/output aperture size and numerical aperture NA. Thus, to avoid additional losses inside the gas cell, the latter should be designed to maintain the throughput without truncation. First, we take into effect the losses in the in-plane where the throughput in such plane is defined as:

TP = d γ d = D i θ i (4.12)
where 𝑑 is the width of the optical aperture, 𝐷 𝑖 is the image width, γ d is the device numerical aperture and 𝜃 𝑖 is the image divergence angle. The design idea depends on using a cylindrical mirror, which performs 1:1 imaging as depicted in Figure 4-15 (c). The source image is halfway between the two opposite mirrors. Thus, cylindrical mirrors focal length 𝑓 𝑚 is one quarter the length between two successive mirrors, which is equal to 2𝑟 cos 𝜃. As depicted in Figure 4-15 (c), the divergence angle of the image is given by: The absorbed power by the gas is given by A P = P out (1 -e -αL T ), where P out is the output power from the cell, α is the gas absorption coefficient, and 𝐿 𝑇 is the total cell path length and it is equal to (p -1)2r cos θ . For a cell with invariant throughput, P out = R p P in where 𝑅 is the mirror reflectivity (p-2) mirrors inside the cell and 2 mirrors for input and output coupling). It can be shown that it is a function of the star polygon parameters p and q. For small gas concentrations (αL T ≪ 1), the absorbed power is given by: A P (p, q) ∝ (p -1) sin πq p R p (4.15)

θ i = D m
Best performance is achieved when A P is maximum. However, one should take into consideration the following characteristics of the star polygon:

• 𝑞 and 𝑝 are integers.

• 𝑞/𝑝 is relatively prime (co-prime).

• 𝑞 < 0.5𝑝 The analysis assumes that the reflection losses due to the substrate and capping are negligible. This is the case when the gas cell has a large height, where the light can be easily collimated in the out-of-plane direction or the case of the light with small divergence angle.

In the case of the MEMS chip, the height is limited to hundreds of μm and the light divergence angle is not negligible. In such a case, one should take into account the reflectivity losses in the out-of-plane. For simplicity, one can assume that the two directions are independent. The number of reflections in the out-of-plane (the structure acts as a parallel plate multimode waveguide in such a plane) is dependent on the ray angle. It is given by L T /(d′/ tan γ), γ is the ray angle with respect to longitudinal direction and (d′/ tan γ) is the longitudinal distance between two successive reflections, as defined in Figure 4-15(e).

Thus, the output power should be modified to be: Text at every point represents (p, q).

P out ∝ R(θ) p ∫ I(γ) R(90 -γ) L T tan γ d ′ dγ
On maximizing the above equation, it is found that the optimum p and q are dependent on the ratio d′/r, out-of-plane divergence angle γ d and metallization reflectivity R. what can be achieved using the aluminum metallization at a wavelength of 2 μm. Knowing the cell sizes (d and r) and metallization material, the corresponding p, q, θ and total path length L T can be deduced for a given design.

Fabricated gas cell

A 3D layout of the proposed gas cell is depicted in A SEM image of the gas cell can be found in Figure 4-17 (c). The cell was illuminated with a red laser from a fiber as depicted in . Shiny spots at some mirrors are observed. These are the mirrors that are expected to be hit by a laser once entering the gas cell while the other mirrors are not shiny due to light diffraction from the upper side due to the absence of the capping.

Experimental measurements and discussion

To perform gas sensing measurements, an optical setup was used, as depicted in Figure 4-18 . The gas cell was placed inside a macro gas chamber (Specac, Orpington, England Storm 10). The macro gas cell was used to control gas pressure and concentration. Light from a filament-based light source was coupled to the cell input using a lens. The output from the cell is coupled using another lens to a multimode fiber MMF (Thorlabs, New Jersey, USA core/cladding 400/440 μm, NA = 0.39) . The MMF was connected to the optical MEMS spectrometer (Si-ware, Cairo, Egypt Neospectra). The resolution of the spectrometer was down to 33 cm -1 and its wavelength range extended from 1.2 μm to 2.5 μm. Carbon dioxide CO 2 gas is injected into the chamber inlet from a gas cylinder. The pressure was adjusted using a pressure valve and monitored using an analog pressure gauge.

Different pressures were measured which corresponds to different absorbance values (0.9 bar to 1.6 bar). The corresponding absorbance curves are plotted in in addition to a linear fit with a root mean square error of 10 -3 . An effective path length was found to be 9 cm compared to the theoretical path length of 12 cm. The corresponding lower limit of detection is 30 mbar. The cell volume is too small. It is about 6 μL. This means a small sampling volume of gases. The path length to the volume ratio PVR is an important Merit factor for the gas cells [START_REF] Guo | Compact optical multipass matrix system design based on slicer mirrors[END_REF], the more this value the more compact cell will be. The corresponding PVR is about 17,000 m/L. Such value is two orders of magnitudes bigger than that of the conventional gas cells (macro gas cells have PVR values ranging from tens to hundreds, according to the survey conducted in the reference [START_REF] Du | Mid-Infrared Tunable Laser-Based Broadband Fingerprint Absorption Spectroscopy for Trace Gas Sensing: A Review[END_REF], [START_REF] Guo | Compact optical multipass matrix system design based on slicer mirrors[END_REF]).

A comparison with other reported circular gas cells (reviewed in the reference [START_REF] Du | Mid-Infrared Tunable Laser-Based Broadband Fingerprint Absorption Spectroscopy for Trace Gas Sensing: A Review[END_REF]) can be found in Table 4-4. However, this is at the expense of the sensitivity where the benchtop gas cells have larger throughput and lower losses (a smaller number of reflections). 

Conclusion

In a first part of this chapter, theoretical feasibility study was conducted on using cavity enhancement technique with the MEMS spectrometer. It was performed for different operation regimes. The conclusion of this study shows that there is either no enhancement or a small expected enhancement, depending on system parameter values. This means that cavity enhancement has very limited potential for miniaturized spectral gas sensors.

Second, Hollow Waveguides were studied for their potential of sensitivity enhancement of ultra-compact gas cells. After a promising theoretical study, three integrated HWGs were fabricated on a silicon chip using MEMS technology. Three HWGs of lengths range from 10 to 33 cm are implemented within a 2 cm x 2 cm chip. The insertion loss of the cell was ranges from 10 to 30 dB. The HWG was successfully used to measure carbon dioxide from exhaling, with a lower limit of detection of 130 ppm. The HWG was also successfully used to detect butane gas.

Finally, a multi-pass gas cell was implemented on-chip using MEMS technologies. Design methodology and guidelines for optimal design are derived and presented. These results

show the optimum dimensions of the gas cell (optimum sensitivity) given technology parameters such as reflectivity and the depth to be achieved besides the spectrometer throughput. The cell in conjunction with a MEMS-based spectrometer was successfully used to measure carbon dioxide under different pressures. Implementing the gas cell on silicon enabled sophisticated designs with no need for further optical alignment, thanks to the lithography-defined geometric features allowing self-alignment capabilities. One can further implement a design incorporating a large number of mirrors of different radii of curvature and acylindrical profiles. In addition to that, the mechanical stability is high as all components are monolithically integrated on the same substrate. However, MEMS technology doesn't provide a straightforward solution for the out-of-plane focusing [START_REF] Sabry | Silicon micromirrors with three-dimensional curvature enabling lensless efficient coupling of free-space light[END_REF]. This problem was solved by guiding light using the metalized capping and the metalized substrate acting as a multimode parallel plate waveguide.

The overall conclusion is that both HWG and Multi-pass gas cells appear as promising options towards full integration of ultra-compact gas sensors. While the effective path lengths were limited to nearly 30 cm, for a compromise between insertion loss and gas absorption, the resulting lower limit of detection, although limited at the ppm range today, could be improved in a near future. To this end, either higher quality coatings will enable reducing the insertion loss, at least the part which is due to multiple reflections. Another promising option would come from using light sources of higher power.

Chapter 5: Conclusion and Future Work

Conclusions

The goal of the thesis was to explore the potential of optical MEMS spectrometers for gas sensing applications, with the ultimate objective of producing a micro-spectral gas sensor, that is an ultra-compact device that is capable of sensing multiple gas, based on optical spectroscopy. Different aspects related to this subject were investigated from theoretical and experimental point-of-view, along a proposed methodology, which takes into account the latest technological advances with the best of their advantages and their practical constraints and physical limitations.

First, a critical review has been conducted on gas sensing using direct absorption spectroscopy (DAS) and photoacoustic spectroscopy (PA). Each method was analyzed when using either a tunable laser source or a Fourier transform spectrometer. A theoretical analysis was conducted on these systems to find the ultimate detection limits for each case. To compare the DAS and PAS, a figure of merit was used which was defined as the ratio between the normalized absorption coefficients (normalized with respect to measurement time) of each system. The normalized noise equivalent absorption coefficient (NNEA) was also used to compare the systems when using a tunable laser. In the case of using a tunable laser, the direct absorption spectroscopy was found to be better for lower laser powers and longer gas cells and the converse is also correct. For the FTIR-based systems, a direct absorption spectroscopy system was found to be better than a PA-based system for lower temperatures of the optical source, higher spectrometer throughputs (bench-top spectrometer), faster mirror velocities, and longer gas cells.

Using the cavity enhancement technique implemented with the MEMS spectrometer was proven not to have a considerable enhancement in the gas detection limits.

Then, a new concept of parallel spectrometer was introduced as a candidate for enhancing the gas selectivity of the original MEMS-FTIR spectrometer. Four co-integrated interferometers can enhance the spectral resolution by 4 times, hence contributing to improve gas selectivity. Methane was identified and measured with the parallel spectrometer and compared to the spectral response measured with a single spectrometer. The measurement shows a better resolving of the methane absorption bands.

Looking for a simpler architecture than FTIR, another new concept, the differential spectrometer, was proposed. It is based on critical angle dispersion was presented. Theoretical analysis of the spectrometer was performed in the sense of the principle of operation, spectrometer resolution, and signal to noise ratio. The spectral responses of lasers and reference materials were measured using a prototype of this differential spectrometer as a proof of concept. Unparalleled sides of the waveguide introduce degradation in the resolution that was understood from further analysis supported by detailed theoretical investigations. Signal processing was presented to reduce such effects. A resolution of 50 nm around 1548 nm was achieved after the correction. The structure was shown to have a better resolution than the prism-based spectrometer as wavelength decreases.

We then conducted a series of studies to investigate more in detail the application of MEMS-FTIR for gas sensing and analysis.

We started tackling air pollution sensing using an open-path Fourier transforms spectroscopy in Sense city (huge climate chamber) with large available length for light-gas interaction, up to 38 meters, leading to measurement of the spatial average pollution. This was performed using the mid-infrared (MIR) MEMS spectrometer. Pollution stimulated by a car was monitored and compared to the measurements of localized reference analyzers.

Then, localized sensing of toluene, chosen as an example for the most common VOCs, was conducted using a benchtop multi-pass cell gas cell of 20 m length coupled to the MIR MEMS-FTIR spectrometer. 30 ppb of Toluene as a lower limit of detection was achieved.

Then, using a setup of direct gas cell of path length of 10 cm, we conducted monitoring of air de-pollution, which was also an opportunity to conduct an investigation on the mechanisms of air purification by photocatalysis. An air purification device based on ZnO nanowires was monitored using the MEMS spectrometer. Elimination ratio of 63% in 3 hours was achieved for toluene, while it was only 14% for acetone. The presence of ZnO-NWs appeared as crucial in the case of acetone removal since almost no elimination (nearly 3%) was obtained in the absence of ZnO-NWs. On the contrary, ZnO-NWs are not as crucial for the elimination of toluene; however, it enhances significantly the removal ratio. Finally, it also appeared that in both cases of using UV light or not, ZnO NWs produces an enhancement suggesting that both adsorption and photocatalysis are enhanced by ZnO-NWs.

Finally, we moved one step forward towards a full miniaturization of spectral gas sensors.

Contrary to the above experiments, where gas cells were macroscopic, the technological breakthrough that we aimed tackling was to integrate the gas cell into a silicon chip. We designed and fabricated silicon-based mm-scale gas cells and silicon-based hollow waveguides, whose footprint did not exceed 2 cm x 2 cm, but enabling effective path lengths ranging from 10 to 33 cm. The insertion loss ranges from 10 to 30 dB depending on the length of the HWG. Characterization and gas sensing measurements of HWGs were performed using the MEMS spectrometer. A circular multi-pass cell fabricated on a silicon chip was also presented. It has an effective path length of 9 cm. Design considerations and characterization using the MEMS spectrometer were performed and serves as a tool for further optimization. Different gases were measured such as acetylene, butane, carbon dioxide, and water vapor. The path length to volume ratio is about 17,000 m/L, an unpreceded value among all gas cells reported to date. Such value is indeed two orders of magnitudes bigger than that of the conventional gas cells, although this is at the expense of sensitivity, at least with today's technological constraints.

Future Work

Regarding the open-path FTIR applications, longer path length can be achieved for averaging pollution for longer distances, which will enable reaching sub-ppb concentrations, either for indoor or outdoor smart sensing at district scale. This can be achieved using bigger parabolic mirrors so as to minimize insertion loss.

On the contrary, localized measurements will require ultra-compact spectral gas sensors, whose low cost will enable large-scale deployment along an IoT network, where each spectral sensor will be within a node of a dense network. Attaining this ultimate goal necessitates further efforts in integration.

Integration of compact gas cells with the MEMS spectrometer

The gas cell can be further integrated with the MEMS spectrometer on the same chip. These can be also integrated with a light source like a black silicon source, leading to a monolithic micro-spectral gas sensor. Such a source is compatible with the MEMS fabrication process. The integrated gas cells can be also used to monitor the air purification using the ZnO nanowires where the gas cell can be placed beside the chip of the ZnO nanowires. This allows the precise study of reactions/purification process just over the ZnO nanowire due to the localized measurement.

Integration with other sensors

The gas cell in conjunction with the spectrometer can be co-integrated with other sensors such as pressure sensor, air flow sensor, humidity sensor, temperature sensor, …. The sensors can be either made based on implementing electrical transduction or optical transduction of those physical parameters.

The pressure sensor can be made of a vertical membrane. One of the sides of the membrane faces the gas cell and the other side faces the ambient. Thus, any pressure difference leads to membrane deflection. Such deflection can be detected either optically or by measuring the capacitance. In the case of optical detection, a fiber is inserted to one side of the membrane as depicted in the top view in By using two resistors one at the inlet and other at the outlet, one can measure the temperature gradient across the gas cell. From such a gradient, one can conclude the airflow. Such sensors can be integrated with the multi-pass cell on the same chip as depicted in Figure 5-3.

Three layers are drawn; handle, device, and capping layer. The capping layer is drawn as transparent to show the structures beneath. The handle and the device layer are all coated with the gold (different colors only for illustration). Resistors, made of platinum for measuring airflow and air temperature, are patterned on the bottom of the capping layer. The remaining part of the capping layer is all coated with the gold for light guiding where there is an unmetallized region between the platinum and the gold to prevent electric short. The resistors' ends are connected using a via to the top layer of the capping layer. Such vias can be also hollow to act also as air inlet/outlet Then, the metalized tracks are used to connect between electric vias and pads as shown in Figure 5-3(b). In the depicted configuration, two temperature sensors are drawn to measure the temperature gradient to measure the airflow.

Pressure sensors are placed at the side of the multi-pass cell. The two configurations of the pressure sensors, previously mentioned, are drawn. The pressure sensor measures the pressure inside a small chamber which is directly connected to the multi-pass cell through a curved waveguide. In the case of the pressure sensor based on capacitance sensing, the electrodes are connected to the top of the capping layer using vias which are further connected to their corresponding pads. Let the Equation (4.9)and (4.8) be rewritten as following

A.2 ENHANCEMENT IN CAVITY ENHANCEMENT TECHNIQUE

E(ν o ) = 2F π A B σ DT σ CEAS where A = ∫ f g (ν)T c 2 (ν) ∞ -∞ sinc(2Δν s -1 (ν -ν o ))dν and B = ∫ f g (ν) ∞ -∞ sinc(2Δν s -1 (ν -ν o ))dν.
For the 1st region in Dans le cas de la spectroscopie laser, les conclusions suivantes peuvent être tirées:

1) Le DAS surpasse le PAS en cas de puissance laser basse et de longueur de trajet optique longue.

2) Le système PAS peut être préféré lorsque la taille est une limitation et qu'il existe un besoin d'une cellule à gaz compacte.

3) Avec des lasers d'une puissance de quelques mWs, le DAS avec des trajets optiques supérieurs à quelques dizaines de mms devraient offrir une meilleure sensibilité.

4) L'augmentation de la puissance du laser à des centaines de mW ou plus résulte en un PAS ayant une meilleure sensibilité par rapport au DAS avec une longueur de trajet inférieure à des centaines de mm.

Dans le cas de la spectroscopie FTIR, les conclusions suivantes peuvent être tirées:

1) En ce qui concerne les paramètres de l'interféromètre, la différence entre les deux systèmes est indépendante de la résolution car les deux ont la même dépendance vis-à-vis de celle-ci.

Une architecture composée de 4 interféromètres est représentée sur la figure 1 une durée moyenne de 60 s. Cette valeur correspond à un écart type σ de l'absorbance autour de 10 -4 . Sur cette base, la concentration minimale détectable s'est avérée être de 30 ppb.

En utilisant une cellule à gaz directe d'une longueur de 10 cm (au lieu de la cellule de gaz à passages multiples), nous avons réalisé un suivi de la dépollution de l'air, ce qui a également été l'occasion de mener une étude sur les mécanismes de purification de l'air par photocatalyse. A cet effet un échantillon de silicium recouvert de nanofils de ZnO, connu pour ses propriétés photocatalytiques, est déployé à l'intérieur de la cellule. Une concentration contrôlée de polluants a également été ajoutée à l'intérieur de la cellule. La concentration en acétone était de 5% tandis que la concertation du toluène était de 1,7%. For characterizing the HWG and to measure gases, the MEMS based MIR FTIR was used.

The measured insertion losses of the waveguides are plotted in Figure 14 (a) These are shown in bold lines. These are compared with expected losses from simulations. The insertion losses of the shorter hollow waveguide (HWG1) ranges from 10 to 13 dB across the range from 1500 nm to 4500 nm. Such losses increase dramatically to 30 dB for the longest waveguide HWG3. For the HWG3, the losses increase for shorter wavelengths which is attributed to the roughness (roughness losses increase with decreasing wavelength of operation). There is a discrepancy of 4 dB between the measurements and the simulations in case of the HWG1 and HWG2, while the difference increases to 15 dB in case of the HWG3.

From the insertion losses measurements, one could extract information about the CO 2 concentration. This peak is around 4.25 μm. First, the wavelength dependence losses of the HWG in the transmission measurement was removed using the baseline correction method.

The peaks of the CO 2 measured by the three HWGs are plotted in Figure 14 Carbon dioxide CO 2 gas is injected into a chamber from a gas cylinder. The chamber comprises the integrated multi-pass cell. Different pressures were measured which corresponds to different absorbance values (0.9 bar to 1.6 bar). The corresponding absorbance curves are plotted in Figure 16 (a). The absorbance values at 2.01 μm versus the pressure applied are scattered in Figure 16 (b) in addition to a linear fit with a root mean square error of 10 -3 . An effective path length was found to be 9 cm compared to the theoretical path length of 12 cm. The corresponding lower detection of limit is 30 mbar. The cell volume is too small. It is about 6 μL. This means a small sampling volume of gases. The path length to the volume ratio PVR is an important Merit factor for the gas cells, the more this value the more compact cell will be. The corresponding PVR is about 17,000 m/L. Such value is two orders of magnitudes bigger than that of the conventional gas cells (macro gas cells have PVR values ranging from tens to hundreds, according to the survey conducted in the reference). However, this is at the expense of the sensitivity where the benchtop gas cells have larger throughput and lower losses (a smaller number of reflections). 
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 1 A review was conducted on optical-based gas sensing technologies: Fourier transforms spectroscopy and laser spectroscopy. Each technology was reviewed in case of using it in direct absorption (DA) mode (transmitted light is detected by an optical detector) or in photoacoustic (PA) mode (amount of absorbed light is known by measuring the corresponding acoustic signal). A theoretical analysis was performed for different technologies. Figures of merit are derived to compare detection methods (DA or PA) given different system parameters (i.e.
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 21111 Figure 1-1 Different gas sensing techniques. (a) 3D view of direct absorption spectroscopy using a tunable diode laser. (b) 3D view of PAS systems using a modulated tunable diode laser. (c) DAS based FTIR spectrometer comprising a Michelson interferometer, a gas cell, and an optical detector. (d) PA-based FTIR spectrometer comprising a Michelson interferometer, a PA cell, a microphone (cantilever), and another interferometer (not shown) for the PA signal detection.
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 12 Figure 1-2 Specific detectivity of different detectors versus the wavelength of operation. PC denotes photoconductive and PV denotes photovoltaic. Data adapted from references [58], [70], [72], [73].
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 13 Figure 1-3 NNEA of DAS of different detectors (detector diameter 1 mm and path length 1 m

Figure 1 - 4

 14 Figure 1-4 Illustration of PAS mechanisms including light absorption, vibrational relaxation, heat conduction, and propagation of acoustical waves.

Figure 1 -

 1 Figure 1-5 (a) Color map of 𝑁𝑁𝐸𝐴 versus 𝜔/𝜔 𝑜 and resonance frequency 𝑓 𝑜 of the cantilever (𝜃 𝑃𝐴 = 1). (b) Color plot of NNEA as function of stiffness and cantilever thickness ((𝑓 𝑜 = 500 𝐻𝑧, 𝜔/𝜔 𝑜 = 0.2 and cell diameter = 5 mm).

  𝜃 𝑃𝐴 𝑙Γ 𝑔 .(1.27) From the above equation, one can conclude the following. The DAS using TLS outperforms in the case of lower laser power and longer path length, ( 𝜔 𝜔 𝑜 ) 1.25 𝜔 𝑜1.75 𝜃 𝑃𝐴 𝑙. On the other hand, the PA system may be preferred when size is a limitation and there is a need for a compact gas cell since 𝜃 𝑃𝐴 is proportional to the cell area. The term ( 𝜃 𝑃𝐴 𝑙 is dependent on detector parameters DAS or the PA cell in the PAS. A general color plot of 𝛾 versus wavelength and source power is illustrated in Figure1-6 (a) for the unity value of this term. The white contour line represents the trajectory of the unity ratio. For longer wavelengths and lower powers, the DAS outperforms the PAS. For a given laser power, modulation frequency, cell area, and cantilever thickness of the PAS compared to the DAS of a given path length 𝑙, one can check if the direct or the photoacoustic system has better sensitivity at the required wavelength of operation. For example, for the high-performance PA gas sensor mentioned in[START_REF] Tomberg | Sub-parts-per-trillion level sensitivity in trace gas detection by cantilever-enhanced photo-acoustic spectroscopy[END_REF],[START_REF] Peltola | Parts-per-trillion-level detection of nitrogen dioxide by cantilever-enhanced photo-acoustic spectroscopy[END_REF] (𝑡 𝑏 = 10 𝜇𝑚, cell diameter equals to 4 mm), the respective 𝜃 𝑃𝐴 equals 2.2 × 10 -5 (𝑃𝑎 -1 . 𝑘𝑔. (𝑚𝑚) 3 ) -0.25 . Then, in the case of 𝜔/𝜔 𝑜 = 0.25 and 𝑓 𝑜 = 480 𝐻𝑧 , one can evaluate the term ( 75 (𝑃𝑎 -1 . 𝑘𝑔. (𝑚𝑚) 3 ) -0.25 . When comparing with a laser based DAS of path length 0.2 𝑚, the term ( 𝜃 𝑃𝐴 𝑙 will be unity as assumed in Figure1-6 (a). When the path length is 20 𝑚, the unity contour line should be moved to the upper left corner of the plot and the DAS will best performer for a larger range of laser powers and wavelength ranges.
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 13 to have a quantitative comparison between the two technologies. For the PAS (dash-dot curve), the parameters are 𝑡 𝑏 = 10 𝜇𝑚, 𝑓 𝑜 = 500 𝐻𝑧, 𝜔 𝜔 𝑜 = 0.25 and cell diameter = 5 mm. For the DAS, the diameter of the optical detector is 1 mm and path length is 1 m in Figure1-6 (b) and 10 mm in Figure1-6 (c). To compare the PAS and the DAS with path lengths of 1 m or longer, the theoretical detection limit of DAS is better, except for the InAsSb detector operating at room temperature. Using detectors cooled down to -196 ℃ enhances dramatically the detection limit when compared to the PAS (i.e. NNEA = 10 -14 𝑊𝐻𝑧 -1 𝑐𝑚 -1 using MCT cooled by nitrogen). However, if one is interested in applications involving small sampling volumes and short path lengths, the PAS becomes better than the DAS using thermal detectors or uncooled MCT or PbSe. However, InGaAs, PbS, and ultra-cooled detectors still have superior performance.
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 16 Figure 1-6 (a) Color plot of the ratio of the normalized minimum absorption coefficient of the PA system to that of the DA system for different wavelengths and different laser powers in the case of unity system parameters (( 𝜔 𝜔 𝑜 ) 1.25 𝜔 𝑜 1.75 𝜃 𝑃𝐴 𝑙). The contour line represents the trajectory of unity ratio where for longer wavelengths and smaller powers, DAS is better. (b)-(c) NNEA of DAS of different detectors (solid curves) (detector diameter= 1 mm), PAS ( 𝑡 𝑏 = 10 𝜇𝑚, cell diameter = 5 𝑚𝑚, 𝑓 𝑜 = 500 𝐻𝑧, 𝜔 𝜔 𝑜 = 0.25 (dash dot curves) where the path length = 1 m in figure (b) and the path length = 10 mm in figure (c).

Figure 1 -

 1 Figure 1-1(d). The output modulated light from the interferometer is coupled to the PA cell and the power corresponding to the absorption wavelengths are only absorbed by the gas.

Figure 1 -

 1 Figure 1-7 (a). When Δ𝜈 ≫ Δ𝜈 𝑔 , the absorbance enhancement is linear with enhanced res-

Figure 1 -

 1 Figure 1-7 (a) Normalized absorbance versus Δ𝜈 𝑔 /Δ𝜈 in the case of the Lorentzian and Gaussian profiles. Approximated linear lines for small Δ𝜈 𝑔 /Δ𝜈 are plotted in dashed black lines. (b) Normalized 𝛼 𝑚𝑖𝑛 versus Δ𝜈 𝑔 /Δ𝜈 in the case of the Lorentzian and Gaussian profile.
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 118 Figure 1-8 𝛼 𝑚𝑖𝑛 versus wavelength and source temperature (𝜃 𝑠𝑦𝑠 = 1) in case of (a)𝜆 𝑚𝑖𝑛 = 1𝜇𝑚 (b) 𝜆 𝑚𝑖𝑛 = 5𝜇𝑚 .Contour lines of different values of 𝛼 𝑚𝑖𝑛 are plotted. Also, contour of minimum value of 𝛼 𝑚𝑖𝑛 is plotted if found.
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 19 Figure 1-9 𝛼 𝑚𝑖𝑛 of the FTIR based PAS as a function of wavelength and source temperature (𝜃 𝑠𝑦𝑠 𝑃𝐴 = 1).

Figure 1 -

 1 Figure 1-10 (a)-(b) Ratio of the absorption coefficient of the FTIR based PAS and FTIR based DAS as a function of wavelength for different light sources and unity ratio of 𝜃 𝑃𝐴 𝜃 𝐷𝐴𝑆 = 10 -9 The contour line represents the trajectory of unity ratio where for longer wavelengths and higher source temperature, PAS is better: (a) 𝜆 𝑚𝑖𝑛 = 1𝜇𝑚, (b) 𝜆 𝑚𝑖𝑛 = 5𝜇𝑚.

  sensors including mechanical gyroscopes and accelerometers. Video projectors contain the MEMS digital micromirror devices (DMD TM ) produced by Texas Instruments and is one of the most successful optical MEMS products. Now, MEMS spectrometers represent a new trend for miniaturizing optical spectrometers and convert them into portable devices. This trend leads to low-cost devices and brings the Lab. to the field thanks to the new on-site measurement capabilities offered by using such portable spectrometers.

  Multiple interferometers are monolithically integrated into the same chip and sharing a single MEMS actuator. This new concept is intended to overcome the limitation in the spectral resolution, where the interferometers have complementary optical path differences (OPDs). The moving mirrors of the interferometers are mechanically coupled to the same actuator, while each of the N interferometers in the chip scans a different range of the OPD in the measured interferogram; thanks to the complementary shifts in the mirrors position implemented in the design. The interferogram of each interferometer is measured by a corresponding own detector, then signal processing is applied to produce an overall interferogram as concatenation of the different recorded interferograms. Therefore, one can increase the optical path difference by 𝑁 times, and thus, enhance the wavelength resolution accordingly using the same MEMS actuator. The architecture consisting of 4 interferometers is depicted in Figure 2-1. Usually, broadband thermal light sources are larger than the input aperture of a single Micro-Optical Bench (MOP) interferometer. Therefore, splitting the source power over the 4 interferometers doesn't reduce the amount of light received by each of those interferometers. This interestingly means that the SNR per interferometer is not affected by the splitting of the light. Each interferometer has its own beam splitter, fixed mirror, moving mirror and detector. The 4 moving mirrors of the 4 interferometers are coupled to the same actuator, while the mirror positions are shifted with respect to each other by an increment 𝛥 𝑀 such that the resolution can be enhanced up to 4 times. For instance, if the actuator travel range is 200 μm and the increment 𝛥 𝑀 is 200 μm, a full OPD of approximately 1600 μm is obtained using the 4 interferometers. The first interferometer scans the OPD from -800 to -400 μm,
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 24421 Figure 2-1 The parallel interferometers have a common actuator, where the moving mirrors are attached and spatially shifted to acquire the shifted interferograms. Each interferometer has its respective detector.

Figure 2

 2 Figure 2-2(a) The chip-scale architecture of the MEMS spectrometer comprising four interferometers and a comb-drive actuator. The interferometers are denoted by Int. and numbered from 1 to 4. The moving mirrors of all interferometers are attached to the same moving arm. The light path is indicated by the red arrows. (b) An SEM image of the actuator. (c) An SEM image of the moving mirror arm. (d) An SEM image of an optical interferometer. (e) A camera photo for the corresponding fabricated die with the coupling fibers, where the yellow arrows represent the input directions of the light to the interferometers and the red arrows represent the output direction of the light.
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 2 irrors (e). The light from the optical source was coupled into the interferometers using a bundle of multimode fibers connected directly to the light source. From the other side, the optical fibers were cleaved and inserted into the MEMS chip in micromachined groves self-aligned with the interferometers. The MEMS actuator is operated at resonance using an actuation voltage of sinusoidal waveform. It has a maximum displacement of about 250 μm. The position of the MEMS actuator was determined by means of a capacitive sensing circuit.

  white light source was measured by the four interferometers, where each one had its own interferogram versus the respective OPD. The overall interferogram after concatenation is shown in Figure 2-3 (a), where the interferogram comprises four parts of different colours corresponding to the 4 different interferograms. Applying Fourier transform on the concatenated interferograms, gives the corresponding spectrum of higher resolution, as depicted in Figure 2-3 (b). The intersection part of the interferograms of the interferometers 1 and 2 is shown in Figure 2-3 (c), the intersection part of the interferograms of the interferometers 2 and 3 is shown in
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 2 Figure 2-3 (d) and the intersection part of the interferograms of the interferometers 3 and 4 is shown in Figure 2-3 (e). The intersection of the interferograms of the interferometers 2 and 3, and that of the interferometers 3 and 4 are smoother than
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 2423 Figure 2-3 White light measurement using the parallel interferometers (a) The concatenated interferograms where the interferogram of each interferometer, nominated as Int., is drawn with different color (b) The corresponding spectrum of the concatenated interferograms. (c) Intersection part of the spectrum of Int.1 and Int.2. (d) Intersection part of the spectrum of Int.2 and Int.3. (e) Intersection part of the spectrum of Int.3 and Int.4.
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 224 Figure 2-4 Spectra of narrow band sources (white light followed by narrow band filters) measured by the parallel spectrometer design (blue bold) and by the benchtop spectrometer for the same corresponding OPD range (red dash dot). (i) spectrum of single interferometer, (ii), (iii) and (iv) spectrum of concatenated interferograms of two interferometers, three interferometers and four interferometers, respectively. (a) Spectra of the filter at 1.55 𝜇𝑚 (b) Spectra of the filter at 2 𝜇𝑚.
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 4 was inserted between the white light source and the spectrometer. Two back to back aspherical lenses are used to collimate the light from the light source and to focus the output light to the fiber of the MEMS spectrometer. The gas cell length is and compared to a measurement using single interferometer. The obtained absorbance curves are shown in Figure2-6. The absorption bands around 2.32 μm and 2.37 μm are discriminated (blue curve) compared to the spectrum measured by the single interferometer (red curve). The absorbance value was also enhanced dramatically, as shown by the wavelength range of 2.3-2.37 μm. For reference, the same gas cell was also measured using a benchtop spectrometer for two different resolutions, namely, 34 cm -1 and 8.5 cm -1 , and plotted in Figure2-6. These resolutions are the theoretical resolutions of the single MEMS interferometer and the MEMS parallel interferometers. The comparison shows good agreement with the measurements of the MEMS spectrometer and proves the potential of using parallel spectrometer in environmental gas monitoring.
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 25 Figure 2-5 Measurement setup of Methane using the parallel spectrometers.
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 26 Figure 2-6 Measured absorbance curves of methane measured by the parallel interferometers (in blue) and the single interferometer (in red) and compared to the absorbance measured by the benchtop spectrometer for the two corresponding resolutions.
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 7 The angle of incidence is 𝜃 𝑜 . The angle of refraction at the input interface is 𝜃 1 and 𝜃 2 is the angle of incidence on the horizontal surface. Depending on the incidence angle, some wavelengths exit from the right side of the structure, and other wavelengths will completely radiate out laterally given a long stretched prism.
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 27 Figure 2-7 Ray tracing of light inside the stretched prism of the spectrometer. Stretched prism width is a. The light path (red rays) is drawn from the input to the output. The green dash line represents the refracted light which depends on the angle 𝜃 2 .

  (2.1) and 𝑛(𝜆)𝑠𝑖𝑛𝜃 2 = 1. In case of broadband light of black body radiation (source temperature 𝑇 𝑠𝑟𝑐 = 3000 𝐾) and a stretched prism made of ZnSe material and 𝛼 =45, one could have the corresponding 𝑃(𝜃 𝑜 ) of the white light source shown in Figure 2-8 (a) and the retrieved spectrum in Figure 2-8 (b). The term 𝑑𝜃 𝑜 /𝑑𝜆 can deduced either using the theoretical relation or by calibrating the spectrometer by a reference material or a light source of multiple emission lines such as Xenon or Krypton light sources.
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 28 Figure 2-8 (a) The output power versus input rotational angle. The input in this case is a broadband light source of a temperature of 3000 K. (b) Retrieved power spectral density 𝑃𝑆𝐷 (after output differentiation).
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 229 Figure 2-9 (a)The integrated power 𝑃 versus 𝜃 𝑜 in case of laser (dash curves) in case of zero divergence angle (blue) and limited divergence angle (red). The corresponding 𝑑𝑃/𝑑𝜃 𝑜 are also drawn (solid curves). (b) The spectrum of a laser of limited divergence angle for a different number of reflections N. Increasing the number of reflections reduces the tail.

  -10 (c), such resolving power is compared with the prism resolving power equation (𝑅 = 𝑎 𝑑𝑛 𝑑𝜆
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 2 Figure 2-10 (a) Relation between the incident angle 𝜃 𝑜 and the corresponding critical wavelength for different 𝛼. (b) Relation between 𝑑𝜃 𝑜 /𝑑𝜆 𝑐 and the corresponding critical wavelength for different 𝛼. (c) Resolving power of prism based (dash) and differential spectrometer (solid) in case of different 𝛼.

  of an angular velocity of the input light. The first term represents the correct 𝑃𝑆𝐷 and the second term represents a noise term. For a constant angular veloc-

× 3

 3 mm × 20 mm, International crystal). A multimode fiber MMF (core/cladding = 50/ 125 𝜇𝑚, EuroMicron or core/cladding = 200/220 𝜇𝑚 OZ Optics) was placed at the focal point of an off-axis parabolic mirror (focal length 𝑓 = 25.4 mm) to collimate the light. The input light was bent by 90̊ using a 45̊ flat mirror, as depicted in Figure 2-11. The flat mirror was attached to an actuator (CD drive optical pickup unit). The actuator was excited using a sinusoidal voltage signal of a frequency of 50 Hz. To vary the incidence angle 𝜃 𝑜 , the flat mirror was moved forward and backward which resembles a case that the MMF was placed at the focal point of a lens and moving in the lateral direction, which finally leads to varying 𝜃 𝑜 .At the output side of the crystal, the light was focused on a detector (InGaAs 𝜆 𝑐 = 1.7𝜇𝑚) by the means of another off-axis parabolic mirror (𝑓 = 25.4 mm). Finally, the signal was detected using a high-speed oscilloscope. The other channel of the oscilloscope was connected to a voltage signal which actuated the actuator and configured as the trigger source. This was to synchronize each measurement at the same position of the flat mirror (corresponds to a given 𝜃 𝑜 ). The signals were filtered using a digital low pass filter to limit the noise without affecting the signal resolution.
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 22 Figure 2-11 3D layout of the measurement setup.
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 22 Figure 2-13 Differentiated signal of two coupled lasers (1480 nm and 1548 nm) using (a) the MMF of core/cladding of 200/220 𝜇𝑚, (b) the MMF of core/cladding of 50/125 𝜇𝑚.
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 2 Figure 2-14 TS5 Transmission measured using the differential spectrometer and a reference FTIR spectrometer

Figure 2 -

 2 Figure 2-15 Output simulations of the Differential spectrometer for two different lasers and a divergence angle of 0.006° (a) Power at the output versus the incidence angle. (b) Respective differentiated signal.

4. 2

 2 mm. This corresponds to an intensity distribution in the far-field of a sinc distribution 𝑠𝑖𝑛𝑐(𝜃 𝑓𝑎𝑟 /𝜃 𝑑𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ) where 𝜃 𝑑𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 02° for a wavelength of 1.548 𝜇𝑚. Such an increase in divergence is smaller than the initial divergence of input light (𝛿𝜃 𝑜 = 0.06°).
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 2 Figure 2-16 Color plot of surface height at different positions on the stretched prism surface.
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 2 Figure 2-17(a). To quantify the surface roughness, the corresponding autocovariance function (𝐴𝐶𝐹) is calculated by applying Fourier transform on the 𝑃𝑆𝐷. This is valid for a stationary roughness where roughness correlation function is independent of the absolute position. The calculated ACF can be found in
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 22 Figure 2-17 (b) and (c). From the ACF function, one can find the corresponding root mean

Chapter 2 :

 2 Contribution to miniaturized spectrometers 66 change is within the beam divergence showing that these roughness parameters does not affect the resolution.
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 22 Figure 2-18 (a) Scattering upon reflection on a rough surface. (b) Scattering inside the stretched prism. (c) ASF function excluding the specular reflection. (d) Power distribution versus 𝜃 2 after different number of reflections. (e) Integrated output power versus the incidence angle and the corresponding differentiated power.
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 2222 Figure 2-20 Simulation results taking into account the stretched prism unparallel surfaces (|𝛼 2 | = 0.014°). (a) Output signal of laser 625 nm versus the angle of incidence. (b) Respective differentiated signals. (c) Differentiated signals for different values of 𝛼 2 .
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 22 Figure 2-21 Corrected spectra of lasers measured by MMF of core/cladding of 50/125 𝜇𝑚. (b) Corrected TS5 spectrum.
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 313 Figure 3-1.
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 31 Figure 3-1 Camera photos inside the Sense city climatic chamber.
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 32 Figure 3-2 Layout of open-path setup using off-axis parabolic mirrors to transfer light from light source to the spectrometer.

  in the absorption path length is only proportional to 𝐿. Thus, decreasing the path length greater than 𝐿 𝑚𝑎𝑥 decreases the absorbed power by the gas (This is 𝑃 𝑟 -𝑃 𝑟 𝑒 -𝛼𝐿 according to Beer's Lambert law where 𝑃 𝑟 is the received power in the absence of gas ) and the optimum path length is still 𝐿 𝑚𝑎𝑥 . Using a parabolic mirror of a focal length of 152.4 mm and a diameter of 50.8 mm, the corresponding optimum length is 𝐿 𝑜𝑝𝑡 = 26 m.The insertion loss (IL) of the coupling system (2 parabolic mirrors of a diameter 50.8 mm and a focal length of 152.4 mm) versus distance was simulated using a ray-tracing software (ZEMAX software). The result is shown in Figure3-3. The IL around 26 m is -3.7 dB which is attributed to optics aberrations which degrade the IL. For a distance of 38 m, the corresponding losses are -7dB.
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 33 Figure 3-3 Insertion loss (IL) of the coupling system for the open-path FTIR.

  optical system used in the open-path FTIR measurements comprised a bulb (Temperature = 2796 K, SLS252, Thorlabs) placed at the focal point of the off-axis parabolic mirror (Diameter = 50.8 mm, effective focal length = 152.4 mm, MPD269-G01, Thorlabs) as shown in Figure 3-4. The collimated light from the source was refocused at the detector side using another off-axis parabolic mirror. The light is focused into the input of the MIR spectrometer. The mechanical part holding different optical parts is designed by a CAD tool and made of plastic using 3D-printing.
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 34 Figure 3-4 Camera photo of an optical system used in the open-path FTIR.
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 35 Figure 3-5 Top schematic view of Sense city for air pollution monitoring using open-path FTIR in addition to camera photos in different positions inside the city.
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 3 Figure 3-6 (a) Measured spectrum at a distance of 0 m and 38 m. (b) The measured SNR at a distance of L= 38 m and a resolution of 80 cm -1 . The average measurement time is 1 minute.
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 3 7 (b).
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 45 Step 2 and 3 are repeated until the baseline curve (fitting curve) does not change within a certain threshold as depicted in Figure3-7 (c). The baseline-corrected spectrum is given by subtracting the final baseline from 𝐴 0 . This final absorption spectrum is shown in Figure3-7 (d).
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 37 Figure 3-7 Procedure of baseline correction of the measured spectrum using the polynomial fit method.

Figure 3

 3 Figure 3-8 (a) Carbon dioxide concentration versus time (b) Water concentration versus time. The red region represents the interval of introducing pollution using car acceleration. (c) NO concentration measured by the analyzer. d) NO2 concentration measured by the analyzer.
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 39 Figure 3-9 The absorbance of 1 ppm of different VOCs calculated for FTIR spectrometer of a resolution of 80 𝑐𝑚 -1 .
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 3 Figure 3-10 Detection limit of (a) toluene (b) acetone and (c) acetaldehyde using FTIR of a resolution of 80 𝑐𝑚 -1 .
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 3 Figure 3-11. (a) Experimental setup for measuring Toluene. The Toluene with a given concentration is transferred from the Tedlar gas to the multi-pass gas cell. A light source is used to inject light into the cell and finally detected by the spectrometer. (b) Background spectrum.
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 3 Figure 3-12 Simulated and measured spectrum of Toluene at concentration 8 ppm
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 315 Figure 3-15. The slope of the line is 𝑚 = 0.003 𝑝𝑝𝑚 -1 and the offset is 0.0036. The figure shows a good linearity (coefficient of determination 𝑅 2 = 0.9992) with a quite large dynamic range.
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 3 Figure 3-13 Spectra of measured Toluene at different concentrations in the ppm range.
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 3 Figure 3-14. Spectra of measured Toluene at different concentrations in the ppb range. The spectrum is affected by the side lobes of water absorption, whose effect is apparent especially at low concentrations of Toluene.
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 3 Figure 3-15 Linearity of measured absorbance versus the corresponding concentrations. The measured points are fitted to a straight line showing good linearity. The coefficient of determination 𝑅 2 = 0.9992.
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 3 Figure 3-16 Measured SNR for a different average time.

Figure 3

 3 Figure 3-17.
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 3 Figure 3-17 Photocatalysis setup with timely monitoring of air purification.
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 3 Monitoring pollution and depollution of air 94NWs sample is deployed inside the cell. Pollutants were also added inside the cell. By adding a controlled volume of pollutants in the liquid state, its volatility leads to a wellcontrolled concentration in the gas state after complete evaporation. After that, the pollutants are introduced inside the cell by heating the whole cell. For acetone, Vliquid = 20 µL are used and this corresponds to concentration around 5% calculated from the following equation: + 273.15) 𝜌𝑉 𝑙𝑖𝑞𝑢𝑖𝑑 𝑃 𝑇𝑜𝑡𝑎𝑙 𝑉 𝑐𝑒𝑙𝑙 𝑀 𝑊(3.10) 
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 3 Figure 3-18 Experimental setups of pollutant purification within the gas cell by photocatalysis on the ZnO-NWs chip. The de-pollution process is continuously monitored using the MEMS spectrometer coupled to the gas cell.

  and observation time 𝑡, respectively. The absorbance value at 2970 cm -1 , which corresponds to the C-H bond, was used to monitor the degradation of acetone with time. The transmission of acetone was recorded every 20 min for 3 hours. In the absence of UV, the recorded transmission curves at different sampling times are shown in Figure3-19 (a).
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 3 Figure 3-19 (c) shows the degradation of the acetone with time when one looks at the decrease of absorbance around 2970 cm -1 . The elimination ratio versus time was calculated in the presence of ZnO and compared to the case of absence of ZnO as depicted in Figure 3-19 (c). Using ZnO enhances the elimination ratio during all the observation time. The elimination ratio after 3 hours is around 14% in the case of ZnO compared to only 3 % in case of without ZnO, as shown in Figure 3-19 (c). This shows an enhancement of the elimination ratio by 4.6 times. Also, returning to Figure 3-19 (b), one observes that the CO2 absorption line at 2350 cm -1 increases with time proving the increase in CO2 concentration as a by-product of the photo-oxidation process. This is aligned with the theoretical expectations described in Fig
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 3 Figure 3-19 (a) & (b) Transmission of acetone measured using MEMS spectrometer at different measurement time (in min.) (a) without and (b) with the presence of UV. (c) & (d) The elimination ratio of acetone versus time in case of absence and presence of ZnO (c) without and (d) with the presence of UV. Dash lines represent exponential fit (1 -𝑒 -𝑡/𝜏 ) for the measured points, where 𝜏 is a time constant.
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 3 Figure 3-20 (b), the transmission curves of toluene in case of applying UV are shown. The elimination ratio of the respective process is also plotted in Figure 3-20 (d). The figure shows an elimination ratio of around 55% in the case of using the ZnO with the UV light compared to 38% without using ZnO with UV.
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 3 Figure 3-20 (a) & (b) Transmission of toluene measured using the MEMS spectrometer at different measurement time (a) without and (b) with the presence of UV. (c) & (d) The elimination ratio of toluene versus time in case of absence and presence of ZnO (c) without and (d) with the presence of UV. The elimination ratio is calculated using the gas absorbance at 3042 cm -1 . Dash lines represent an exponential fit for the measured points.

  First, an open-path FTIR sensor based on a MEMSbased MIR spectrometer was proposed. The setup was placed inside a climate room. Pollution was introduced inside the room using a car. Onsite measurement of carbon dioxide and water was performed using the MEMS spectrometer which measured the pollution along 38 m inside the chamber. The experiment shows the opportunity of using the MEMSbased spectrometer for long path onsite measurements. The setup surpassed conventional open-path FTIR sensors by its low cost and compactness.

Figure 4 - 1

 41 Figure 4-1 3D layouts showing the difference between the cavity for sensing enhancement(on the left) and multi-pass gas cell (on the right).

Figure 4 - 2

 42 Figure 4-2 Multi-pass cell different types (a) White cell, (b) Herriott, (c) Circular, (d) Matrix-based cell.

Figure 4 - 3

 43 Figure 4-3 Different types of reported HWGs. (a) Metallic waveguide internally coated with AgI. (b) HWG made of subwavelength grating. (c) HWG graved in the aluminum substrate.

Figure 4 -

 4 Figure 4-4 (a) Direct Transmission (DT) configuration where left is the background measurement and the right is the sample measurement. (b) CEAS configuration. 𝑆 𝑖𝑛 is the spectrum of light just before the spectrometer.

Figure 4 - 5

 45 Figure 4-5 Different region of operation of cavity enhancement technique. Faded cavity modes are faded because they are nearly zero due to multiplication by other functions.

  Δν s = 100 cm -1 .

Figure 4 - 6

 46 Figure 4-6 Enhancement 𝐸 versus (1-R) in case of thermal noise limited CEAS.

Figure 4 - 7

 47 Figure 4-7 3D sketch of the hollow waveguide.

Figure 4 -

 4 Figure 4-8 (a) Reflection coefficient versus angle of incidence for a metallized wall considering two different materials. (b) Reflection coefficient versus wavelength of operation for a metallized wall considering two different materials at incidence angle of 85 .

Chapter 4 :

 4 Intregrated Gas cells 111 versus the incidence angle, for gold compared to aluminum, are depicted in Figure 4-8 (a).

Figure 4 - 9

 49 Figure 4-9 HWG insertion loss (a) for a source of different angle of divergence, (b) for different square cross section. (c) for different depths (rectangular cross section).

Figure 4 -Figure 4 -

 44 Figure 4-10 Layout of the HWG design (a) Device layer. (b) Device layer in light color + capping layer in dark color. (c) 3D layout of HWG1 where the blue lines represent the ray paths from the input to the output.

Figure 4 -

 4 Figure 4-11 Fabrication process of the integrated gas cells

  Zirconium fluoride multimode fiber (Le verre fluoré, ZFG MM, length: 0.5 m, core/cladding: 400/450 µm, NA = 0.2 rad.) was used to couple the output light from a filament based light source (Thorlabs, SLS252) to one side of the HWG. The output light from the other side of the HWG was coupled to the input of a MEMS spectrometer, as depicted in Figure4-12. The resolution of the spectrometer was adjusted to 80 cm -1 .

Figure 4 -

 4 Figure 4-12 (a) 3D view of the experimental setup used to measure the integrated HWG. (b) Camera photo of the setup.

2

 2 measured by the three HWGs are plotted in Figure4-13 (c). The CO 2 concentration was also directly measured using a chemical-based sensor (Awair). The average concentration was around 700 ppm in the air. Using such a concentration value, the absorption coefficient of CO 2 from HITRAN database, FT spectrometer system model and HWGs path length, the corresponding absorbance of Carbon dioxide of the three HWGs are also plotted in Figure4-13 (c). The measurements show a good agreement with the chemical-based sensor measurements within a variation which can be attributed to the variation of CO 2 inside the laboratory. The deformation of the signal measured by the HWG3 is attributed to the noisy signal acquired due to the high losses (30 dB). Water absorbance was also monitored and depicted in Figure4-13 (d) showing the increase of absorbance with increasing the path length. Signal to noise ratio was measured for HWG1. The average time was 1 second. The result is depicted in Figure4-13 (e). From the measured SNR, we can conclude that the lower limit of detection (1𝜎) of 𝐶𝑂 2 is 130 ppm for an average time of 1 second.

Figure 4 -

 4 Figure 4-13 (a) HWG insertion losses. Bold lines are the measured and dash lines are the simulated insertion losses. (b) Measured absorbance of the different HWGs. (c) Measured (zoomed version of (b)) and the corresponding simulated carbon dioxide of the different HWGs. (d) Measured water absorbance (zoomed version of (b)). (e) Measured SNR of HWG1. Average time is 1 s.

Figure 4 -

 4 Figure 4-14 (a) Butane measurement at different time when small volume of butane was burst outside the lighter (b) Exhaling measurement at different time when someone exhales.

Figure 4 -

 4 . This will reduce the total path length by ratio of p/(p -1), which can be neglected for large values of p. Light-guiding/focusing in the plane parallel to the substrate is achieved using cylindrical mirrors (inside the cell), as depicted in Figure4-15 (d). In the proposed configuration and the plane perpendicular to the substrate, light is guided using the metalized substrate and a metalized capping wafer, as depicted in Figure4-15 (e).

Figure 4 - 15 .

 415 Figure 4-15. Schematic top views of circular multi-pass gas cells of radius 𝑅 . (a) Conventional. (b) Using cylindrical mirrors instead of a one-piece circular mirror. (c) Modified with cylindrical mirrors, where the last mirror of the light path is omitted. Red rays represent the central light path. The extended beam is only drawn here to avoid figure complexity. (d) Configurations for light guiding in integrated gas cells. The drawing illustrates guiding light in the plane parallel to the substrate where cylindrical mirrors are used. (e)The drawing shows a side view illustrating an alternative method for guiding light in the plane perpendicular to the substrate using the horizontal metalized silicon substrate and the metalized capping (silicon wafer). d denotes the cell height and γ is the angle between the ray and the substrate.

  cos θ -D i 2r cos θ (4.13) where D i < D m . In view of Equation (4.12) and (4.13), one can find D i = 0.5(D m cos θ -√(D m cos θ) 2 -8 dγ d r cos θ ). This implies that the sum of the terms under the square root to be positive. Knowing that D m = 2πr p , then one could get the following condition:

Figure 4 -

 4 Figure 4-16 Total path length with respect to cell radius L T /r versus cell height/depth with respect to cell radius d/r for different divergence angle γ d in case of (a) gold metallization. (b) aluminum metallization.

  For gold metallization and a square input aperture (d = d′), L T /r is plotted versus d/r in Figure4-16 (a) for different divergence angle at a wavelength of operation of 2 μm. Another set of design curves are plotted for aluminum metallization in Figure4-16 (b). The intensity distribution is assumed Gaussian distribution of FWHM of γ d . There is an optimum cell height (or depth) with respect to its radius, which corresponds to a maximum total path length with respect to the cell radius. Such a length is longer for a smaller divergence angle. Using gold metallization, longer path length can be achieved by about 30 % over

Figure 4 -

 4 17 (a). The input and output light directions are perpendicular to each other for easy light coupling. A cylindrical input mirror is used to couple light from the source to the cell. The mirror images the light from a width of 𝑑 to a width 𝐷 𝑖 . The opposite is carried-out in the output by another cylindrical mirror. The cell itself comprises cylindrical mirrors which are concentric. The mirrors are self-aligned, where they are micromachined in the same silicon block which is attached to a substrate. The substrate contains the gas through holes as well as optical the input/output. The capping is metalized with another silicon wafer. Gas through holes in the substrate for gas injection into the cell.Optimized gas cell with gold metallization was targeted for fabrication and further characterization. The corresponding target depth d is around 190 μm, while the cell radius r is in the vicinity of 3 mm. The corresponding d/r ratio is around 0.06, close to maximum sensitivity according to the optimal ratio for L T /r as shown in Figure4-16(a). According to the above-mentioned analysis, the specifications of the fabricated cell are calculated and can be found in Table4-3. The radius of curvature of mirrors was optimized using ray tracing simulator ZEMAX. The ray tracing for the cell is shown in 

Figure 4 -

 4 Figure 4-17 (a) 3D layout of silicon integrated gas cell. The device layer contains the gas cell. The substrate contains the gas through holes. Capping layer for covering the cell. (b) Ray tracing for the integrated multipass using ZEMAX. (c) close view Scanning Electron Microscope image, (d) photo of the fabricated device with optical fiber light coupling in and out.

Figure 4 -

 4 Figure 4-18 Schematic 3D view of the optical setup used for conducting gas sensing measurements using the silicon integrated multi-pass cell. SEM and camera photo insets of the multi-pass cell without the capping are shown.

Figure 4 -

 4 19 (a). The absorbance values at 2.01 μm versus the pressure applied are scattered in 

Figure 4 -

 4 Figure 4-19 Carbon dioxide measurements (a)Carbon dioxide (CO2) absorbance at different pressure measured using the integrated multi-pass cell. (b) The corresponding absorbance at 2.01 𝜇𝑚 versus different pressures. A linear fitting is also plotted.
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 5 Conclusion and Future Work 133Such integration is clarified in Figure5-1. The black silicon source is placed at the light input port of the gas cell. After light interaction with the gas inside the cell, the output light is coupled to the interferometer. Inside the interferometer, light is modulated using the actuator to get an interferogram versus time at the output. This output signal is coupled directly to the detector.

Figure 5 - 1

 51 Figure 5-1 Integration of gas cell with the MEMS spectrometer on the same die or obtained by coupling two separate dies.

Figure 5 -Figure 5 - 2

 552 Figure 5-2 Pressure sensors monolithic integrated on silicon (top view). The pressure sensor is based on measuring the deflection of the membrane. The detection is performed (a) optically using a fiber where fiber tip with the membrane constitute a Fabry Pérot. (b) or electrically by measuring the variation in the capacitance.

Figure 5 -

 5 Figure 5-3 (a) 3D view for the integration of the multi-pass cell, pressure sensor, temperature sensor, and flow meter on the same chip. The capping layer is shown transparent only for illustration. (b) Top view of the integrated components.

Figure A2. 1

 1 Figure A2.1 Different regions of operation of cavity enhancement technique. Faded cavity modes are faded because they are nearly zero due to multiplication by other functions.

Figure 4

 4 Figure 4 (a) L'architecture à l'échelle de la puce du spectromètre MEMS comprenant quatre interféromètres et un actionneur électrostatique à peignes. Les interféromètres sont désignés par Int. et numérotés de 1 à 4. Les miroirs mobiles de tous les interféromètres sont fixés au même bras mobile. Le trajet lumineux est indiqué par les flèches rouges. (b) Courbes d'absorbance du méthane mesurées par les interféromètres parallèles (en bleu) et l'interféromètre unique (en rouge) et comparées à l'absorbance mesurée par le spectromètre macroscopique de référence pour les deux résolutions correspondantes.

Figure 5 Figure 6 Figure 7

 567 Figure 5 Pouvoir de résolution du spectromètre à base de prisme (tiret) et à base d'ATR (traits pleins) pour différentes valeurs de 𝛼.

Figure 8 Figure 9

 89 Figure8Vue schématique de dessus de Sense City, espace utilisé pour la mise en oeuvre de la surveillance de la pollution de l'air à l'aide du FTIR en mode de trajet ouvert.

Figure 12

 12 Figure 12 (a) & (b) Le rapport d'élimination de l'acétone en fonction du temps en cas d'absence et de présence de ZnO (a) sans et (b) avec présence d'UV. Les lignes pointillées représentent l'ajustement exponentiel (1 -𝑒 -𝑡/𝜏 ) pour les points mesurés, où τ est une constante de temps. (c) et (d) Le rapport d'élimination du toluène en fonction du temps en cas d'absence et de présence de ZnO (c) sans et (d) avec présence d'UV. Le rapport d'élimination est calculé en utilisant l'absorbance du gaz à 3042 cm -1 . Les lignes pointillées représentent un ajustement exponentiel des points mesurés.

Figure 13

 13 Figure 13 Schéma de conception du guide d'ondes creux (HWG) (a) Couche utile du dispositif. (b) Couche utile en couleur claire et couche du capot en couleur sombre. (c) Schéma 3D du HWG1 où les lignes bleues représentent les trajets des rayons de l'entrée à la sortie.

Figure 14 Figure 15

 1415 Figure 14 (a) Pertes d'insertion du guide d'ondes creux (HWG). Les lignes en gras sont les valeurs mesurées et les lignes en pointillés les pertes d'insertion simulées. (c) Dioxyde de carbone mesuré et simulé pour les différents HWG. (d) Absorbance mesurée de vapeur

Le gaz carbonique CO 2 Figure 16

 216 Figure 16 Mesures du dioxyde de carbone (a) Absorbance du dioxyde de carbone (CO2) à différentes pressions, mesurée à l'aide de la cellule de gaz intégrée à passages multiples. (b) L'absorbance correspondante à 2,01 μm en fonction de la pression. Un ajustement linéaire est également tracé.
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Table 0

 0 

			-1 Performance between different gas sensing technologies	
		Cost	Sensitivity Selectivity	Response time	Operating temp.	Size
	Optical methods	High	High	High	Fast	Normal	Big
	Metal oxide semiconductor	Low	Relatively low	Low	Fast	High	Small
	Polymer	Low	High	Low	Fast	Normal	Small
	Carbon nanotube	High	High	Low	Fast	High	Small

Table 0 -

 0 

	Principle	Spectral range (𝜇𝑚)	Resolution	Ref.
	LVOF	2.5 to 5	400 nm	[8]
	LVOF	3 to 3.8	4 𝑐𝑚 -1	[9]

2 Review of different reported spectrometers operating in the mid-infrared.

Table 1

 1 

			-1 Performance comparison between FTIR and TLS
		Sensitivity (SNR)	Selectivity (resolution)	Detection range
	TLS	High	High (down to 10 -9 [149])	Narrow (i.e. 500 nm in the NIR or 1000 𝑐𝑚 -1 [150])
	FTIR	low Relatively	Relatively low	

(down to 10 -3 𝑐𝑚 -1

[START_REF] Albert | Global analysis of the high resolution infrared spectrum of methane 12CH4 in the region from 0 to 4800 cm-1[END_REF]

) (down to 10 -3 𝑐𝑚 -1

[START_REF] Albert | Global analysis of the high resolution infrared spectrum of methane 12CH4 in the region from 0 to 4800 cm-1[END_REF]

) Wide (up to 50,000 𝑐𝑚 -1 [152])

  Monitoring pollution and improving air quality is important for global health. Pollution can be also classified into indoor and outdoor pollution. Indoor pollution can arise from stoves, fireplaces, tobacco smoke, candles and incense, cleaning products and mosquito coils and even home furniture's and car's interior materi-

als, whose surface can be the source of emission of harmful gases. The main source of outdoor pollution is human activities such as industries, factories, aircraft, automobiles, and power plants. Also, outdoor pollutants contribute to indoor pollution. Air pollutants are classified according to the state of matter to gaseous air pollutants and particulate air pollutants. Particulate airborne pollutants are in the form of suspended droplets or solid particles. They are out of the scope of this work/ Interested readers can check these references

[START_REF] Lowther | Particulate matter measurement indoors: A review of metrics, sensors, needs, and applications[END_REF]

-

[START_REF] Burtscher | Physical characterization of particulate emissions from diesel engines: a review[END_REF]

. Examples for gaseous pollutants are Ozone (O3), Sulphur dioxide (SO), carbon dioxide (CO), nitrogen dioxide (NO2), nitrogen oxide (NO) and volatile Organic Compounds (VOCs). Examples for VOCs are toluene, benzene, acetone, aldehydes…. etc.

Table 3

 3 

		-1 Exposure limit for different gases
	Chemical name	Short term exposure limit (ppm)	Long term exposure limit (ppm)
	Acetaldehyde	50	20
	Acetone	1500	500
	Acrolein	0.05	0.02
	Benzene	-	1
	Carbon dioxide	15 000	5000
	Ethylbenzene	125	100
	Formaldehyde	2	2

  In order to fit the received power within the acceptance of the spectrometer, the optimum focal length of the mirror should satisfy 𝜃 𝑠 = 0.5𝐷 𝑚 /𝑓 𝑜𝑝𝑡 or 𝑓 𝑜𝑝𝑡 = 𝑓 𝑚 shorter than the 𝑓 𝑜𝑝𝑡 means that the divergence of the light received by the spectrometer 𝜃 3 > 𝜃 𝑠 which directly means that the imaged spot at the spectrometer input will be of a diameter 𝐷 3 < 𝐷 𝑚 (because at 𝐿 𝑚𝑎𝑥 , 𝐷 𝑚 𝜃 2 = 𝐷 𝑠 𝜃 𝑠 = 𝐷 3 𝜃 3

						0.5𝐷 𝑚 𝜃 𝑠	. In the case of
	the MEMS spectrometer, this value is much larger than the mirror diameter (𝜃 𝑠 is in the
	vicinity of 0.05 rad,). However, one is restricted with the available off-the-shelf compo-
	nents, which is comparable to the mirror diameter (i.e. 2𝐷, 3𝐷 ). Using the off-the-shelf
	mirrors of a focal length and 𝐷 3 = 𝑓 𝑚 𝑓 𝑜𝑝𝑡 𝐷 𝑠 ). Thus, in such case, the maximum path length should be decreased by a
	factor	𝑓 𝑚 𝑓 𝑜𝑝𝑡	to increase the percentage of received power by (	𝑓 𝑚 𝑓 𝑜𝑝𝑡	)
			𝐿 𝑚𝑎𝑥 =	𝑓 𝑚 𝐷 𝑚 𝐷 𝑠		(3.3)
				2	
				𝜃 𝑠 𝐷 𝑠		(3.2)

2

increasing 𝐷 3 back to 𝐷 𝑠 . Thus, the maximum path length of a given mirror of diameter 𝐷 𝑚 and a focal length 𝑓 𝑚 should be modified to be
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		Open-path FTIR	Analyzer
	Gas	Wavelength	Detection limit (1𝜎)	Detection limit (1𝜎)
		(nm)	(ppb)	(ppb)
	𝐶𝑂	4595.8	800	25
	𝐶𝑂 2	4255.6	40	NA
	𝑁𝑂	2677.1	50,000	0.2
	𝑁𝑂 2	3445.6	1000	0.2

2 Detection limit of different gases in case of the open-path FTIR and the reference analyzers in Sense city.

Table 4 -

 4 1 Summarizing the enhancement in detection limits of cavity enhancement techniques

	Region No.	Condition	Enhancement Thermal limited Shot limited
	1	Δν g	

  , one could find the optimum values of 𝑝 and 𝑞 that specify the corresponding 𝐿 𝑇 and 𝜃. It is also apparent that these values are dependent on the ratio between TP = d γ d and 𝑟. The optimum values of 𝑞 and 𝑝 and the corresponding L T /r is given in Table4-2 for different reflectivity 𝑅 and γ d d/r. The longer path length can be achieved for the highest reflectivity and the smaller source throughput to the cell radius. Thus, given a detection system of throughput TP, cell volume (consequently radius r) and technological mirror reflectivity, one can use the table to find the parameters of the optimum design.

	• 𝑞 > 1
	Thus, maximizing Equation (4.15) given the above conditions in addition to Equation
	(4.14)

Table 4 -

 4 2. Optimum values of (𝑞 , 𝑝 , 𝐿 𝑇 /𝑅) for different mirror reflectivity and 𝑇𝑃/𝑅.

	γ d	d r	(rad.)	0.01	0.03	0.05	0.07	0.09
		R						
		0.91	(5, 11, 19.8) (5, 11, 19.8) (4, 9, 15.8) (3, 7, 11.7) (3, 7, 11.7)
		0.93	(6, 13, 23.8) (5, 11, 19.8) (4, 9, 15.8) (3, 8, 12.9) (3, 7, 11.7)
		0.95	(9, 19, 35.9) (5, 12, 21.3) (4, 9, 15.8) (3, 8, 12.9) (3, 7, 11.7)
		0.97	(10, 21, 39.9) (5, 12, 21.3) (4, 9, 15.8) (3, 8, 12.9) (3, 7, 11.7)
		0.99	(10, 21, 39.9) (5, 12, 21.3) (4, 9, 15.8) (3, 8, 12.9) (3, 7, 11.7)
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 4 3. Simulated dimensions of the cell. All dimensions are in mm. 𝑟 is the mirror radius of curvature, and 𝐷 is the mirror diameter.

	Parameter	Value
	Metallization material	gold
	Cell radius	3
	Cell (p, q)	22, 9
	Depth	0.19
	Input mirror (r in , D in ,)	8.8, 1.2
	Output mirror (r out , D out ,)	6.7, 1.4
	Cell mirrors (r m ,D m ]	5.3, 0.9
	Cell area	7 x 8

Table 4 -

 4 4 Comparison between reported circular multi-pass cells. Last three rows are related to the HWGs

	Number of mirrors	L (m)	Volume (L)	PVR (m/L)	References
	1	1.05	0.078	13.5	[235]
	6	3.1	0.024	129.2	[217]
	1	2.16	0.04	54	[218]
	1	4.08	0.04	102	[236]
	6	0.69	0.013	53.1	[237]
	1	12.24	n.a.	n.a.	[238]
	1	9.9	0.05	198	[239]
	65	10	0.14	71.4	[240]
	22	0.09	6 × 10 -6	17 000	Our work
	-	0.098	7.8 × 10 -6	12 453	Our work (HWG1)
	-	0.215	17.1 × 10 -6	12 453	Our work (HWG2)
	-	0.332	26.5 × 10 -6	12 453	Our work (HWG3)
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 4 1, where Δν g ≪ FWHM ν (see FigureA2.1 (a)), 'objectif de cette thèse est d'explorer le potentiel des spectromètres MEMS optiques pour les applications de détection de gaz, avec l'objectif ultime de produire un capteur de gaz micro-spectral, c'est-à-dire un dispositif ultra-compact capable de détecter plusieurs gaz simultanément, basé sur la spectroscopie optique. Différents aspects liés à ce sujet ont été étudiés d'un point de vue théorique et expérimental, selon une méthodologie proposée, qui prend en compte les dernières avancées technologiques avec le meilleur de leurs avantages ainsi que les limites physiques et les contraintes technologiques.Premièrement, une revue critique a été menée sur la détection de gaz en utilisant la spectroscopie d'absorption directe (DAS) et la spectroscopie photoacoustique (PAS). Chaque méthode a été analysée lors de l'utilisation d'une source laser accordable ou d'un spectromètre à transformée de Fourier. Une analyse théorique a été menée sur ces systèmes pour trouver les limites de détection ultimes pour chaque cas. Afin de comparer le DAS et le

	f g (ν)T c 2 (ν)~ f g (ν) and E~2 F π	σ DT σ CEAS	.
	For the 2 nd region where Δν s ≪ FWHM ν ≪ Δν g (see Figure A2.1 (b)), the integration of A
	is dominated by the function T c 2 (ν) which is much wider than the resolution. Thus,

LPAS, une figure de mérite a été proposée, définie comme le rapport entre les coefficients d'absorption normalisés (normalisés par rapport au temps de mesure) de chaque système. Une fois la figure de mérite définie, nous avons pu comparer le PAS et le DAS en termes de paramètres affectant les limites basses de détection.

  𝛼 affecte également la résolution spectrale et la bande passante. Le pouvoir de résolution du spectromètre différentiel a été comparé à l'équation de puissance de résolution du prisme. La comparaison est représentée sur la figure 2. Il est clair que le pouvoir de résolution du nouveau spectromètre est d'un ordre de grandeur plus grand que le prisme au début de sa gamme spectrale et légèrement meilleur pour les longueurs d'onde plus grandes. Un cristal ATR a été utilisé pour prouver le concept du spectromètre différentiel. Deux sources laser différentes (1480 𝑛𝑚 et 1548 𝑛𝑚) ont été mesurées. L'expérience a été réalisée en utilisant une fibre multi-mode (MMF) dont le diamètre de coeur / gaine coeur / gaine 50/125 µm. Les signaux mesurés en fonction du temps sont représentés sur la figure 3 (a).

	Après différenciation, les signaux correspondants sont représentés sur la figure 3 (b). La
	résolution spectrale obtenue est d'environ 120 nm.
	Spectromètre différentiel
	En visant une architecture encore plus simple que le FTIR, un nouveau concept est proposé,
	celui du spectromètre différentiel. Il est basé sur l'utilisation de la longue structure d'un
	guide d'ondes dispersif dont les interfaces d'entrée et de sortie sont biseautées. En balayant
	l'angle d'incidence et en détectant la puissance à l'autre extrémité du guide, à l'aide d'un
	seul détecteur, on mesure une puissance intégrée en longueur d'onde. En différenciant un

). La comparaison montre un bon accord avec les mesures du spectromètre MEMS et prouve le potentiel de l'utilisation d'un spectromètre parallèle dans la surveillance des gaz environnementaux. tel signal, le spectre correspondant de la lumière incidente est récupéré. Le degré de collimation est le paramètre clé qui contrôle la résolution spectrale. Le choix de l'angle de biseau

APPENDIX A.1 Transfer function of a gas filled cavity

For a cavity of length L filled with a gas of absorption coefficient α(ν), the lossless cavity has a transmission as following: 2 e -α(ν)L (1 -Re -α(ν)L ) 2 + 4Re -α(ν)L sin 2 kL (A. 1) where k = 2πν. For αL ≪ 1, the equation is rewritten as following

which can be rewritten as follow:

For high Finesse cavity, R + 1 → 2 and F~π 1-R

. Thus, the transmission can be given by:

It can be proven easily that around the resonance for high Finesse cavity and too low absorption that the last term in the denominator is too small with respect to other terms, Thus, using Taylor one can simplify the following:

Thus, the cavity filled with gas has a transmission compared to that of unfilled cavity T c by the following relation

In case of Δν g ≪ FWHM ν (FWHM ν is FWHM in wavenumber domain), .

For the 3rd region where FSR ν ≪ Δν g & Δν s (see Figure A2.1 (c)), FWHM ν is intuitively ≪ Δν s . Regarding the integration of A is the integration of periodic function T c 2 (ν) multiplied by f g (ν) (sinc is much wider FWHM ν ≫ Δν g ). The integration results will be equal to the product of fill factor of one period of T c 2 (ν) (

) and the area of f g . Thus,

. The gas profile f g (ν) is seen as an impulse of a given area inside the integration of B. The integration will be equals to area of the f g (ν) (For Lorentzian, area is πν g /2 ) and

For the 4 th region where FWHM ν ≪ Δν g ≪ FSR ν and Δν g ≪ Δν s (see Figure A2.1 (d)), there is only one resonance peak of T c 2 (ν) in the integration A as FSR ≫ Δν g . Thus, the integration of A is just the area of this resonance peak and A = 0.25πFWHM ν . For B, B~ 0.5πν g as the 3 rd region and the enhancement E~F 

Abstract

Air pollution is a global issue that increasingly affects mankind. The effects of the pollution on health and on the environment, include global warming. The better our ability to monitor the pollution, the better we will be able to map its diffusion and mitigate for its consequence and even reduce it through information of decision makers. Towards collecting pollution data at large scale, MEMS FTIR spectrometer has the advantage of the real-time/continuous measurements besides being stable, compact and of low cost. Using it allows an effective and wide monitoring of multiple gas pollutant simultaneously with the same device. This motivates us for using the MEMS spectrometer in different gas sensing applications such as monitoring of volatile organic compounds with a lower limit of detection in parts per billion (ppb) concentration, open-path measurements and monitoring air purification. Trying to overcome the limited spectral resolution, the parallel spectrometer concept was introduced to measure gas with higher resolving power. Also, a novel differential spectrometer was developed. Since gas cells are key components in sensors where light interaction occurs, chip integrated gas cells including hollow waveguides and multi-pass cell were implemented. Integrating them with the MEMS spectrometer is an ultimate goal for having all the senor completely integrated on the same chip, leading to a more compact and lower cost sensor.

Résumé

La pollution de l'air constitue un enjeu sociétal qui affecte l'humanité toute entière. La pollution