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A Hydrogen sensors 135 [...] tht the ir produed from sugr y fermenttionD s well s diE shrged from mrle y solution in idsD onsists of sustnes of di'erent nture D rF gvendishF renry gvendish produed rti(illy the hydrogen gs from the relse9s workD nd onsidered it s disrete sustne in IUTTF re disoveredD in prtiulr tht the omustion of this sustne produes wter in IUVIF he(ned s in)mmle ir D vvoisier lled it lter rydrogenD hydro nd gen 4 ome from the qreek wter nd engender respetivelyF rydrogen is onstituted of two hydrogen toms whih re the simplest tom known @one eletron nd one protonA nd the most undnt hemil elementD ount for out US7 of the totl mss of the niverseF rydrogen is used in diverse industryD suh s hemilD phrmeutilD foodD semionE dutor nd erospe industryF roweverD industry sed on the use of gseous hydrogen meet sfety issue due to the physilD hemil properties of hydrogen nd the operting pressure nd temperture rnge IF E rydrogen is )mmle nd highly explosive gsF he lower )mmility point of hydrogen is R 7 in ir nd with n upper limit of URFS7F rydrogen idents n use (reD detontion nd de)grtionF por exmpleD in PHII during the nuler pukushim hiihi disster hydrogen explosions destroyed the upper ldding of the uilding housing retorsF E he hydrogen ignition energy in ir is relly low X HFHP mtF e vlve losing my e soure of ignitionF E feing the lightest nd the smllest moleuleD hydrogen is prone to lek through sels nd miroErksF ome idents hve lredy ourred from mehnil filures of the ontinment vesselsD pipingD or uxiliry omponents @rittle filureD hydrogen emE rittlementD or freezeEupAF eidents my lso hppen due to retion of the )uid with ontminntD filure of sfety devie nd opertionl error PF es olorlessD odorless nd tsteless )mmle gsD hydrogen nnot e deteted y humn sensesF pei( devies re therefore required to detet the dngerous presene of hydrogenF his thesis is devoted to the development of new hydrogen sensing method sed on optil (er properties to detet hydrogen leksF Context he (rst pplition of hydrogen ws for trnsporttionF sn the sme yer thn the wongol(er rotherD elexndre gesr ghrles mde (rst )ight with lloon (lled with hydrogenF he (re trgi ident of rindenurg irship in IWQUD where QS pssengers IP CONTENT diedD mrked the end of the irship erF elthough the ident ws not used diretly y hydrogenD the ide of using hydrogen s energy rrier for puli lloon trnsporttion hd een disrdedF rydrogen ws then repled y helium in lloon irshipF sn prllelD the internl omustion engine put on k shelf the fuel ell invented y rmphry hvey in IVHT nd relized then y qroove in IVQWF elthough the xee hs shown the potentil of hydrogen on n energy rrier for the shuttles nd other spe vehiles during lst dedesD the use of rydrogen hs een limiE ted to hemilD phrmeutilD food nd semiondutor industryF he world hydrogen onsumptionD out SH millions of tons per yerD is fr eyond the ol onsumptionD tht is out U illion tons nd is expeted to reh IH illion tons y PHQHF xowdysD hydrogen is presented y some experts s the sustinle energy rrier of the futureF he yle of hydrogen is one of the most eologi energy solutionsF rydrogen my e produed from the eletrolysis of the wter from renewle soure like solr eletriityF he omustion of hydrogen produes then wterD whih n e used gin for hydrogen produtionF hile windD sun nd nuler power plnts produe eletriity intermittentlyD hydrogen my e stored nd onverted in eletriity on demndF sn dditionD hydrogen energy my e used s n energy u'er for intermittent energy souresF pinllyD hydrogen my e used to produeD store nd trnsport energyF he possile pplitions re wide rngingF hey will spred from puli trnsporttion suh s utomotive to onsumer produts like tteries for moile telephonesF smproving the e0ieny of the prodution nd storge tehnologiesD reduing therefore the ostD re the mjor hllenges to mke possile the hydrogen eonomy F roweverD sfety issues hve to e solved in order to use hydrogen s energy on the ommon lifeF rydrogen sfety progrm hve een developed to de(ne new odes nd stndrds to guE rntee sfe puli use of hydrogen tehnologyF yne of the mesures to e onsidered is to implement higher sfety stndrds like erly lek detetion y using smrt hydrogen senE sorsF his new demnd of relile hydrogen sensors oosts the hydrogen sensor reserhF his interest inrese is re)eted y the growing numer of pulitions in the lst IH yersD shown in (gF IF sn onlusionD lthough the hydrogen eonomy is urrently deted nd my revel unsuessful QD experts re gree tht future hydrogen pplitions will e e'etive nd undntF hese pplitions require hydrogen sensors to monitorGontrol the hydrogen onentrtion nd detet the possile leks in hydrogen energy systemsF xumerous hydrogen sensors hve een lredy developedF e n lssify them into four tegoriesF Mass spectrometer sensors : wss spetrometry onsists of ionizing hydrogenF sons re seprted sed on mss in mgneti (eldF he mss spetrum is then used to identity nd quntify the hydrogen onentrtionF Spectroscopic sensors : hey detet hemil elements y nlyzing eletromgneE ti virtionsF rydrogen detetion n e performed either y mn spetrosopy or lser plsm indued rekdown spetrosopyF snfrred spetrosopy nnot e used due to the symmetry of the hydrogen moleuleF por sfety issue the spetrosopy is not usle euse of the hydrogen sorption spetrumF Acoustic sensors X hey re sed on the di'erene in the density nd the speed of sound in presene of hydrogenF hey re not relly design for hydrogen lek detetion nd show low sensitivity nd seletivityF • reliable results of sufficient accuracy and sensitivity (uncertainty <5-10% of signal) • stable signal with low noise • robustness including low sensitivity to environmental parameters such as:

eFI riniple F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IQS eFIFI gtlyti sensors F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IQS eFIFP herml sensors F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IQS eFIFQ iletrohemil sensor F F F F F F F F F F F F F F F F F F F F F F F F F F IQT eFIFR esistne sed F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IQT eFIFS ork funtion sed sensors F F F F F F F F F F F F F F F F F F F F F F F IQU eFP erformnes F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IQU Introduction Introduction st ppers
• temperature (-30-80 • C (safety), 70-150 • C (fuel cells))

• pressure (80-110 kPa)

• relative humidity (10-98%)

• gas flow rate • fast response and recovery time (<1 s) 3 • low cross sensitivity (e.g. hydrocarbons, CO, H 2 S) • long life time (>5 years) • low power consumption (<100 mW) • low cost (<100 D per system) • small size • simple operation and maintenance with long service interval • simple system integration and interface

The increase in commercial interest and R&D due to the emergence of new and widespread applications for these devices is reflected in the growing number of relevant publications since the year 2000 in particular, Fig. 1.

The aim of this paper is to describe and review the operating principles of the main existing and emerging hydrogen sensing technologies. For each type the mechanism of operation is described and the characteristic properties are summarised. The advantages and shortcomings are then highlighted and recent technological developments and performance improvements are reviewed. Requirements on hydrogen sensors for technical applications are also briefly described to anticipate the sometimes exhausting path from laboratory invention to practical use. Information and data presented herein are collected from published literature and from the authors' experience in hydrogen sensor testing. 3 It should be noted that the response and recovery times of a sensor are difficult to measure experimentally without there being some component of the measured value that is due to the time taken for gas transport to the sensor face. This transport time varies from one experimental set up to another, which renders direct comparison of sensor response times difficult. This was discussed in detail in our previous work [13]. In this review, the response time data given are quoted directly from the original publications. However, it is important to bear in mind that these values cannot necessarily be compared directly because they have been measured using different experimental set ups.

Hydrogen detection technologies

Sensors can be used simply to identify the presen or to measure its concentration. Quantification of hyd tration is important at the ppm level for the analysi at the Lower Flammable Limit (LFL) level of 4% h for safety applications or at higher concentrations and controlling processes. Interaction of hydrogen w element of a hydrogen detection device can cause ch perature, refractive index, electrical properties and as mechanical changes. A transducer is needed to tr changes into an electrical signal.

Most of the known sensing principles for the det bustible or reducing gases are applied to hydrogen this implies a possible cross sensitivity to other c reducing gases. Selective hydrogen sensors are bas cific interactions (catalytic reactivity and solubility with some noble elements such as palladium and pl the reaction itself (reaction heat, exchanged charge resulting changes in properties of the sensing mater volume expansion etc.) can be used to detect an hydrogen gas concentration.

Although palladium and platinum are widely u gen detection, these metals are susceptible to mech on exposure to hydrogen. Aside from their surface ity, they can also absorb hydrogen into the bulk m causes it to expand. Palladium has a much greater cap hydrogen than platinum, and undergoes a phase tr hydrogen content increases. The two non-stoichiom phases, ␣ (∼PdH <0.03 ) and ␤ (∼PdH <0.83 ) can be below 300 • C because of a phase separation [14]. Alth takes up hydrogen to a lesser extent, this absorptio results in a volume increase. These volume changes a repeated hydrogen absorption and desorption indu ing of the metal structure, and can cause cracking, delamination of metal films. This so-called embrittlem negative consequences for the stability of hydrogen on these noble metals. Various approaches have to mitigate this effect and will be described in c following.

In this work eight types of hydrogen detection te classified as listed below. In this section the differen nologies are described in more detail and first appear developments are reviewed.

1. Catalytic 2. Thermal conductivity 3. Electrochemical 4. Resistance based 5. Work function based 6. Mechanical 7. Optical 8. Acoustic

Catalytic

Catalytic sensors operate on the principle that rea bustible gas with oxygen on the catalytic sensor su heat. This principle can be applied to detect any co including hydrogen. Hydrogen has a standard heat of 141.9 kJ/g [15], which is more than twice that 55.5 kJ/g [15]. Catalytic sensors may be further su pellistor-type and thermoelectric-type sensors, wh ferentiated here. Chemisorbing sensorsD minly represented y solid stte sensorsD eompss ll devies sed on the response of mterilGlyer sensitive to hydrogenF wesuring the physil ndGor hemil hnges of the sensing lyer gives ess to the hydrogen onentrtionF he mesurnd is either the ondutivityD the therml ondutivityD the eletrohemil potentilD the work funtionD the veloityD the mehnil proE perties or the optil onstntF ixmples of hemisoring sensors re X pellistorD thermoeletriD lorimetriD mperometriD potentiometriD ntileverD wetlEyxide @woxAD hottky diodeD wetl yxide emiondutor @wyA (eld e'et trnsistorD FFFD optil (er sensorF wss spetrometry tehniques re widely used for hydrogen detetionF roweverD due to their ulky size nd expensive ostD ompnies serh for etter industril hydrogen sensorF heir di0ulties to e emedded s mesuring devie mde lso them n unE dptle solution for industryF por exmpleD in the erospe shuttleD the gs hs to e trnsported through pipes from the ottom of the shuttle to the nlyzing prt of the mss spetrometer loted t the topF es resultD the response time otined is slower thn required for eing optiml SF wss s well s optil spetrometers re in ft more suitle for monitoring thn for deteting hydrogen leksF sn ontrst ghemisoring sensors pper s solution to meet ompny needsF olid stte sensors re mss produedD inexpensive nd lredy reognized for mny sensing pplitionsF his type of sensor is disussed in out TS 7 of the hydrogen sensors ppers reently pulished RF hey show generlly high sensitivity @round hundred ppmA nd good seletivity @with protetive lyer to sulfuri dmgesA with reltively fst response @inferior to few seondD for the lst genertionAD s desried in F PF xonethelessD none of the ville ommerilly or lortory mde hydrogen sensors meet ll the spei(tions demnded for instne y the heprtment of energyD given in F IF ell of them exhiit limittions in one or more riteri for eing n idel hydrogen sensorF he optiml sensor will depend on the pplition nd the operting onditionsF IR CONTENT lowed in each case.

The power consumption requirement of 650 mW was not met by MOSFET, combined technology or optical sensors, while only the electrochemical sensors did not satisfy the lifetime target.

While these findings are based on the declared performance, experimental assessment of commercially available hydrogen sensors [11] has shown significant discrepancies between the technical specifications of the manufacturer and operating range and not the variation in sensor response over that range.

These experimental findings emphasise the need for independent performance assessment of hydrogen safety sensors in order to verify the technical specifications of the manufacturers and to highlight insufficiencies in their testing procedures. Such impartial performance testing of hydrogen sensors is essential to their safe use and to the creation of public confidence in the safety of hydrogen. 

Scope and contribution

rydrogen sensors re required for monitoring hydrogen onentrtionD deteting hyE drogen leks nd hydrogen preE(resF sn this thesisD we fous only on the hydrogen lek detetion for generl pplitionsF gontrry to hemisorption sensors relied on eletril iruitsD optil (er sensors @yFpFA re eletrilly isolted whih mkes them etter suited for operting in explosive environmentsF here is no risk of gs ignition X the optil (er sensor hs no eletriE l ontts nd does not generte sprks nor relies on het exhngeF sgnition soures reported inluded mehnil sprks from rpidly losing vlvesD eletrostti dishrges in ungrounded prtiulte (ltersD sprks from eletril equipmentD welding nd utting opertionsD tlyst prtilesD nd to lightning strikes UF woreoverD the dvntges of optil (ers suh s geometril on(gurtion @smll dimensionsD light weightD geometril verstilityAD simpliity of designD remote sensing E pility nd possiility of distriuted or multiEpoints detetion hve led mny reserh work to elorte suh sensorsF xumerous optil (er hydrogen sensors hve een lredy developed sed on light phseD polriztionD mplitude nd wvelength modultion for the lst PS yersF roweverD they re not yet mture in omprison with eletril sensorsF yFpF show tully limitE tions in order to omine high sensitivity with fst nd reproduile responseF CONTENT IS he ojetive of this thesis is to designD relize nd hrterize n optil (er senE sor for hydrogen lek detetion F fsed on the stte of the rtD we hve seen tht sensors sed d thin (lm show fster nd more reproduile response thn sensors sed on thik (lmsF ht9s whyD we hve deided to fous ll our e'orts on hydrogen optil (er evnesent wve sensors sed on thin (lmsF sn prtiulrD we disussD hereD the potentil of urfe lsmon esonne @A sensors sed on optil (ers for hydrogen deteE tionF lsmoni sensors pper s promising trde o' etween sensitivity nd response timeF fesidesD the dvntges of optil (ers sensors remin suh s X simpliity of designD multiple sensing pointsD industrious nd lowEostF pinllyD we will omine the tehnology relized with di'erent mterils sensitive to hydrogen suh s wg lloys in order to improve the miniml sensing performnes nd the detetion rngeF elthough the rossEsensitivityD relted to the mteril tlyti propertiesD is lso min issueD it is out of the sope of this thesisF sn summryD this thesis disuss the following questions X IF ht re the est intrinsi optil (er sensor on(gurtions for hydrogen lek detetion c

PF hih mterils hve suitle hydrogen sensing properties c QF ht re the e'etive possiilities of (er sensors in the hydrogen sensing domin c

RF ht re the miniml detetion level nd the dynmi rnge of the hydrogen sensors relized c ss it possile to relily quntify the hydrogen onentrtion c

Organization of this thesis

Chapter 1 gives n overview of ll the existing tehniques sed on optil (ers to detet nd mesure hydrogen onentrtionF he (rst prt explins the priniples nd desries the performne of d optil (er sensorsF sssues for hydrogen sensing re senE sitivityD dynmi rngeD response time nd rossEsensitivityF e will ompre the response of some sensors to (nd the most optiml sensor on(gurtionF he seond prt desries the vrious mterils for sensing in the litertureD suh s metl lloy hydrides nd oxide mterilsF

Chapter 2 desries (rst the theory of urfe lsmon @A nd explins why esonne @A n e seen s promising tehnique for sensing pplitionsF pinllyD we will present n overview rnging from sensors to (er sensorsF Analysis review of optical ber hydrogen sensors 1.1 Introduction en optil (er hs the fundmentl property to guide the light from the input to the output of the (erF he light guidne is sed on the priniple of the totl internl re)etion of the light etween two trnsprent medi hving di'erent refrtive indexF golldon nd then yndll demonstrted tht the light propgtes long the urve of the wter jet @(gF IFIA when the light is injeting into the strem of flling wterF e lssil optil (er is onstituted y two ylindril guides hving the sme revoE lution xisF he inside guide lled the ore hs refrtive index @n c A inferior to the outside guide @n g A lled the ldding F ypillyD the ore nd the ldding re mde of siliD while the ltter is doped @eFg y germnium dioxideA in order to relize the difE ferene of refrtive indexF he ldding is usully proteted with polymer oting nd jketF he oting provides )exiility nd roustness to sili (erF hue to the intrinsi energy losses in the mterilD the light is ttenuted during the propgtionF yptimiztion engineering in optil (er onsists of improving the light propgtion with mintining the )exiility of the (erF he light propgtion is desried y propgtion lwsF ht is to sy tht the guided light stis(es the wve equtions in the oth (er medi X the ore nd the lddingF he propgtion hrteristis nd the (eld distriutions of the guided wves must stisfy the oundry onditions t the interfe of two di'erent medi nd the rdition ondition for (elds tht extend to in(nity VF husD the eigenmodes of the wxwell eqution de(ne the existene of guided modesD hrterized y propgtion onstnt tht is funtion of the frequeny @β(w)AF por exmpleD (gF IFP shows the intensity ptterns of the guided modes of stepEindex multimode (erF eny light propgting in n optil (er n e onsidered s superposition of di'erent wveguide modesF he numer of modes is determined y normlized frequeny X

V = 2π λ aN A @IFIA
where λ is the wvelength of the propgting light nd is the rdius of the ore of the optil (erF ypillyD we n distinguish two kinds of lssil optil (ers from their mode strutures X multimode nd single mode (ersF por inferior or equl to PFRHSD the optil (er supports only one modeF trightforwrdD single mode (ers present smll dimeter @inferior to V µmA while the multimode (ers hve typil dimeter of Figure IFI ! @A hemti propgting ry through n optil (er vi totl internl re)etion t the oreEldding interfe @A vight fountinD reprodued with permission of éstien porget @université pris IQGgxAF IHH µmF st is interesting to note tht the the light n e desried with ry nlysis for multimode (ers euse of the lrge dimensions of the ore ompred to the wvelength of the lightF he guided modes re (nlly ssoited to ound ry W X ound ry de(nes group of mode hving the sme propgtion onstnt β @degenerte modesAF por step index multimodeD the propgtion onstnt is ssoited to the injetion ngle αD y X

β = 2π λ n core cos(θ) , with θ = π 2 -arcsin( n 0 n core sin α) @IFPA
with n 0 the refrtive index of the medium surrounding the optil (erF essuming ry pprohD (gF IFI shows possile wy for meridin ry propgting through the optil (erD injeted with n ngle αF wost of the energy is on(ned in the optil (er oreF roweverD non negligile prt of the light energy is lso trnsported vi the optil ldding s n evnesent wveF et every totl re)etionD the re)eted light is indeed ssoited with n evnesent wveD whih dereses exponentilly in the lddingF he riterion of totl re)etion limits the ngle of inidene of the propgting light through the optil (erF he numeril perture of n optil (er @xeA de(nes the limit ngle @α c A where the rys n propgte in the (er X

N A = n 0 sin(α) = n 2 c -n 2 g @IFQA
yptil (ers serve minly in teleommunition for high nd pss trnsmission over long distneD ut optil (ers hve een ltely used for sensing pplitionsF sn this ontextD we study in this thesis the use of optil (ers s sensor for deteting hydrogen lekF en optil (er sensor is sensor in whih the physil quntity @tempertureD presE sureD strinD etFA to e mesured modultes the trnsmitted lightF e distinguish intrinsi nd extrinsi optil (er sensors @yFpFA s depited in (gFIFQF

IW l = 0, m = 1 l = 1, m = 1 l = 2, m = 1 l = 0, m = 2 l = 3, m = 1 l = 1, m = 2 l = 4, m = 1 l = 2, m = 2 l = 0, m = 3 l = 5, m = 1 l = 3, m = 2 l = 1, m = 3
Figure IFP ! sntensity pro(les of the modes of stepEindex multimode (erD liner polE rized @LP lm A IHF Extrinsic ber sensors X the optil (er ts s simple guide to ollet nd led the light to nd from the trnsduer @tht will modulte the lightAF he trnsduer is eiE ther set etween two optil (ers for trnsmission mesurement or is positioned on one end of the optil (er for re)etive mesurementF por hydrogen detetionD the trnsduer modultes the propgting light when it interts with hydrogenF Intrinsic ber sensors X the optil (er itself is the trnsduerF he modultion of the light results from the modultion of the optoEgeometril nd physi properties of the optil (erF his deformtion results from exterior onstrints pplied to the optil (erF rdoxillyD the optil (er is generlly reognized in teleoms for its insensitivity to the exterior pertutionsF he hllenge for designing yFpF is to mke the optil (er only sensitive to the prmeter tht is to e mesuredF por hydrogen detetionD the response to hydrogen is mde possile y depositing hydrogen sensitive lyer on the ore or ldding of n optil (erF he hydrogen intertion with the sensing lyer results in hnging the optil properties of the (erD induing light modultionF fy mesuring this modultionD we mesure the hydrogen onentrtionF por hydrogen detetionD the existing hydrogen yFpF use mostly lldium @dA s trnsduer due to its high tlyti tivity nd high soluility of hydrogen IIF d hs the ility to dissoitively split nd sor hydrogenF reEerth @tteriumAD wgneE sium @wgA sed lloys IPD IQ or oxide mterils @tungsten oxide @W O 3 A IRD ISD ITD vndium @V 2 O 5 A IU A re possile lterntive to dD ut they still require d to disE soite hydrogen or to prevent oxidtionF eentlyD it hs een shown tht the use of d SF hydride formtion @nd di'usion through the hydride metlA he hydrogention proess is reversileD nd shows n hysteresis etween the E nd the deEsorptionF he pressure omposition isotherms @pA of dEr system de(ne the thermodynmi equilirium of the hydride formtionF pigure IFR shows the d ps for di'erent temperturesF por tempertures lower thn the ritil tempertureD we oserve two regimes seprted y pressure plteuF ih regime orresponds to phse lled α nd βF he pressure plteu orresponds to the phse trnsitionD where oth phses oexistF α phase : ith low hydrogen pressureD hydrogen ehves s gs in the host metl lttieF he hydrogen is diluted into the d lttie Y the soElled α phseF he hydrogen toms oupy rndomlyD or in ordered wy the interstitil sites @othedrl sitesA of the fFF d t high nd low tempertureD respetively PQF et room tempertureD the soluility is smller thn HFHIF he soluility de(nes the numer of hydrogen tom in the host metl 

C H = k Sieverts P • H 2 @IFRA
where C H is the equilirium hydrogen onentrtion in the metl @iFe soluilityAF β phase : et higher onentrtionD nd elow the ritil tempertureD the r toms re loted in ll the ville interstitil siteF mll zones of lrge hydrogen onentrtion re formed due to the rEr ttrtive intertionsF he hydrogen n not e longer desE ried s gs in the host metl lttieF hen the hydrogen pressure inreses ove the pressure plteuD the metl lttie expnds due to the rEr intertionsF he growth of the lttie struture o'ers new sites for hydrogen tomsD whih then indue gin its expnsion due to new rEr intertionsF he metl hydride is in the trnsition phse regionF rydroE gen toms di'use then into this dense phse to reh equilirium Y the soElled β phseF e emphsize tht the lttie struture might hnge for hydrides of other metls thn dF

Phase transition he αEβ phse seprtion tkes ple onstnt externl gs presE sureD whih result in presene of pressure plteu in ptF he α nd β phse re in equiliriumF husD the n9 t ro' eqution hrterizes the pressure plteu nd shows its temperture dependene X where ∆H α→β D ∆S α→β nd n re respetively the enthlpyD the entropy of hydride formtion nd the numer of molesF eove the ritil tempertureD the pressure plteu disppersD nd only one regime is oservedF Hysteresis : he plteu pressure for hydrogen sorption is higher thn the one for desorptionF his hysteresis is well hrterizedD ut its origin is still detedF 1.2.2 Thin Pd lm he phse trnsition genertes lrge ompressive stresses due to the lttie mismthF heres the ulk (lm n freely expndD the thin (lmD lmped to sustrteD nnot freely expnd in the inEplne diretionF rydrogention of thin (lm indues then lrge ompressive stress nd strinF he ps re slightly di'erent etween ulk nd thin (lmF ypillyD IF the hydrogen soluility of the α phse inresesD PF the ritil temperture is reduedD QF the phse trnsition exhiits slope pressure plteuD RF the hysteresis width is hngedF sn ftD the di'erenes in the mirostruture of the (lm @grin oundriesD defetD disE lotions nd vniesA ount for di'erent hydrogen sorption thermodynmis nd kinetisF por exmpleD it is understndle tht the surfe nd susurfe sites ontriuE tion negleted in ulk system eome importnt for nnometri (lmF he miro struturl spet is out of the sope of this thesisF wore informtion n e found for thik (lm in PSD 

Metal properties upon hydrogenation

huring the trnsformtion of d into the hydride formD the mehnilD the eletrilD nd the optil properties of the metl re lteredF he lttie onstnt expnsion of d is out HFR 7 for the α phseD nd QFS 7 for the β phse IIF he volume density of free eletrons @permi levelA dereses whih results in derese of the rel @ 1 A nd imginry prts @ 2 A of the omplex permittivity of dF pigure IFT shows the omplex refrtive index ñ @with ñ = n-ikA of the d nd d hydrideF he metl hydride eomes less metlli F prom n eletril point of viewD the d ondutivity dereses upon hydrogentionF 1 1.3 Optical ber hydrogen sensors based on Pd -Principles 1.3.1 A typical hydrogen sensor response based on Pd rydrogen sensors sed on d mesure the d physil hnges during the hydride formtionF prom the d physil hngesD relted to the hydrogen soluilityD we n hve ess to the hydrogen onentrtion in the surrounding environmentF husD the sensor responses show typilly the sme spets s thn the p urvesF et room tempertureD ! for hydrogen onentrtion orresponding to the α phseD the signl hnges slightly due to the low hydrogen soluility in the metl Y ! t the phse trnsitionD lrge hnge is oserved orresponding to lrge inrese of hydrogen mount in the metl Y ! for hydrogen onentrtion orresponding to the β phse the signl sturtes sine the d hydride (lm is ompletely hydrogentedF por optil sensorsD we mesure etheir hnges of the d dieletri permittivity ndGor the expnsion of the d lttie onstntF he hllenge for designing n yFpF for hydrogen 1. The conductivity increases for disconitous Pd lms, characterized by an island microstructure. Due to the expansion of Pd, the Pd islands bond together, increasing the number of bridge for the conductivity [29]. PR 1. Analysis review of optical fiber hydrogen sensors leks detetionsD is to mke sensitive the optil (er to αEphseD when smll hnges ourF purthermoreD the dynmi rnge is n issue when hydrogen qunti(tion is requiredF xote tht the hysteresis is not n issue in our seD ut it is importnt when the quntittive monitoring of hydrogen onentrtions is requiredF 1.3.2 Phase modulated hydrogen sensor responses

( a ) ( b ) ( c ) ( d ) ( e )
Figure IFU ! snterferometer design for optil (er hydrogen sensors X @A whEehnderD @A wihelsonD @A pryEerot (erD @dA p interferometer sensor developed y wik et lF QH nd @fA optil (er tip ntileverF

Butler's interferometer

Description : futler QID QP developed the (rst yFpF for hydrogen detetion in IWVRF he devie onsists of whEehnder (er interferometerD (gF IFUF st omines two single mode optil (ers @sEITHIA with optil elements to relize the interferometerF he light of reExe lserD HFS mD is split y em splitterD nd injeted into oth optil (ers y lensesF yne is sensitive to hydrogenD wheres the seond is insensitiveF he jket is mehnilly removed for oth optil (ers over length of Q mF e d lyer of IH µm thikness is sputtered in er with n initil IH nm thik i lyer @providing good dhesion etween the metl nd the optil (erA on the (rst unjketed (erD wheres t lyer is deposited on the seond one in order to mintin s possile the sme temperture dependene etween oth optil (ersF foth optil (ers re glued 1.3. Optical fiber hydrogen sensors based on Pd -Principles PS to fused qurtz plte to rigidify the strutureF Principle : he d expnsion upon hydrogention results in strething one optil (er in oth xil nd rdil diretionsD nd hnging its e'etive pth lengthF he hnge in optil pth length results t the output of the interferometer in fringe ptternD viE sully oservle nd reordle with simple photoEdetetorF he shift of the fringe is then relted to the hydrogen onentrtionF he signl resolution is limited y the noise whih omes from the sensitivity of the sensor to virtions nd soundF Typical response : he hydrogention ws rried out with di'erent rrier gses @Ar, N 2 D dry irA showing di'erent responses timesF hey oserved tht the response timeD in order of few minutesD ws longer thn the hydrogen di'usion onstnt in dF prom these oservtionsD they suggested tht the kinetis is dominted y the surfe retions t room tempertureF pinllyD they estimted detetion rnge from 10 -4 7 @I ppmA to Q 7 H 2 F 2 he lower limit is limited y the temperture )ututionF he upper limit orresponds to the βEphseF sn ftD they onsidered only the regime of the αEphse in order to relte the hydrogen prtil pressure to the hydride omposition @ieverts equtionAF sn IWVVD they reported response in rnge from 2.10 -6 7 @PH ppA to Q 7 H 2 for di'erent (lm thiknesses deposited y sputter nd eletroEdeposition QPD (gF IFUF por onentrtion ove HFI 7 H 2 D the experimentl results follow the ieverts equE tionD tking into ount the liner reltionship etween the lttie onstnt nd hydrogen ontent QQF et lower onentrtionD lrge devition is oservedF he oserved fringe shift is lrger thn expeted from ieverts equtionD suggesting n dditionl trpping site for hydrogenF he uthors ssumed tht the fringe shift oserved is likely due to the inding of free prtile t the surfe @or susurfeAF heoretillyD the optil pth length in the (er ore is relted to the strin in the (er ore y the elstoEopti reltion QR X

∆φ φ = e z - n 2 2 [2e r (p 11 -p 44 ) + e z (p 11 -2p 22 )] @IFTA
where n the index of refrtion of the (erD P ij the okels oe0ientsD nd e z nd e r the xil nd rdil strin in the (er oreF futler et lF studied theoretilly the sensor response y solving the stressEstrin reltionships for this struture with the pproprite oundry onditionsF hey onsidered one dimensionl model whih only tkes into E ount the xil strin @nd ssumes given vlue for the rdil strinAF 1.3.2.2 Interferometer development prhi QS demonstrted the fesiility of n ll single mode optil (er wihelson interferometer for H 2 sensingD (gF IFU @ wihelson interferometer is whEehnder interferometer tht hs een folded k upon itselfAF e reExe lserD HFP m is split into two single mode (ers nd reomined y (er diretion oupler pgF he mesurement is sed on pseudoEheterodyne sheme QT to eliminte the di'erentil drift in the rms of the single mode (er interferometerF e prt of the referene (er is wound onto driven 2. Hydrogen concentration under 10 5 Pa at 20 • . In the following, 100 % H2 means a hydrogen pressure of 10 5 Pa. Note that we refer to the volumetric percentage. Figure IFV ! he fringe shift for (er sensor s funtion of hydrogen onentrtionF he vertil dshed line indites the upper edge of the lph phse oundryF he stright solid line is the ieverts lw omponent of the response nd the urved line is the response from the deeply ound sites @these sites orrespond likely to inding t freeEmetlEsurfeA desried y vngmuir isothermF he dshed line is the sum of these two ontriution QPF piezoeletri ylinderF he signl is therefore modulted t frequeny of the pplied voltgeF yn the sensing (erD d wireD with length nd dimeter respetively of T m nd SHH µmD is tthed on the optil (er @without the jketA using quikEsetting epoxy resinF es noted y the uthors themselvesD it isD howeverD preferle to ot the optil (er y sputtering in order to produe the thikness desiredF es for futler9s sensorD the d expnsion upon hydrogention uses hnge of the (er sensing lengthD whih results in phse retrdneF he thermlly indued e'et of the hydrogention @exothermi retionA is smll ompred to the xil strinD when the retion tkes ple t room temperture nd t low onentrtion @αEphseAF he sensor responses to rnge of HFHHSR 7 @SR ppmA to IDS 7 H 2 in N 2 t tmospheri pressureD with response time of few minutesF he resolution is 2.10 -3 7 limited y the di'erentil therml )ututionsF sn order to void polriztion prolems nd to detet single xil strinD ekes developed in IWWR n extrinsi pryEerot @pA interferometri sensorD (gF IFU QUF he devie onsists of putting multimode (er t distne from single mode (erD in glss lignment tueD to relize p vityF e P µm lyer of d is sputtered on this tueF pon hydrogentionD the d expnsion hnges the length of the vity F he output intensity is desried y X

I = I 0 1 + cos 1 + 4πS λ @IFUA
where λaIQHH nm is the soure wvelengthF es resultD the intensity of the light is moE dulted s funtion of hydrogen onentrtionF he sensor response ws veri(ed t HFS 7 nd S 7 H 2 in N 2 D showing the fringe shiftD with response time fster thn minuteF purthermoreD the response is not reproduile over hydrogention yles due to the delE mintion of the d (lmF he presented hydrogen interferometer sensors re sed on the d expnsionD nd use thik (lmsF d thik (lms show poor reproduiility over Edesorption ylesF efter few ylesD irreversile miroErks pperF woreoverD the oserved response time is too slow 1.3. Optical fiber hydrogen sensors based on Pd -Principles PU for sfety pplition due to the di'usion limittionD s will e explined in setion IFRF hereforeD this tehnology hs een put prt during dedeF eentlyD interferometers hve reeived renewed ttention due to their high sensitivity potentilF xew designs sed on thin (lms hve een studied s presented elowF snnuzzi QV proposed hydrogen (er top ntilever sensorF he sensor onsisted of relizing p vity etween the (er tip nd the ntileverD (gF IFUeF he light sttered k into the (er enounters n optil (er ouplerD whih ouples SH 7 of the re)eted em into nother (erD ligned with n infrred photodiodeF e ISH nm d (lmD with IH nm hromium sustrte lyerD is deposited on the ntileverF he output of the photodiode D s for ekes9s sensorD is given y

W = W 0 (1 -V cos( 4πd λ )) @IFVA
where d is the distne etween the (erEtoEir nd the irEtoEntilever interfesDφ onstntD the fringe visiility reltive to the interferene of the three re)eted signlsD nd W 0 is the midpoint outputF hue to the d expnsion in presene of hydrogen the nE tilever endsD whih results in hnging the vity lengthF he sensor responses to R7 H 2 in erF rowever the performnes of the devie re seriously dmged over Edesorption hydrogen ylesF wik et lF developed simple optil p (er interferometerF st onsisted of deE posited lyered sensing struture mde of @IRS nmA T iO 2 nd @IH nmA d t the tip of the optil (erD depited in (gF IFUdF he (rst mirror is relized t the (erGT iO 2 oundryD wheres the d lyer plys the role of the seond mirrors nd promote the dissoition of hydrogenF he T iO 2 lyer is the resonne vity of the interferometerD nd the sensitive lyerF eording to the uthorsD the ontriution of the d lyer to the optil signl is minimumF he sensor responses to I 7 from QFS 7 H 2 in syntheti irD with response time is fster thn I minF he response is reproduileF e lrge hnge is otined t P 7 nd the signl response sturted fterF e onlude from the hydrogen response tht the sensor response is likely due to the hydrogention of the d lyerF vtelyD uim et lF QW proposed whEehnder (er opti interferometer relized y two identil longEperiod grtings Y eh hd SHH µm periodD nd ws hrterized y length of PH mm nd entreEtoEentre distne of SH mmF e SH nm thik d (lm ws uniformly deposited over the ldding of singleEmode (erF his sensor is sensitive to the hnge of the refrtive index of the dF huring d hydrogentionD the e'etive index of the vity hngesD whih result in hnging the e'etive optil pth lengthF he response sensor ws only mesured t onentrtion of R7 H 2 in N 2 F he response time is pproximtely V minF 

PW

@multimodeA optil (erF he other end of the optil (er is onneted to ouplerD whih llows to illuminte the sensing (lm nd to ollet the re)eted light from the ltterD (gF IFWF Principle : he re)etne @nd trnsmittne A of the d (lm hnges s funE tion of H 2 uptke due to derese of the d hydride refrtive indexF fy mesuring the re)eted intensityD the optil hnge is relted to hydrogen onentrtion Typical response : sn IWWI futler et lF desried the response of IH nm d (lm deposited on multimode (er endD with IPS µm dimeterF pigure IFW shows the re)eted light for di'erent hydrogen onentrtionsF he re)etne hnges ontinuously depending on the hydrogen onentrtion RPD RSF sn prtiulrD they hve oserved tht the re)etivity hnge is mesure of the omposition of the d hydrideF he plot of the reltive hnge in re)etivity s semiElog funtion of H 2 onentrtionD shows the pressure omposition isotherms @pA of d for di'erent temperturesD (gF IFWF he slope of the plteu region oserved is hrteristi of thin (lmsD setion IFPFPF he sensor response is reproduile over hydrogen ylesD ut di'erent responses re otined for identil sensorsF he uthors suggested tht this di'erene omes from n unontrollle prmeter during the deposition proessF hey oservedD in ftD two trends for the hnge in the reltive re)etivityD independent of the thikness of the (lm @IHEUH nmAF hile some thin (lms exhiits reversile miroElistering nd miroErkingD some (lms shows permnent mehnil filure of (lmD like thiker (lms @IHH nm d RTAF he miroElistering nd miroErking re eliminted y depositing IEP nm thik xi underlyer s n dhesive gentD improving the sensor reproduiilityF fesidesD the hnge in re)etivity for xiGd (lm upon hydrogention is redued ompred to d (lmF he level nd the width of the plteu region re di'erent s depited in (gF IFWd @irle symol nd line for the dGxi nd d (lmD respetivelyAF he uthors proposed tht this di'erene is due to the lmping e'et of the d on the sustrte @qurtz or xiAF eversile miroE listeringD soElled uklesD nd lmping e'etD hve een now well investigted nd proved to e relted to the stress relxtion PTF 1.3.4.2 Micro-mirror development sn ontinution of futler9s workD fevenot et lF desried in IWWV the response of IQ nm d deposited on multimode (erD RHH µm ore dimeterD in wide rnge of tempeE rtures X etween EIWT nd 23 • g RSF es previously notedD the response hnge depends on the temperture nd is expliitly relted to the p urvesF e lrger signl hnge is otined t lower temperture sine the level of pressure plteu dereses nd its width inresesF yn the other hndD the response time is slower t low tempertureF e response time of IR s nd IHH min is respetively otined t 23 • g nd -45 • g for R 7 H 2 in N 2 F o improve the temperture rnge of the sensorD they proposed to het the smple with poE wer lser diode in order to enhne the response timeD s it will e desried in setion IFRFPF vtelyD uzemi et lF developed miroEmirror sed on olorimetri mteril RUF he olorimetri mteril onsisted of inserted d into porous sustrteF his miroEmirror sensor showed very good reproduiility nd reliilityF hey proved the reliility of the sensor y performing the test t the iivGhelt s engine stnd t xeeEtennnis pe genterF QH 1. Analysis review of optical fiber hydrogen sensors 1.3.4.3 Characterization of Pd thin lm : sn ddition to the miroEmirror resultsD severl studies hve een reported to hrE terize the hydrogention of d thin (lms deposited on )t sustrteF hese studies emE phsized the reltion etween the optil hnge nd the pressure omposition isotherm @pAF es these studies re sed on )t sustrteD they provide simple tool to investigte the properties of d thin (lmsD nd onsequently optimize the performnes of hydrogen sensors sed on dF sn IWWT qri et lF studied the trnsmittne of d thin (lmsF he (lm is deposited on glss sustrteD nd is illuminted y n optil (erF he trnsmitted light through the smple is then olleted y seond otpil (erF es for re)etne mesurementD the grph of the optil trnsmittne s funtion of hydrogen onentrtion on logrithm xisD (gF IFIHD shows the p urves RVD in greement with the litertureF 
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of the used sustrte on the hydrogen responseF e higher hnge is otined for SiO 2 s sustrteF woreoverD they oserved tht struturl hnges of the plldium (lm on the silion nitrideD indued vi exposure to hydrogen due to surfe energy e'etsD resulted in the retion of nnostruturesF sn ontinutionD wtelon et lF SI showed tht the response time depends strongly on the di'erent sustrtes usedF wximum vlues of UHH s for dGi nd QUHH s for dGelPyQ were for instne reorded t pressures orresponding to d hydride α to β phse trnE sitionF hey ttriuted this di'erene to the sustrte roughness whih modi(es the d susurfe mirostrutureF pinllyD let us mention tht optil trnsmittne study of metlGmetl hydride thin (lm hs een proposed for investigting nd identifying new hydrogen storge mterils @hydrogenogrphyA SPD SQF 1.3.4.4 Evanescent wave hydrogen sensor responses

(a) (b) (c) (d)
Figure IFII ! hemti of the optil (er hydrogen sensor sed on evnesent (eldF d oted on the @A lddingD@A ore nd @dA tpered ore of wwp or wpF @A d oted on heterostruture

Tabib-Azar's evanescent sensor sn IWWW iEezr et lF SR proposed n optil (er hydrogen sensor whih tkes dvntge of the evnesent (elds ssoited to the guided lightF he devie onsisted of removing the optil ldding of multimode (er @SH µmA nd repling it y IH nm d (lmD with n intertion length of IFS mF he optil (er is illuminted with light soure with wvelength of TSH nmF sn presene of hydrogen @etween HFPEHFT7 H 2 in N 2 AD the trnsmitted intensity inreses with response time of out QH sD (gF IFIPF he intensity hnge is funtion of hydrogen onentrtionD (gF IFIPF eording to the uthorsD the inrese in intensity is explined y the derese of the imginry prt of the d refrtive index upon hydrogentionF sn ftD the trnsmitted light is less ttenuted through the d hydride setion sine the d hydride is less soring thn dF sn dditionD the uthor limed tht the hnge in the rel prt of the d refrtive index result in n e'etive phse hnge in the guided lightF roweverD we eleive tht the sitution in this se is slightly di'erentF ine the optil ldding is removed nd repled y d (lmD the d lyer plys now the role of the optil lddingF gonsequentlyD the numeril QP 1. Analysis review of optical fiber hydrogen sensors perture of the (er is modulted y the sensing setionF pon hydrogentionD the hnge of the rel prt of refrtive index resulst lso in hnging the trnsmitted intensity sine the xe of the sensing setion will e hngedF Evanescent sensor development :

ivnesent wve @iA sensors re sed on the ltertion of the evnesent (eld of the propgting modeF sn the generl se of optil (er @multimodeD single modeD tpered (erFFFAD the trnsmission intensity I t of (erD when exposed to hydrogenD n e expressed y SS X

I t = I 0 exp(-2r∆αL)
@IFWA I 0 is the trnsmitted optil power without hydrogenF r is the rtio of the power of the evnesent wves on the totl power of the light guidedF r depends on the on(gurtion X r is inferior to I 7D out I 7D inferior to PH 7D superior to SH 7 nd n reh IHH 7 for respetively multimodeD heteroEstrutureD tpered multimode (erD single mode (er nd nno (erF v is the intertion lengthF ∆α is the vrition of sorption etween the sorption oe0ient of the d hydride nd the d (lmF he sensitivity of the sensor is tuned y oth prmeters r nd vF he sensitivity of the sensor is enhned when their othvlues inreseF illtoro et lF reported the response of d otedE single mode tpered (er @wp STD SUAD EmultiEmode tpered (er @wwp SSA nd Enno tpered (er SVF por SMTF STD IP nm d lyer with length of IFS m ws deposited on the tpered (erF he trnsmitted intensity inreses upon d hydrogention sine ∆α < 0F he intensity hnge ws hydrogen dependentD (g IFIPdD in rnge from IFV to IH 7 H 2 in erF fesidesD the sensor ws polriztion independent X the sme response for iE nd w polriztion ws otinedF he sensor ws lso wvelength dependent X lrge intenE sity hnge is oserved for the longer wvelengths in the spetrl rnge of WHHEITHH nmD (gF IFIPF elthough MMTF show lower sensitivity thn wpD it ws proposed y illtoro et lF s more roust nd onvenient sensorF he sensor onsisted of depositing IS nm d lyer on the tper wist over length of I m SS F he wist ws in the rnge of QHEUH µmF wo d lyers were deposited over the tperD on the uniform setionD with one lyer every IVH • F he mesurements were rried out with vih t wvelength of VSH nmD with n optil power of PH µmF he trnsmitted intensity inresed upon d hydrogention @∆α < 0AD (gF IFIPeF hey deteted hydrogen onentrtions rnging from HFQ to QFS7 H 2 F he miniml vlue ws limited y the intensity noise present in the signlF eove QFS 7 H 2 D the signl ws sturted for ll tper wist sensors onsideredF xeverthelessD the senE sor performne n e djusted with the tper dimeterD (gF IFIPf in the deteted rngeF he mximl hnge ws found for thinner wist dimeter on ount of the mximum evnesent (eld oupling in the d lyerF e response time of QH s ws found t P 7 with reovery time of WH s in erF he uthors suggested tht this response time ws minly driven y the di'usion of the hydrogen toms into the d (lmF efter ylingD the response time nd the reovery time eome RH s nd IHH sF eording to the uthorsD this inrese ws due to the degrdtion of the d over ylesF sn spite of the possile degrdtionD the response is reproduileF 1.3. Optical fiber hydrogen sensors based on Pd -Principles QQ por nano tapered bers SVD R nm d (lm ws deposited on nno tpered wist of single mode (er @wpAF hey used the stndrd teleommunition optil (er @gorning wpEPVAF he wist dimeter ws limited to IQHH nm for hndling resonsF he length intertion ws P mmF he soure ws lser diode emitting t wvelength of ISSH nmF he intensity dereses with the inrese of the hydrogen onentrtion in rnge from HFV to SFP 7 H 2 in erD (gF IFIPF his hnge in intensity is opposite to the response reported for the i sensorsD @where the derese in the sorption oe0ient of the d hydride use n inrese in intensityAF he uthors did not disuss this inrese in intensityF he design of tpered (er sensors llows to derese the intertion lengthF his length isD for instneD only P mm for the nnoEtper sensorF he uthors estimte tht this length n e deresed to few hundred of mirometersF xeverthelessD tpered optil (ers suh s wp showed poor reproduiility due to inuries during the frition proess SWF he frition of tpered (er mde lso the sensor very frgileF en optil hetero-structure (er ws reently proposed y vunEworeno et lF TH to relize very roust sensor with high sensitivityF he heteroEstruture ws mde of QEV mm length singleEmode (erD oted with IH nmEthik d nd d lloy (lmD sndwihed etween two multimode (ersF hue to the dimeter mismth of the optil (er oreD the light is guided y the ldding of the single mode (erF he evnesent (eld is hene stronE gly oupled in the sensitive lyerF he intensity inreses upon d hydrogention from HFV to RFT 7 H 2 in erF he reltive hnge in intensity inresed with longer intertion lengthF uim et lF presented in PHHU side polished single mode ber s hydrogen sensor TIF e jketEremoved wp ws emedded in qurtz (er holding groove nd sideEpolishedF he rdius of urvture of the irulr groove ws SH mF efter polishingD the ldding thikness left ws P µmF he intertion length ws PFRT mmF e PHD IHH nd RH nm d (lms were respetively deposited on the sideEpolished surfe y therml evportorF he length of the (er etween the output polrizer nd the trnsduer ws only P m in order to minimize the possile polriztion entnglementF he hydrogen mesurement were performed t I nd P 7 H 2 in er t wvelength of ISSH nmF he sensor priniple is sed on the propgtion losses of the guided modeF he intensity inresed upon d hydrogention for the w polriztionD ut the i response of the sensor ws negligileF eording to the uthorsD the i polriztion (eld nnot penetrte into the metl deeply enough to e 'eted y the metl (lmF gonsequentlyD the i polriztion n e served s refereneF pinllyD the response nd reovery time were IHH s nd ISH sD respetivelyF e onlude the review of evnesent hydrogen sensors y mentioning the work done y frmenkov et lF TPF o introdue the mesurement of hydrogen onentrtion into the time dominD they pled the d tpered (er s hydrogen sensing element in (er lser vity sed on n irEdoped (er lserF he ttenution of the sensing element upon hydrogention deresed the vity lossesD whih result in deresing the uildup timeF fy mesuring the hnges in the lser uildup timeD they hd ess to the hydrogen onentrtionsF 1.3.4.5 Surface Plasmon hydrogen sensor response urfe lsmon resonne @A sensors n e onsidered s vriety of i senE sorsF feuse surfe plsmon my propgte t the interfe etween d thin (lm nd 1.3. Optical fiber hydrogen sensors based on Pd -Principles QS dieletri mediumD the i presented ove my sometimes onsidered s sensorsF tritly spekingD i is onsidered s sensor when the guided light mthes with the wvevetor of the surfe plsmonD s we will e desried in hpter PF Description : sn IWWV fevenot et lF demonstrted n optil (er hydrogen sensor sed on RSF he sensor onsisted of d lyer deposited on the mutimode (er ore @dimeter of RHH µmD xeaHFRVAD fter removing the optil ldding over length of P mF xote tht the design is similr to iEezr9s sensorF he light ws injeted into the optil (er with n pproprite ngle of inidene nd t given wvelength @TUH nmAF he hydrogen onentrtion ws determined y mesuring the hnge in the trnsE mitted intensity of the mode groups exitedF he hydrogen response of the sensor depends strongly on the inident ngleF prom theoretil simultionD n optiml ngle of IP • ws found for R7 H 2 F Typical response : he mesurements were rried out in hydrogen rnge of HFVE IHH7F he intensity inreses nd hnges s funtion of hydrogenD in the sme wy thn the pressure omposition isotherm @pA of dF he response of the sensor is relted to the two phses X α nd βD for the onentrtion rnge of HFVEI 7 H 2 D nd QEIHH 7 H 2 D respetiE velyF fetween IEQ 7 H 2 D the response strongly vries representing the phse trnsitionF he response time vries etween Q s for IHH7 H 2 nd QHH s for onentrtion orresponding to the phse trnstionF pinllyD they hieved twoEpoints detetion y inserting two sensing setion long n optil (erF Principle : he uthors limed tht the hnge is used y the modi(tion of the due to the vrition in the d omplex permittivityF elthough the resonnt ngle ours t n ngle eyond the (er numeril perture @xeAD the modi(tion is oservle due to the presene of wide pekD s disussed in hpter RF hey ssumed tht the intensity hnges only for the w polrized light sine the is only exited for w polriztionF 1.3.5 Wavelength modulated hydrogen sensor response 1.3.5.1 Fiber Bragg Grating sensor : Description : utpun et lF proposed the design of pier frgg qrting @pfqA sensor for hydrogen detetion TQ in IWWWF he sensor ws relized y depositing STH nm d lyer onto the optil ldding of wp @SEIHµmGIPSµmAD where pfq @with frgg wvelength of VPWFUQ nmA ws previously insriedF e prt of the ldding ws ethed nd the (nl ldding hd vlue of QS µmF Principle : he expnsion of the d hydride upon hydrogention strethed the (erF he periodiity nd the e'etive index re ltered whih resulted in shifting the frgg wvelength @(gF IFIQAF his pfq hydrogen sensor ts in ft s pure strin sensorF he determintion of the frgg wvelength enles to quntify the H 2 onentrtionF sn their seD the resolution of the spetrometer of HFIR nm ws not dequte to mesure the frgg wvelength shift @less thn HFI nmAF hey determined the shift y pplying splineE(tting routine to the dt mesuredD (gF IFIQF QT 1. Analysis review of optical fiber hydrogen sensors Typical response : he frgg wvelength inreses linerly s funtion of H 2 onentrtion in the rnge of HFQEIFV 7 H 2 F efter exposure to IFV 7 H 2 D the d oting peeled o'D whih destroys the sensorF he uthors proposed to dd thin dhesion lyer to overome the d degrdtionF 1.3.5.2 Grating development :

pfq re insensitive to the surrounding medium refrtive index sine the resonne results from the ore modes ouplingF sn IWWT weltz et lF TR proposed to use pfq written in hE(ers to mke the pfq sensitive to the surrounding medium refrtive index vi evnesent wve intertionsF sn this diretionD ien et lF TS depositedD in PHHVD d (lm on sideEpolished (er over length of IP nm @wpEPVD IH µmGIPS µmAF e pfq ws previously insried @grting period of HFSQRµmD length of PH mm X resonne £ ISRS nmA in the optil (erF gonsequentlyD thin d (lm @PH nm thik d A n e used euse of the evnesent (eld intertionsF he wvelength resonne shifts to higher wvelength in presene of hydrogenF he shift inreses with the inrese of hydrogen for rnge of PH to UH7 H 2 F sn ontinution of this workD hroder et lF studied the response of suh sensor in rnge of IES 7 H 2 F hey pointed out tht the evnesent oupling me from the exittion of the t the d ir interfeF gonsequentlyD the sensor is w polriztion dependentF he response time is the order of the minutesF sn PHHU wier et lF developed new sensor pkge to mplify the strin used y the d expnsion TTF he sensor onsisted of semiirulr rossEsetion plldium tue in whih (er ontining pfq ws tthed oxilly under tension to mounting elementF pon hydrogentionD the d hlf tue expndedF he xil omponent of this expnsion ws mehnilly olleted nd redireted into short setion of (er ontining pfqF e miniml thikness of QHH µm hs to e hosen to ensure the stility of the sensorF rouillet et lF TU proposedD in PHHTD to reple the short period grting @pfqA y vong eriod grting @vqAF he devie onsisted of depositing SH nm d lyer on wp @gorning wp PVA y therml evportionD fter removing the jketF gontrry to pfq sensorsD whih use the fundmentl mode propgting through the oreD vq sensors re minly sed on the oupling etween the ldding modes nd the evnesent or urfe lsmon t the interfe etween the d oting nd the outer mediumF hereforeD the sensor is sensitive to the hnge of the d refrtive indexF he determintion of the shift of the loss peks gve n ess to the hydrogen onentrtionF et R7 H 2 D shift in the order of ES to EU nm towrd the lower wvelengths ws oserved in omprison shift of IR pm ws otined for pfq @ SH nm d deposited on (er with pfqAF sn onlusionD depending on the optil (er sensorD the sensor mesures the hydrogen onentrtion either y mesuring the d hydride expnsionD the d refrtive index or the het releseD s desried in tle IFIF Figure IFIQ ! @A hemti of typil hydrogen sensor sed on dEoted (er frgg grting @pfqA @EA he response of @A ei et lF 9s vq sensor TV nd @A furi et lF9s pfq sensor for di'erent d thiknesses TWF he sensor responses re desried y the sensitivity onsidered s funtion of hydrogen onentrtionF 1.4 Discussion on H 2 O.F.S performances 1.4.1 Hydrogen concentration range he performne reported in the literture for the vrious sensor tehnologies re sumE med up in the tle IFP nd depited in (gF IFIRF Phase modulated X he dynmi rnge of interferometri hydrogen sensorsD sed on d thik (lmsD re limited y the αEphseF por onentrtion ove the pressure plteuD the d lyer is deteriortedF xeverthelessD hydrogen interferometri sensors show the hiE ghest sensitivity for very low onentrtionsF he miniml detetion is estimted to e few ppD nd is minly limited y the temperture )ututionsF Amplitude modulated X he hydrogen (er sensors sed on mplitude modultion show di'erent dynmi rngesD ut the dynmi rnge is typilly etween HFS 7 to IHH 7 H 2 F eove Q 7 of H 2 in erD most of the sensors sturte due to the formtion of the β phse QV 
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e onlude tht regrding the dynmi rnge 8 miniml detetionD the H 2 sensitivity of the optil (er sensor n e tuned y the pproprite on(gurtionF xeverthelessD the sensor response is limited y the pressure omposition isotherm of the d (lm usedF he level nd the slope of the equilirium pressure plteu s well s the hydrogen soluility re determined y X the mirostruture of the d @iFe the deposition ondition X deposition pressureD sputtering deposited or evportedAD the d thiknessD the nture of the sustrte @relted to the surfe energyAD nd the exterior prmeters suh s the temperture or the gs environmentF hereforeD the omprison etween the responses my e slightly di'erent sine the mesurements were rried in di'erent lortories onditionsF he oserved di'erene etween the presented sensors ould tully e due to the morphology of the d rther thn the sensor itselfF 1.4.2 Response times of hydrogen optical ber sensors, at room temperature condition

Reported response time at 4 % H 2 : snterferometri nd pfq hydrogen yFpF sed on d thik (lms respond in n order time of few minutesF heres evnesent nd miroEmirror sed on nnometri (lm respond in n order of dozen seondsF e onlude the response time depends strongly on the d thiknessF es rule of thum X the thinner is the d (lmD the fster is the responseF he fst response @IH s t R7D room tempertureA is otined for nno tperer (er sensor using Q nm d (lm sed on mplitude modultionF sn ftD we n distinguish three regimes with some prtiulr sesD see tle IFP X ! por d thikness ove I µmD the response time is in n order of minutesF ! por d thikness etween SH nd QSH nmD the response time is etter thn QH sF ! por d thikness etween IHEIS nm µmD the response time vries from IR to QH sF he oserved disrepny for (lm hving the sme thikness is likely due to the expeE rimentl ondition suh s the deposition onditionsD the feed )owD the mesurement ellD the room temperture nd the gs environmentF H 2 concentration dependence : he response time depends on the hydrogen onenE trtionF his reltion is governed y the rte limited stepF he response time is determined y the hydrogen surfe dsorptionD the surfe penetrtionD the surfe dissoitionD the ulk di'usion nd d hydride formtionF uy et lF demonstrted tht the di'usion is the limiting step for ulk thik (lm UQF 3 roweverD the di'usion is fst enough to resonly neglet the tomi di'usion for d thin (lmF he di'usion oe0ient of the r toms through the d (lm is D α = 10 -7 cm 2 /s nd D α = 10 -7 cm 2 /s in oth α nd β phsesF es n exmpleD the response timeD predited y di'usion limited proessD is RH µs for PH nm thik α phse d hydride (lm URD whih is fr inferior to the oserved response timeF hereforeD the surfe dissoition or the di'usion @tken into ount the surfe penetrtion nd the d hydride formtionA is the kineti limited stepF et this timeD no onsensus ws found etween sientistsF ome works show the initil sorption rte is linerly proportionl to the H 2 pressureD wheres others show squre dependeneF 4 F he morphologyD the qulity of the surfe ould explin the di'erene oE 3. Some studies indicated that the dissociative chemisorption of H2 at the surface is the limiting step. Kay and al. [73] ehvior of metl hydridesF es desried in setion IFPD the hydrogen soluility dereses t higher tempertureD nd the phse trnsition tend to dispperF gonsequentlyD t hiE gher temperture the sensor response shows derese in sensitivity RSD TTD TVD ut this ondition mkes esier hydrogen qunti(tion due to the pprition of slope plteuF por ll hydrogen sensors sed on metl hydridesD we need to mesureGontrol ontinuously the mient temperture in order to lirte the sensor responseF

Sensor dependences : he yFpF itself is generlly ltered in its funtions y the tempertureF por exmpleD the response of vq sensors depend on the tempertureD nd the resonnt wvelength shift is signi(nt in omprison to the shift indued y H 2 TTF ei et lF reported tht the hnge for R 7 H 2 in re is smller thn the hnge indued y I • g temperture vritions for H 2 pfq sensor TVF o relize hydrogen (er sensorD the exterior nd gs temperture vritions hve to e mesured in order to lirte the sensor responseF por thtD temperture sensor n e dded in the hydrogen sensing (erD for instneF

Eect of temperature on O.F.S response time : he temperture 'ets lso the response timeF he kinetis of the hydrogention is enhned y inresing the tempeE rture @errhenius9reltionA nd is drstilly deresed for low temperturesF fevenot et lF proposed to het the surfe y light rdition in order to get n eptle response time t ryogeni temperture RRF he design of the resulting devie onsisted of d (lm miroEmirror deposited t the end of (rst optil (erF he hydrogen onentrtion is mesured y re)etivity mesurementF e seond optil (er is used to het the d surfe y using light rdition imed t the entrne of this optil (erF furi et lF proposed reently to use pfq to ouple the rdited light to the sensitive lyer when it is deposited round the oreGldding UPF ! Hydrogen quantication X he dynmi rnge n e extending euse of the sene of pressure plteuF sn dditionD the sturtion is otined t higher hyE drogen onentrtionF yn the other hndD the sensor sensitivity my e limited due to the low ydrogen soluility @iFeF smll optil ontrstAF ! Hydrogen monitoring X he hysteresis deresesF ! Reproducibility X he sene of trnsition phse dereses the stress inside the lloys upon hydrogentionF he sensing (lm presents no listers or rksD is more stle over time nd under repeted hydrogen exposureF gonsequentlyD d lloys improve the reproduiility of the responses nd the sensor lifetime UUD THF ! Fast response X feuse of the redution of the internl stress in the (lm nd tomi intermixing of dD the sorption of hydrogen y d lloys is enhnedF gonsequentlyD d lloys sensors show fster response ompre to d (lm URF ! Cross-sensitivity X d lloys derese the rossEsensitivity of dF everl system hs een studiedD dEegD dEelD dEeuD dEgrD dEguD dEwg nd dExiF he reder ould (nd more informtion in refF UVD UWD VHF es n exmple of the d lloys dvntgeD let us onsider two exmples sed on dEeuF ! pigure IFISD from URD shows the hydrogen onentrtion dependene of the re)eE tivity hnge of PH nm of dEeu deposited on glss sustrteF e vih illuminted perpendiulrly the sustrtesD the light is then olleted ehind the smpleF he (lms were nneled t PHH • C in er for IhF he ure proess improves the hnge in the re)etne of the (lms upon hydrogentionD nd stilizes the mirostruture of the d lloys (lms URF fy inresing the eu ontentD the hnge in re)etne @due to the formtion of the d lloy hydrideA shows lerly the diminution of the phse trnsitionF yn the other hndD the mplitude hnge of the signl dereses drstilly for lloy with highest eu ontentF ho et lF demonstrted lso tht the P d 0.6 Au 0.4 (lms shows fster response upon hydrogention thn d (lmD nd tht lloying redue the rossEsensitivityF xeverthelessD the response time is still longer with ontminnt gents t the d lloy surfe UUF ! vunEworeno et lF deposited P d 0.6 Au 0.4 (lm on heterostruture @multimode (er sndwihes etween two single mode (ersAF he response of the sensor sed on d lloys is slightly fster thn the one sed on d TH X PR s vs PQ s nd 8 IU s vs IS s for P nd R 7 H 2 in N 2 D respetivelyF hue to the sene of phse trnsitionD the sensor shows nerly liner response to hydrogen onentrtionF sn return the sensitivity @iFe the reltive hngeA deresesF he sme group sueededD in PHIID in deresing the response time to P s @t R 7 H 2 in N 2 A y depositing dEeu nnoprtiles VIF 1.5.2 Metal hydride & Rare earth materials ruierts et lF VP disovered in IWWS tht ttrium nd lnthnum hydride show speE tulr reversile optil hnges on hydrogention when pped y d lyerF hile the diEhydride phse is not reversile t room tempertureD the (lm n e swithed etween the diEhydride nd triEhydride phseF he rre erth mteril hd een onsidered s the (rst genertion of swithle mirror VQF vterD wg lloysD light nd hepD were presented s n lterntive VRF gontrry to RR 1. Analysis review of optical fiber hydrogen sensors wg hydridesD whih re too stle for deEhydrogentionD the hydrogention of wg lloys is reversile proess @t room tempertureAF wg lloys show lrge optil hnge upon hydrogention nd n expnsion of QH 7 in volumeF he hydrogented stte ours for hydrogen pressure ove the pressure plteu of the onsidered wg lloysD (gF IFITF he pressure plteuD 8.8.10 -3 % @HFHVV mrA for M g 70 T i 30 t room tempertureD is muh lower thn for dF gonsequentlyD lrge optil hnge is otined for very low H 2 onenE trtionsF lmn et lF IQ developed hydrogen miroEmirror (er sensor sed on wg lloysF e SH nm M g 70 T i 30 lyer is deposited t the end of leved multimode (er @PHH µmGISµmAD overed y PH nm d lyerF he d lyer is to dissoite the hydrogen nd prevents the oxidtion of the wg lloysF purthermoreD protetive oting is depositedin order to prevent the degrdtions of the sensing (lms y humidityF sn this on(gurtionD the sensitive lyer is the wg lloysD d plys only the role of tlystF he mesurements were rried out in the H 2 rnge of HFPEI 7 in erF he sensor n detet very low hydrogen onentrtionD inferior to HFP 7 in erD ut the uthors emphE size tht the response of the sensor eomes too slow t these onentrtions to use the sensor in prtil pplitionsF et wvelength of TQS nmD reltively fst @SH s t room tempertureA nd lrge ontrst is otined t HFR 7 H 2 in erF he response is reversile in presene of O 2 D nd no signi(nt ging e'ets re oserved F roweverD smll devition is otined for the (rst yle due to the mehnil stiliztion of the (lmF pinllyD the uthors notied tht the response is slower in presene of O 2 D ut n e enhned y repling d y d lloysD s explined in setion IFRFRF yn dvntge of metl hydrides s sensing mteril is to provide wide rnge of pressure omposition isotherms @pAF he ove exmple shows tht other metl hydrides thn d ould stisfy the requirement for hydrogen sensorsF xew miniml nd dynmi rnge of the hydrogen sensorsD sed on metl hydride @dAD ould e hievedF sn this frmeD wgEiD wgExi VS or ultrthin wg (lm VT seems the most pproprite ndidte to provide fst nd reproduile responseF pinllyD tuning the lloy ontent of wg o'ers the possiility of hydrogen qunti(tionD thnks to the shpe of the p urves of M g y T i 1-y s depited in (gF IFITF 1.5.3 Tungsten oxide he redution of tungsten oxide @W O 3 A y hydrogen strt ove 400 • D nd form tungsten ronzeF he retion my e desried s X

W O 3 + xH + + xe -⇔ H x W O 3 , (0 < x < 1) @IFIHA
he greenish yellow olor of the mteril hnges to lue during the hydrogen redutionF xole metl tlystsD suh s d or tD promote the retion t room temperture VUF @he redution is lso elerted y the presene of wterFA he hemil retion is reversile in presene of oxygenF he reEformtion of W O 3 is ompnied y the genertion of wter moleule VV X 

2H x W O 3 + 0.5xO 2 → 2W O 3 + xH 2 O @IFIIA
p(H 2 ) p(H 2 ) (Pa) log(T/T 0 ) log(T/T 0 )
Figure IFIT ! @A ressure versus optilEtrnsmission isotherms of thin M g y T i 1-y (lm with ontinuous grdient in n lloy ompositionF @A ressure versus optilEtrnsmission isotherms for M g 0.85 T i 0.15 t (ve di'erent temperturesF he trnsmission is normlized to the trnsmission in the metlli stte T 0 F PTF he p urves hve een determyned y hydrogenogrphyF with d p lyerF fenson et lF proposed then two new sensor designs to improve the response time of the sto9s sensor IRF he (rst sensor onsisted of oting SHH nm W O 3 D with p lyer of IH nm d t the tip of leved polymer optil (erF his miroEmirror sensorD sed on the hngein refetne during the redution of W O3D is funtion of hydrogenF hsn prtiulrD the redution of W 0 3 inreses the optil sorption oe0ientF he seond sensorD developed y fensonD onsisted of stk lyerD mde of RH nm euD THH nm W O 3 nd Q nm d deposited onto one fe of prismF he prism is then set t the end of n optil (er in suh wy tht the se of the prism is illuminted y the optil (erF gonsequentlyD the inident light strikes the (lm t n ngle of RS • F e is oserved t ertin wvelengthF ine the stk lyer ts like pir of oupled resontorsD the resonne wvelength nd the resonne mplitude depend on the thikness nd the optil onstnt of the three lyersF sn presene of hydrogen the pek shifts due the hnge in the refrtive index of the otingF por oth designsD high sensitivity is otined ut the sensitivity to humidity mde W O 3 undoptle for the hydrogen sfety pplitionsF es W O 3 is nnoEporous nd exE hnges wter vpor with ir t the equiliriumD this mteril turn out to e extremely sensitivity to humidityF sn ftD the refrtive index of W O 3 is 'eted y the mount of dsored wterF por exmpleD n exposure to dry gses uses derese in the W O 3 refrtive indexD whih will led the sensors to flse lrmsF purthermoreD the response time inreses drmtilly due to the prolonged exposure of W O 3 to humidity X the (rst response time of few seonds for onentrtion of HFW7 H 2 inreses to period of dys over timeF e su0ient d thikness n lok the wter vpor while still llowing the hydrogen to reh the W O 3 F sn returnD the sensor eomes irreversile IRF hespite of the wter issueD severl optil (er sensors sed on W O 3 hve een proE posed in the literture this lst dedeF e desrie herefter some exmplesF RT 1. Analysis review of optical fiber hydrogen sensors Fiber evanescent sensors X the sensor onsists of oting the sili ore of n optil (er of W O 3 D overed y d @or tA lyer or dispersed in the sensitive lyer to dissoitive hydrogenF he hnge of the sorption oe0ient orGnd the refrtive index of the (lm due to the redution of W O 3 ttenute the intensity of the propgting light ISD ITD VWD WHF ekimoto et lF IS showed tht the use of solEgel proess enhnes gretly the resE ponse timeD ompre to dGW O 3 dispersed silione resin @ response time of U min ws otinedAF eording to the uthorsD the sensor shows higher sensitivity t low hydrogen onentrtionD nd the response tends to sturte ove RH 7F he sensitivity of the sensor will depend on the sensing length @generlly out IHEPH mAD the thikness nd the qulity of the sensitive (lmF ykzki et lF IT investigted then the humidity nd temperture dependene of the tGW O 3 sensorF he humidity does not lter the intensity hnge of the sensorD ut the response nd the reovery time grdully eome slowerD in presene of inert gs or ir thn in humid environmentF vterD the sme tem (nds out ontrditive results on kinetis X the sensor shows higher sensitivity nd fster response in inert tmosphere thn in humid environmentF he deteriortion of the performne results from the promotion of the oxidtion retion y humidityF Fiber grating sensors guheteur et lF WI proposed hyrid (er grtings overed y W O 3 Gd stk lyerF he hyrid (er is mde of pier frgg qrting @pfqA nd vong eriod qrting @vqAF he vq provide light energy oupling to the sensitive lyer to enhne the miniml detetionD while pfq is used to proe the hydrogen onenE trtionF he mesurement is sed on the shift of the resonne nds due to the relese of het from the exothermi retionF he sensor response ws investigted in the hydrogen onentrtion rnge of HFWEQ 7F he frgg wvelength shift λ B inreses s the hydrogen onentrtion inresesF he hnge in the λ B is rely dependent on the humidity nd the temperture @etween -50 • to 25 • AD ut the miniml detetion is hnged X HFS 7 nd HFW 7 in dry ir nd WH 7 wet irD respetivelyF elthough the uthors lim fst responseD the response time is not reportedF sn onlusionD W O 3 seems undptle to hydrogen sensor for sfety pplitions eE use of the slow response time nd the drsti humidity dependene of the sensor responseF xeverthelessD protetive lyer ould overome the rossEsensitivity issueF he protetive lyer hs oth to protet the sensitive (lm from the oxidtionD nd lso to mnge the genertion of wter t its surfe for the reoveryF sn nlogy to tungsten oxideD other oxide mterils suh s ndium yxide hve een slo studied WPD WQD WRD WSF

Conclusion

IA his nlytil review of d rydrogen (er sensors gives n overview out the performne of yFpF in hydrogen sensing in term of sensitivityD response timeD reliilityD reproduiility nd roustnessF ! snterferometri sensors re omplex optil devies @lensesD monomodeD etFFFA nd very sensitive to virtionsF qenerlly sed on the d hydride expnsionD they show slow response time nd d reproduiility due to the use of thik d (lms @iFeF optilly thik X superior to out TH nmAF he (lm degrdtions my e 1.7. Proposed sensor RU overome y limiting the detetion rnge of the sensor to the α rnge @in order to void the phse trnsformtionAF et this stgeD interferometri sensors re fr from eing mture to e used in industril pplitionsF roweverD interferometer sed on thin d (lms my e of interest to detet very low hydrogen onentrtionsF ! H 2 yFpF sed on mplitude modultion re simple devies @vihD multimodeD etFFFAF sn returnD they re sensitive to ll the noEontrolled losses whih n oE urD suh s the )utution of the lightD the hnge in oupling oe0ients etween the optil elements nd so forth s reported in WTF wiroEmirrors re the most onvenient to hndle nd n e relized t lowEostF st is oneivle to use these sensorsD with very thin (lmsD in industryF sf qunti(tion nd very high sensitiE vity re requiredD metl hydrides with low equilirium pressure plteu hve to e onsideredD s explined in setion IFSF ivnesent wve sensorsD suh s tpered (er sensors nd sensors hve een proposed to improve the hydrogen sensitiE vityD nd to quntify the hydrogen onentrtionF woreoverD they o'er the possiility of multiEpoints or distriuted sensingF hey show fst nd reproduile responses due to the use of thin (lmsF roweverD the hllenge for these sensors is to mke them more roustD insensitive to the surrounding onstrints nd to mke their frition reproduile X y the ontrol of the deposition of thin metl lyers on n optil (erF ! he wvelength modulted sensors re very promising for industril pplitions due to their possiility of multiplexingD their pity to relize multiEpoints sensorsD nd to mesure di'erent onstrints y tuning the grtingF roweverD hydrogen pfq senE sors show poor reproduiility of their responses euse they re sed on the mehnil deformtions of d (lmF edding n dhesion lyer suh s itnium nd xikel will improve the reproduiility of the signlF eentlyD new designs sed on thinner d (lms @out UH nmA hve een proposedD ut their response times re still too slowF es onlusionD grting hydrogen sensors re not yet ommerilly redyF

2) sn spite of the d limittionsD d is still onsidered s good mterilD espeilly in very thin (lm formsD in order to relize n e'etive hydrogen sensorF epling then d y d lloys seems to e relevnt pprohF he reliility @rossEsensitivityAD the reproduiiE lity @lifetimeA nd the response time will llow to foresee the merhntility of H 2 yFpF sensorF xeverthelessD (nding mteril with high tlyti properties nd espeilly wiE thout rossEsensitivity is still one of the key to relize fst nd relile hydrogen sensorF

3) pinllyD n pproprite engineering of the pressure omposition isotherm @pA of metl lloys llows to tune the detetion rngeF sn dditionD mgnesium lloysD suh s M g 70 T i 30 IPD re promising to reh lower miniml detetionF 1.7 Proposed sensor fsed on this studyD we hve deided to relize urfe lsmon esonne @A intrinsi optil (er sensorF he sensor tkes ene(t from the (er dvntgesD suh s remote sensing nd the possiility of multiEpoints detetionF yn the other hndD the sensor will e expeted to show sensitiveD fst nd reproduile responseF rereD we mke use of the ft tht sensors in generl show high sensitivity even for very thin metl sensing lyersF purthermoreD we use multimode (ers in order to relize roust sensors due to their lrge ore dimeterF sn dditionD the use of multimode (ers is n esy wy to RV 1. Analysis review of optical fiber hydrogen sensors relize nd study the response of sensorsF husD we n investigte the potentil of surfe plsmon for hydrogen sensingF yur work ould then e extended to other strutures suh s single mode (ersD tpered (ersD sideEpolished (ers nd integrted wveguidesF e did not ddress the rossEsensitivity issue sine the rossEsensitivity depends more on the mteril properties thn the optil on(gurtionF pinllyD d will e used s sensing mteril @nd modelA in order to demonstrte the priniple nd the possiilities of optil (er sensors sed on metl hydridesF epproprite mterils ould e pplied in lter stdium in order to overome the sensor rossEsensitivity issueD nd to modify the detetion rnge of optil (er hydrogen sensorsF pinllyD our working hypothesis hoies re X IF ensitivity X development of sensors PF pst nd reproduile X development of optil (er sensors sed on d thin (lmsF QF wultiEpoints sensing X development of n intrinsi optil (er sensorF RF ixtend the dynmi rnge X study of di'erent metl hydrides mterils @ in intrinsi optil (er sensor X possiility to juxtpose di'erent hydrogen sensitive mterils whih results in the detetion of di'erent hydrogen onentrtion rngesAF RW chapter 2

Surface Plasmon sensors -Principle and applications

2.1 Introduction urfe lsmon olriton @A is n eletromgneti wve propgting t the meE tl dieletri interfeD whih is ompnied y olletive oherent osilltion of free eletronsF hese wves re non rditivesF hey were predited y F rF ithie WU in IWSUF owell nd wn demonstrted their existene in eletron energyEloss experiments two yers lter WVF ith re)etion tehniqueD they oserved tht the losses 'eted y surfe phenomen were superior to the mesurement of the hrteristi loss spetrum of eletrons trnsmitted through (lm F sn IWTVD ytto optilly showed the presene of on metl thin (lmF slluminting the metl (lm under ertin onditions uses lrge drop in re)etivity due to the propgtion of t the interfe of the metl thin (lm X the energy of the rdited light is trnsfered to the F roweverD ws oservedD for the (rst timeD y ood WW on metlli grting in IWHPF ood oserved rpid vrition in intensityD resulting in drk or right ndsD in the spetrum of ontinuous light soure given y n optil metlli di'rtion grtingF he vrition ws otined for di'erent onditions of inidene ut ws only present for p polriztionD where the mgneti (eld is prllel to the grting groovesF snexplile in the pstD they will e termed s singulr nomlies nd now lled ood nomlies in the litertureF elthough sientist py onsiderle ttentionD the e'etive role of ws found more thn hlf entury fterwrdD minly sed on the work of yleighD trong nd pnoF urfe lsmon olritons hve plyed key role in the understnding of vrious fundmentl properties suh s the nture of n der ls fores IHHD the lssil imge potentil ting etween point lssil hrge nd metl surfe IHID IHPD the sptil dispersion on eletromgneti surfe modes IHQD surfe energies IHR nd so forthF lsmonis re now of gret interest for nnoEphotonis engineering due to the strong on(nement of the light IHSD IHTF eserhes spred from ixtrordinry yptil rnsmission @iyA IHUD ner (eld mirosopyD super lensingD sensingD metEmterilsD photovoltisD quntum ommunition to nnoEiruitsF sn this thesisD we fous only on the hydrogen sensing pplitionF he potentil of SH 2. Surface Plasmon sensors -Principle and applications in sensing ws lrgely demonstrted these lst yersF his hpter 1 disusses the properties of D whih ount for the developments of urfe lsmon esonne @A sensorsF efter de(ning the plsmoni termsD we (rst demonstrte the existene of the t the metl dieletri interfe from n eletromgneti point of viewF e seond study the dispersion reltion of to emphsize their evnesent ntures @iFeF non rditive wvesA nd their properties of on(nementF ine re non rditiveD we third present the methods to exite nd oserve these wvesF pinllyD we report review of nd (er sensors to show how we n relize suh sensorsF

Denition
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surface charge density surface charge density

Metal Dielectric

Figure PFI ! @A olume plsmon X longitudinl olletive osilltions of the free hrges for slF@Ailetri (eld lines of surfe plsmon mode propgting t the metl dieletri interfeD ompnied with surfe hrge density wveF @A gon(nement of the eletri (eld t the metl dieletri interfe Volume plasmon : e plsmon is olletive osilltion of free eletron gsF he origin of these osilltion n e understood y onsidering metl slF he olletive disE plement of the @freeA ondution eletron loud ompred to the @(xedA positive hrge of the ion ores in the metl sl indues surfe hrge density ±σ t the sl oundries @(gF PFIAF he di'erene in the surfe hrge density etween the two oundries retes homogeneous eletri (eld i inside the metl slF he repulsive fore of the indued eletri (eld initites then the osillting mehnil movement of the free eletronsF o summrizeD the plsmon tkes ples to opposite the internl polrized (eld due to the displement of ll eletronsF he plsm frequeny w p is the nturl frequeny of these osilltionsF hese osilltions re purely longitudinl @ ∇. DaHD with h the eletri displE ement (eldAF sn other wordD the ssoited eletri (eld is in the sme diretion thn the diretion of the olletive osilltions of the free hrgesF Plasmon Polarition : hen the olletive osilltion is indued y photonD the plsmon is lled plsm polritonF Surface plasmon : et the interfe of two mediD the longitudinl olletive osillE tions of free eletrons re of di'erent mtterF gontrry to ulk osilltionsD the osilltions 1. This chapter is based on the references [108,109] 2.3. Dispersion Relation (DR) SI of eletrons indue supplementry trnsverse (eld @ ∇. DaH is no longer stis(ed t the interfeA whih modify the longitudinl (eldF oughly spekingD s previously displeE ment of hrges t the interfe uses the olletive osilltions s depited in (gF PFIF sn dditionD the di'erene of hrge etween the two interfes rete n eletri (eld perE pendiulr to the interfeF he omintion of these two phenomenons @intimtely linked y the wxwell equtionA result in the propgtion of X olletive longitudinl osilltions of free hrges @plsmonA ompnied y trnsverse eletromgneti light propgting t the interfeF hereforeD my e onsidered either s olletive osilltions of eletronsD eletroE mgneti wve or modeD depending on the point of view X solid stte physisD eletrodynE mis or optisD respetivelyF he term lsmon polriton explins this iEhrterF sn the followingD we ll them urfe lsmons @A s it is ommonly done in the litertureF e present here the theory of urfe plsmon from the eletromgneti point of view to (nd out the ondition of suh osilltionsF

Dispersion Relation (DR)

is solution of wxwell9s eqution in the sene of externl (eldF o determine the dispersion reltion of D iFeF the reltion etween the frequeny w nd nd the wvevetor of k SP D we solve the mxwell eqution t the interfe of two medi X medium I @ 1 A nd medium P @ 2 AF feuse of the longitudinl nture of the olletive osilltionsD we restrit ourselves to the rnsverse wgneti @wA polriztion @E x , E z nd H y D E y aHA D soElled polriztion pF sn ftD the rnsverse iletri @iA (elds @E x , E y nd H z D E z aHAD soElled polriztion sD re purely trnsverse (elds sine ∇. DaH t the oundryF e onsider two semiEin(nite mediF e ssume tht the medium is isotropi nd lolD wht llow to introdue dieletri permittivity (w)F e ssume one dimensionl prolemD iFeF therere no sptil vritions in the yEdiretionF he wvetor of the is omposed of x nd z omponents X k SP = k SP

x + k SP z F he eletri (eld E SP n e writtenD with grtesin oordintesD s X

E SP (x, y, z, t) = E 0 e -j(wt-k sp x x-k sp z z) @PFIA
he term e -jwt desries the time dependeneF e look for solution propgting long the x xis nd on(ned t the interfeF husD the solution oeys relmöltz eqution in oth medi X

∇ 2 E i + µ i i w 2 c 2 E i = 0 @PFPA
with X iaID PF fy repling E i y its expression @eqF PFIA D we otin X

z < 0; E x,1 = E 0 e j(k sp x x+k SP z,1 z) E z,1 = - k 0 E 0 k sp z,1 e j(k sp x x+k sp z,1 z) z > 0; E x,1 = E 0 e j(k sp x x-k SP z,d z) E z,2 = k 0 E 0 k z,2 e j(k sp x x-k sp z,2 z) SP 2.
Surface Plasmon sensors -Principle and applications with k z,i the omponent of the wvetor in the z diretion in the medium i @iaI or PAF xote tht the omponent of the wvetor in the x diretion in the oth medi re equl due to ontinuity of the phse veloity X k sp x,1 = k sp x,2 F prom the ontinuity ondition t the interfe of the eletri (eldD we otin so X

1 k z,2 + 2 k z,1 = 0 @PFQA
iqF PFQ is the dispersion reltion of F essuming non mgneti mterilD it is only ful(lled t the interfes etween mterils with opposite signs of the rel prt of their dieletri permittivitiesF sn onlusionD propgte only t metl dieletri interfeD iFeF 1 = m @metlA nd 2 = d @dieletriAD nd n only exist for polriztion pF 2 purthermoreD we hve X

( m w c =) k SP m = k SP x + k SP z,m ( d w c =) k SP d = k SP x + k SP z,d @PFRA
gomining iqF PFR nd PFQ the omponent of the wvetor in the xEdiretion is X

k SP x = k 0 d m d + m @PFSA

Non-lossy metal

o disuss the properties of D we useD s (rst pproximtionD the hrude model @metl desried y free eletron gsA to desrie the permittivity dieletriF e ssume non lossy metlD iFe the relxtion time is identilly zeroF husD the metl dieletri funtion is written s X

m (w) = 1 - w 2 p w(w + j * w τ ) = m (w) = 1 - w 2 p w 2 @PFTA
with w p the @volumiA plsmon frequenyF epling iqF PFT in iqF PFSD we otin the propgtion onstnt X

k sp x = n 1 w c w 2 -w 2 p (1 + 1 )w 2 -w 2 p @PFUA
essuming ir the dieletri mediumD (gF PFP drws the h of propgting t the metl ir surfeF prom iqF PFU two rnhes @lue nd redA re otinedF he drk line represents the light line k = w/cF he left of the light line represents the rdited modesF 3 IF he (rst rnh @lueA is for frequenies lrger thn X w p F st represents the solution of the eqution m k z,dd k z,m = 0D known s the frewster ngleF his rnh is not surfe wveF he light rdites into the solid nd propgtes with phse veloity lrger thn F he metl dieletri onstnt is seen s dieletri from the optil point of view X the frequeny is ove the plsm frequeny @ m positive nd rel numerAF 2. For polarization s, the dispersion relation, µ1kz,2 = -µ2kz,1 (µ denes the permeability), is only fullled if µ1/µ2 = 0 since Re(k1), Re(k2) > 0 (required by the connement to the surface) 3. The dispersion relation of a plane wave e k. r in a homogeneous medium with 0 is dened by 0k 2

0 = k 2 x + k 2 y + k 2
z , where k0 = w/c is the wavevector in the free space. All wavevector components ki of the plane waves are smaller than k0.

Dispersion Relation (DR)

SQ PF he seond rnhes @redA is the dispersion reltion of F hve longer wveveE tor thn the light in the djent medium X its dispersion urve is lied to the right of the light lineF husD re non rditives nd nnot e oupled to rditive lightF peil phseEmthing tehniques suh s grtingsD prismsD re required to exite s we will see in setion PFSF he on(nement of the (eld t the surfe in the z diretion is relted to k x @pure rel nd positiveA through eqF PFRF gonsequentlyD k z,i @iametl or dieletri mediA is pure imginryF he plsmon (eld is evnesent in the sense tht the (eld is ound t the interfeF he (eld hs its mximum t the interfe nd deys exponentilly into oth mediD s it is shown in (gF PFIF he eletri (eld from eqF PFI n e written s X

E SP = E 0 e -j(wt-k sp x x) e -k sp z,i z @PFVA
he (rst term show the propgtion of the wve in the xEdiretionD while the seond term leds to the on(nement of the (eldF pinllyD the h shows n symptote for frequeny w p / √ 1 + dielectric F et the freE queny pprohing w SP D the mode quires n eletrostti hrter euse the group veloity tends to HF por smll wvevetors @orresponding to low frequenE ies XmidEinfrred or lowerAD propgtion onstnts re lose to the light lineD iFe k 0 F sn this regimeD re known s ommerfeldEennek wvesF QF fetween oth rnhesD we oserve gp where the wve does not propgte sine k x is purely imginry in the sene of losses @lk dsh lineAF husD do not propgteF the ohmi dissiptions uses the dey of with hrteristi propgtion length vF pigure PFQ showsD in this seD (nite vlue for the lrgest wve vetor t the surfe plsmon frequeny limiting thus the on(nement of the (eldF he eletri (eld of n e written s X E SP = E 0 e -j(wt-k sp x x) e -Im(kx) x e -k sp z,i z @PFWA sn onsluionD propgte long the xEdiretion @(rst termAD with ttenution @seond termsADwhile the (eld is ound to the interfe @third termAF 2.4 Connement of the SP eld he omponent k SP z,i @pure imginryA de(nes the on(nement of the t the metl dieletri interfe @iamD dAF he (eld mplitude dereses exponentilly in the oth medi s e -k SP z,i z F he sptil ttenution Z i de(nes the intensity derese to IGe nd

Z i = 1 k SP z,i F essuming rel w nd d tht m,i < m,r D we otined X k SP m,z = k 0 2 m,r d + m,r k SP d,z = k 0 2 d,r d + m,r @PFIHA
por n exmpleD the sptil ttenution of propgting t the silver vuum interE fe is respetively out QUH nm nd PQ nm in the vuum nd silverD t wvelength of THH nmF he ttenution is muh lrger in the metl thn in the dieletriF he properties of on(nement ount for the use of in X ! smging pplitions X euse of the (eld on(nementD the resolution is elow the di'rtion limit of hlf the wvelength in the dieletri for frequeny lose to w sp F 2.5. Distance of propagation of the SP field SS ! ensing pplition X hue to the on(nement of the light t the metl dieletri interfe in thikness of suEwvelengthD re sensitive to ny perturtion t the surfeF 2.5 Distance of propagation of the SP eld he imginry prt of the propgtive onstnt k SP x de(nes the energy losses tht ome from the sorption in the metlF he intensity of propgting long the x xis on smooth surfe dereses exponentilly s e -2.Im(kx) SP x F here is no dissiption in the norml diretion sine the (eld is evnesent in this diretionF he length v fter whih the intensity dereses to IGe is given y X

L = 1 2.Im(k x ) SP @PFIIA
es n order of mgnitudeD the length of the propgting t silver ir interfe is typilly IT µm @zaIVH nmA nd IHVH µm @zaPFT µmAD t wvelength of RSH nm nd ISHH nmD respetivelyF he etter the on(nement isD the lower is the propgtion lengthF 2.6 Excitation of Surface Plasmon 2.6.1 Optical excitation prom the dispersion reltion of D we hve previously seen tht nnot e diretly oupled y rdited plne wvesF et given photon energy wD ertin momentum ∆k x hs to e dded to the inident light with the wvevetor k 0 = w/cD in order to mth the oth wvevetors @(gF PFSA X

k SP x = k 0 + ∆k x @PFIPA
in the sense tht the oth phses veloities mth t the interfeF here re two min tehniques to overome the wvevetor mismth nd ouple light into modes on metl surfeF IF he (rst tehniqueD demonstrted y ytto nd uretshmnD is sed on ettenuted otl e)etion @eA t the interfe of prismF PF he seond tehnique is sed on periodi orrugtionF st hs to e relted to ood9s experimentF everl other tehniques n e found in the literture suh s (er ouplingD ner (eld proeD ojetive with lrge xumeril eperture @xeAD integrted wveguidesD ut they n e onsidered s prtiulr ses of the ove tehniquesF 2.6.1.1 Prism coupling ytto demonstrted tht the evnesent wve from the totl re)etion of the light t the qurtz @ d A ir @ 0 A interfe n e oupled to when metl lyer @ m A is lose to the interfeD t distne of out λD s depited in (gF PFRF he propgtion onstnt of the evnesent wvevetor inreses ompred to the inident lightF pigure PFS shows tht the h of the evnesent wvevetor n ross the dispersion reltion urves of t the metl ir interfeF et the rossEpointD the phse veloity of the nd the evnesent 

k 0,x = k x,EW = 1 w c sin θ 0 = k sp x @PFIQA
es resultD for ll frequenies w nd inidene ngle θ 0 stisfying PFIQD propgtes t the metl dieletri interfeF uretshmnnEether demonstrted the existene of t the metl ir interfeD when thin metl (lm is deposited on the prism @(gF PFRAF sn the sme wyD the eletromgneti (eld dereses exponentilly in the (lm nd ouples to t the metl ir interfe when the wvevetor of the evnesent wve mthes with the wvetor of the F pigure PFS shows the h of for qurtzGmetlGir in the uretshmnn systemF st is interesting to note tht the t the metlGqurtz interfe nnot e exitedD sine their h is lied 2.6. Excitation of Surface Plasmon SU to the right of c/ √ F prom presnel9s equtionsD we n lulte the re)eted light s funtion of the inidene ngle t give λ X 4

R pol.p = E p r E p 0 2 (= d .k m -m .k d d .k m + m .k d
) at metal -dielectric interf ace @PFIRA pigure PFT depits the re)etne s funtion of the inident ngle t given wE velength for three lyer system @qurtzGilverGirAF hese urves will e lled urfe lsmon esonne @A urves in the following of this thesisF he re)etivity drops when the resonne ondition is mthedF he energy of the light is trnsfered to the insted of eing re)eted y the metlF pigure PFT illustrtes the energy trnsfer of the lightF he intensity of the eletri (eld prllel to the interfe is plotted for two ngles X t the resonne @red lineA nd t the totl re)etion ondition @lue lineAF he resonne exittion of the is proportionl to the exiting (eld strength nd the totl dmping rte IHVF sn the sense tht the lost energy is due to the inherent sorption inside the metlD ut lso due to lekge of rditions into the prism @the propgtion onstnts lie within the prism light oneAF qenerlly spekingD the interferene of the exittion with the rditive losses result in the drop of the re)etivityF he evnesent wves from the totl re)etion indue exittions t the metlGir interfeF hese exittions rdite light k into the metl (lm nd interfere with the inoming evnesent wvesF hen the two wves set interfere destrutively sine they re in nti phseF fy hnging the metl thiknessD the interferene re ltered nd therefore the urve is lteredF pigure PFT demonstrtes the e'et of vrition of the metl thikness t onstnt vlue λ on the positionD shpe nd height of the e minimumF sf the thikness inresesD the k sttered (eld disppersF hile deresing the thiknessD the kEsttered (eld inreses nd strt interfering destrutively with the inoming wveF ith given thiknessD the interferene is mximlF st n e shown tht this resonne is mximl if the dmping due to lekge rdition is equl to the dmping due to sorption @ritil ouplingAF he dmping due to sorption de(nes the imginry prt of the propgtion onstnts for single lyer system metlGdieletriF st is importnt to note tht the propgtion onstnt k SP,system x for the system preE sented ove re di'erent tht the expression estlished in setion PFQ @eqF PFSAF gontrry to two semiEin(nite mediD the lyers hve (nite thikness in the prismF he propgtive onstnt n eD nowD written s sum of perturtion to the propgtive onstntD

k SP,0 x D determined in eqF PFS X k SP,system x = ∆k x + k SP,0 x @PFISA he propgtion onstnt X k SP,system
x n e nlytilly or numerilly determiE ned IHVF he study of wveguide plsmonis onsists essentilly of lulting nd tuning this propgtion onstntF por sensing pplitionD we will fous on the shpe of the urvesF e re interested in the hnge of the re)etive light when the interfe onditions re lteredD s desried in setion PFUF roweverD oth studies give the sme informtion ut from di'erent point of viewsF he position nd the width of the pek de(ne respetively the rel nd the imginry prt of the propgtionD respetivelyF 4. The dispersion relation can be obtained from Eq. 2.14 by looking for the poles of the reection factor. n lso e exited on (lms in res with rndom surfe roughnessD or mnuftured lolized stterersF he wvevetor of the rditive light mthes the propgtion onstnt of due to the dd momentum omponents ∆k x provided vi sttering X k SP,system x = k 0 sin(θ) ∓ ∆k x @PFITA st results tht rndom surfe roughness onstitutes n dditionl loss hnnel for propgtion vi oupling to rditionF sn the se of metlli grtingD the mth ondition is given y X

k sp x = k 0 sin(θ) + kG x + lG y @PFIUA
where kD l re the integer pir of indiesD nd G x nd G y re the frgg vetorsF por Ih metlli grting G x = 2π/a 0 nd G y = 0D where the grting pith a 0 de(nes the size of the (rst frillouin zoneF he propgtion onstnt of for suh system n e lulted y igorous gouple ve elgorithm @geAD or pinite hi'erene ime homin @phhAF 2.6.2 Electron beam elthough in this thesis we put our ttention on optil oupling in pplitionsD we mention tht n lso e exited from n eletron em from the energy loss of the sttered eletronsF por di'erent ngles of inidenesD sttered eletrons trnsfer di'erent moment k x D with k x the projetion of the momentum of the eletrons upon the surfe of the (lmF e trnsfer of energy from eletron to ours when the momentum mthes with the propgtion onstnt of the F oughly spekingD the eletron em retes lol hrges nd eletri (elds on the metl surfeF hese ghrges nd (elds generte then new hrges nd eletri (eldsD nd so onF es resultD propgte on oth sides of the eletron em Transducing medium trnsforms the hnge in the quntity of interest into n optiE l hngeF por exmpleD the trnsduing medium onsists of immoilizing moleules onto metl lyer y solEgel proess for iologil sensingD s shemtilly depited in (gF PFUF he refrtive index of the tive lyer is de(ned y n d F es the moleules of interest intert with the polymerD new ounds re formed resulting in hnge of the refrtive index of the medium @n d + δdAF e hnge in the refrtive index of the tive lyer produes hnge in the propgtion onstnt of the @k SP

x AF sn prtiulrD the modi(tion of the rel prt of k SP

x results in shifting the pekD while the width of the pek is ltered y the imginry prt of k SP x F he detetor mesures one hnge of the resonnt prmeter from the re)eted light intensity @snset (gF PFUAF husD the detetor mesures either X ! the intensity of the re)eted light ner the resonneD ! the resonnt ngleD ! the resonnt wvelengthD ! or the polriztion nd phse of the re)eted light ner the resonneF TH 2. Surface Plasmon sensors -Principle and applications 2.7.2 SPR development :

viederg et lF IIH demonstrted in IWVP the (rst ioEsensing nd gs detetion pplitionsF prom thenD sensor re well known nd minly developed for iologil pplitionsF ioEsensors hve een produed y fioreD xomdisD eihert sine IWWH IIIF sensors re now widely reognized s tool for studying the reeptorE ligndD ntigenEntiody intertionsD imging mesurement of hxe IIPD the protein expression t ell surfe IIQ nd for monitoring in rel time moleulr intertions IIRF sensors hve een lso used in vriety of metrology pplitions suh s hemil sensors in liquid IIS nd gs mesurements IIH or for thin (lm hrteriztions IITF eviews of sensors n e found in referenes IIUD IIVD IIWF he performne of sensors re determined y @iA the sensitivityD @iiA the ignl xoise tio @xA 8 the resolution nd @iiiA the operting rngeF iA he sensitivity of the sensor de(nes the derivtive of the monitored prmeE ters @eFg θ, λ, . . . A with respet to the quntities to e mesured @index of refrtionD thiknessD the onentrtion nd et. . . AF por exmpleD the sensitivity is written s X S = ∂λres ∂ns D for sed on shift of the resonne wvelength s funtion of the refrtive index n s of the sensing lyer hngesF iiA he sensor resolution de(nes the minimum mesurle hnge in the quntity to e determinedF st depends upon the ury @spetrl resolution for wvelength mesurementD for instneA nd the dynmi rnge of the detetorF he sensor reE solution is lso linked to the SNRF sn the litertureD x nd resolution my e onfusedFhe x is hrterized y the pull idth t rlf wximun @prwA of the pekF iiiA he operating range depends on the detetor nd the proe used @eFg θ, λ, . . . AF he trnsduing lyer lso ontriutes to de(ne the dynmi rngeF e high sensitivity is expeted when the (eld is strongly lolized in the sensing mediumD while high resolution is otined for nrrow nd deep resonne urveF yviouslyD oth re intimtely reltedF e higher loliztion of the eletromgneti (eld in the dieletri medium thn in the metl medium inreses the length of the propgtion results @less ohmi lossesAD whih results in nrrow resonneF o design sensorD it is neessry to optimize the dispersion reltion of for the onsidered pplitionF he dispersion reltion of is tilored y the plsmoni multilyer @ mteril 8 thiknessA nd the surE rounding environment @round the metl dieletri interfeAF Choice of the Metal layer : he response urves of sensor re very sensitive to the metl used nd the thikness of the metl lyerD s previously desried nd shown in (g PFT nd on the metl usedF he resonne is determined y the dieletri permittivity of the metlF xrrow resonne is otined for smll dmpingD iFeF if r >> 1 nd r >> i F es resultD the shrpest pek is otined for the metl whose its dieletri onstnts hve the highest vlue of the rtio r / i F sn ftD silver shows nrrower resoE nne thn goldF yn the other hnd gold is preferly used s hemilly stle element in order to overome the silver oxidtionF eentlyD sed on iEmetlli lyer hs een proposed to tke dvntge of the properties of oth metls IPHF yther mterils suh s luminum nd opper hve een studied in the literture IPID providing di'erent dyE nmil rngesF por exmpleD luminum shows resonne t lrger wvevetors @though 2.7. Surface Plasmon application in sensing TI the sensitivity is lowerAF pinllyD the hoie of the metl lyer depends on the pplitionF Engineering the transducing medium : ingineering the plsmoni multilyer tunes the propgtion onstnt of the F xumerous on(gurtions hve een studied to enhne the performne of sensorsD nd to develop then the sensor for multiple sensing pE plitionsF por exmpleD we present here four designsF IF qres et lF IPP (rst proposed fourElyer struture to enhne the dynmi rngeFhe multilyer onsisted of prismD gold lyerD n over lyer of mgnesium )uoride nd the dieletri medium to e mesured @eFgF iologil ell mediumAF fy designing the thikness of eh lyerD the resonne is tunedF woreoverD they showed tht the multilyer struture n inrese the toughness s well s the heE mil stility of the sensorD voiding for instne the oxidtion of silverF pollowing this workD vvers et lF IPQ demonstrted tht n inserted single low index u'er lyer @wgnesium )uorideA underneth the metl tunes the dispersion reltion of D iFeF the resonnt wvelengthF fy hoosing resonnt wvelength where the optil properties of the metl lyer re optimum @eFgF in the region where the ohmi losses re reduedAD the performne of the sensor re improvedF PF rid et lF IPR showed tht the propgtion length of inreses y emedding the thin metl lyer etween two dieletri mediD whih hve their refrtive index lmost equlF he symmetryGgeometry of the struture hnges the eletromgneti (elds distriutionF he eletromgneti (elds re mostly ontined in the region outside of the metlF hue to the derese of intrinsi lossesD the propgtion length of the inreses signi(ntlyF hey re lled vong nge @vAF he origin of v is explined y the oupling of two F hen dieletri is introdued etween prism nd metlD (gF PFVD two my propgte X one t the dieletri metl interfe nd nother one t the metl sensing lyer interfeF hepending on the thikness of the intermedite lyerD oth n ouple with eh otherF he oupling is mximl when the refrtive index of the dieletri nd the sensing lyer re lmost the sme X in this seD they hve the sme propgtion onstntF eove ertin thiknessD the two do not overlpF he two re degenerted s the metl (lm deresesF e trnsverse stnding wve is then estlishedF he degenerte modes split into symmetri nd ntiEsymmetri modes @depending on the thikness of the metl nd dieletri lyersAF pinllyD the enhnement of the (eld on(nement in the surrounding lyer result in nrrowing the pek for sensors sed on prismD for instneF xeverthelessD the use of v strutures for sensing in liquid nd gseous environments is not onvenientD due to the requirement to mth the ss on oth sides of the metl (lmF QF uonopsky et lF showed tht this refrtive indexEmthing requirement my e irE umvented y using one dimensionl @IhA photoni rystl @gA s sustrte for the metl (lm IPSF he Ih g is simple periodi multilyer stkF uh Ih g n exhiit photoni ndgps where the propgtion of optil eletromgneti wves is foriddenF fy hnging the ndgp prmeters @eFgF y modifying the thiE knesses of the lternting lyers in the stkAD the v propgtion n e exited t the metl interfeD ordering n externl medium with ny refrtive indexF purE thermoreD with this struture the v my our for poor plsmoni metl suh s lldiumD s depited in (gF PFVF Choice of the coupling structure : he oupling struture plys role on the performne of sensorsF rism on(gurtions shows usully higher sensitivity @ sensitivity of refrtive index unit @sA of 10 -7D 10 -6A thn grting on(gurtions @s of 10 -6AF wore detils n e found in the referene IPUF SPR limitations X es the detetion is sed on the hnges of the refrtive index in the viinity of the surfeD the ury of the sensor my e dependent on the exterior prmeters suh s the hemil rossEsensitivityD the humidityD the temperture nd so onF fesidesD under repeted mesurementsD the sensor my need to e lirtedF por some pplitionsD it my e di0ult to use it out of the lortory onditionsF everl solutions hve een proposed to overome these limittionsF es exmplesD multihnnel deteE tion IPVD IPW or selfEreferening pper suitle IQHF sn onlusionD sensors generlly employD nowD more lyers thn the onventionl metlGsensing medium systemF wultilyer systems give more degrees of freedom in the design of sensorsD whih llows to ontrol the pek width nd the (eld peneE trtion depth @ iFeF to optimize the sensitivity of the sensorsAD or even to oupled di'erent with di'erent penetrtion depthsF xowdysD the hllenge is to ontinue improving the sensitivity nd the x 8 the resolution of sensorsD ut lso to propose new miniturized deviesD develop new sensors for deteting new hemil speies in di'erent pplitionsF sn dditionD the sensors hve lso to e roust nd mss produile in order to use them in industryF 2.7.3 Fiber surface Plasmon resonance sensor sn this frmeD optil (ers o'er the dvntge of getting ompt sensing devies esily integrleD whih tke dvntge of optil (er propertiesD suh s the dimensionD the pility for remote sensingD multiEhnnel nlysisD the low ost nd so forth IQIF TQ torgenson proposed in IWWQ the (rst multimode optil (erF he sensor onsisted of SS nm thik silver lyer deposited onto the ore of n optil (erF e polyhromti light soure is oupled to the optil (er @for rnge of inidene de(ned y the (er xeAF hen the resonne ondition of the is ful(lledD the trnsmitted intensity t the output of the optil (er deresesF he resonne ondition ours when the evnesent wveD generted from the re)etion of the guided light t the optil (er ore silver interfeD mthes with the propgtion onstnt of the F husD the trnsmitted light drops t resonnt wvelengthF he trnsmitted light shows pek whih is funtion of the refrtive index of the dieletriD (gF PFWF he priniple is sed on the sme mehnism thn the uretshmnn9s strutureF he propgted light is oupled to y the evnesent (eld from the totl internl re)eE tions @sA of the propgted lightD s depited in (gF PFWF he sili ore of the optil (er reples the prismF es previouslyD the is exited when the resonne ondition mthesD iFeF when the propgtion onstnt of the guided modes mthes to the propE gtion onstnt of the F sn omprison with prismsD there re multiple re)etionsF he resonne hnge is mpli(edF sn returnD the width of the pek inresesF woreoverD e mjor di'erene is tht the resonne represents n umulted spetrum for the entire rnge of propgting nglesD sine ll re exitedF nlike the prism sensorD the ngle of inident light nnot e ontrolledF his summtion of resonne results in rodening the resonne urveF gonsequentlyD the sensitivity nd the x dereseF (er sensors sed on intensity mesurement for seletive mode hve een desried in the litertureF rowever the sensing method for optil (ers is generlly sed on the modultion of the resonnt wvelengthD euse the wvelength intensity distriution is preserved in n optil (erF sn ontrst the ngulr intensity distriution of light through the (er su'er from modes mixing s result of the inherent ending in prtil sensing pplitionsF woreover pinllyD the length of the trnsduer (lmD the optil (er ore dimeter @oth de(ne the numer of re)etionsAD nd the xe @ de(nes the light ngle eptne limitA 'et the urvesF fy simulting the sensorD s desried in setion QFPD we n optimize eh of these prmetersF eserhes on (er sensors hve een foused on improving the sensitivityD the x 8 the resolutionD s well s on mnufteF iloring the plsmon mode y engineering multilyer strutures is route to hieve the est sensitivityD nd the est dynmi rnge for the (er sensorsF his optimiztion is notwithstnding limited y the xe of the optil (erF rllel to the study of the trnsduer lyerD severl (er strutures hve een proposed to improve performne nd mnufturingF es exmplesD we present elow non exhustive list of these oneptsF eent reviews of these (ers n e found in IPUD IQPD IQQ for further informtionF ! ingle wode piers @wpA nrrow the pek X only one or few modes of the optil (er n ouple to the F wp sensors re onsidered to e more sensitiveD more urte nd show less noise in omprison to those for multimode (ers IPUF roweverD the operting rnge is limitedF ! pered (ers IQRD IQS inrese the penetrtion depth of the evnesent (eldsF fesidesD the length of the sensing re n e deresedF e smll length of the sensing re improves the resolutionF hile long length of the sensing re results in deeper nd wider resonne due to the sorption of the propgting light into the metlF sn dditionD wonzonErermndez et lF IQT showed tht n symmetri Figure PFW ! @A e typil multimode Esed (er opti sensorF @A he urve orresponding to the trnsmitted light t the output of the (erD where SS nm silver (lm ws deposited symmetrilly onto the (er oreD fter removing the lddingF IQIF he pek shifts s funtion of the refrtive index of the liquid solution surrounding the (erF metl oting on uniform wist w tpered (er exhiits multiple resonne peksF he presene of multiple peks is due to the vritions of the thikness of the metl (lmF ine the pek ours t di'erent onditionD the dynmi rnge of sensor is therefore enhnedF ! es for unldding wp nd tpered (erD sideEpolished (ers IQUD IQV enhne the intertion etween guided light nd sensing lyerF hey overome the frition of homogeneous oting nd llow to relize roust (er sensorF ! reterostrutureD onsisting of two optil (ers onneted with di'erent ore diE metersD prone to inrese the evnesent light in the ldding lyerF his struture enhnes the rte of the evnesent (eld in omprison with the guided (eldF he oupling of the evnesent light to is then more e0ientF fesidesD this on(guE rtion is roust s for side polished (erD in ontrst to wp where removing the ldding wekens strongly the (erF ! por wpD only prt of the guided mode @the evnesent oneA is oupled to the F o improve this ouplingD xemov et lF proposed to ouple the energy of the guided mode to y uing grtings suh s pfqD vq nd titled grting IQWF ! por optil (er miroEmirror sensorsD the resonne ondition hs to e stis(ed when the metl thin (lm is illuminted with norml inideneF ht9s whyD the 

Conclusion

sn onlusionD urfe lsmon esonne sensors show high sensitivity to ny ounE dry hnges due to the high on(nement of the surfe plsmon (eld t the interfeF nd optil (er sensors re well hrterizedF sn order to relize nd optimize n optil (er sensorD we hve to X IF hoose the oupling struture @iFeF the optil (er on(gurtionAD PF optimize the dispersion reltion of F he hoie of the mterils nd the thikness of the lyers hrterize the propgtion onstnt of F sn dditionD multilyer systems my e used @iA to improve the operting rnge of the sensorD @iiA to optimize the loliztion of the eletromgneti (eld in the sensing medium @iFeF the sensitivity of the sensorA nd @iiA (nlly to improve the propgtion length of the @iFeF the sensitivity nd the x 8 the resolution of the sensorAF 

Model and Simulations

e simulte the multimode (er sensor in plnr pprohF st is well known tht geometri optis pproh n e used for multimode (ersF sn the ry opti pprohD light is represented s distint ry whih is re)eted t the oundry etween the ore nd the ldding of the optil (erF o tke into ount the power loss in the soring @sensingA lddingD we tret the ry lolly s plne wve t the re)etion points IRIF e n onsider seprtely the rnsversl iletri @iA nd rnsversl wgneti @wA polriztions IQID @lled lso s nd p polriztionAF pinllyD the trnsmitted intensity 

Matrix method

e onsider multilyer struture of isotropi lyered medi nd ssume the medium is homogeneous in the z diretionF he multilyer is desried y X

n(x) =              n 0 , x < x 0 n 1 , x 0 < x < x 1 F F F n N , x N -1 < x < x N n s , x N < x @QFIA
where n i is the refrtive index of the ith lyerD x i is the position of the interfe etween the ith lyer nd the @iCIAth lyerD n s is the refrtion index of the sustrteD nd n 0 is the refrtion index of the inident mediumF he lyer thikness d i is de(ned s X d i =

x i -x i-1 , ∀i > 1F e look for n eletri (eld plneEwve solution of the wve equtionD propgting in the xz plneF e ssume tht the eletri (eld is either s or p wve F hue to the symmetry of the prolemD the eletri (eld hs the form X E = E(x)e -j(wt-βz) @QFPA where β is the z omponent of the wve vetor nd w is the ngulr frequenyF he eletri (eld in eh lyer onsists of rightEtrveling wve nd leftEtrveling wveF he eletri (eld distriution is written s X

E(x) =    A 0 e -jk 0x (x-x 0 ) + B 0 e jk 0x (x-x 0 ) x < x 0 A i e -jk 0x (x-x i ) + B i e jk ix (x-x i ) x i-1 < x < x i A s e -jksx(x-x N ) + B s e jksx(x-x N ) x N < x @QFQA
where A i nd B i represent the mplitude of the right nd left trveling plne wves t interfe x = x i nd k ix is the x omponent of the wve vetors X

k ix = (n i w c ) 2 -β 2 = n i w c cos θ i @QFRA

Model and Simulations

TW prom the ontinuity reltion nd the deomposition of the (eldD we n write X

D l A l B l = D l+1 A l+1 B l+1 , A l+1 B l+1 = P 2 A l+1 B l+1
, laHD ID FFFD x xCI represents s @QFSA where D i nd P i de(ne respetively the ontinuity reltion nd the trvel mtrixF hey re given y X

D i =        1 1 n i cos θ i -n i cos θ i
, for s wve

cos θ i cos θ i n i -n i
, for p wve @QFTA P i = e jk ix dx 0 0 e -jk ix dx @QFUA e (nlly otined y reurrene X

A 0 B 0 = M A s B s , @QFVA with w given y X M 11 M 12 M 21 M 22 = D -1 0 N l=1 D i P i D -1 i D s @QFWA he re)etivity is given y X R = M 21 M 11 @QFIHA

Transmitted power

pinllyD ssuming no losses in the ore of the optil (erD the totl trnsmitted power I out D t given wvelength λD is de(ned s X

I out,λ = 1/2( 90 θc |r p (θ)| 2N I 0,λ (θ in )dθ + 90 θc |r s (θ)| 2N I 0,λ (θ in ))dθ @QFIIA with X N = L/(D × tanθ) , nd θ = π 2 -arcsin( n 0 n core sin α) @QFIPA
where vD h nd x re respetively the length of the sensitive reD the (er dimeter nd the numer of re)etions long the sensitive reD while r s D r p re respetively the re)etion oe0ient for polriztion w nd iD respetivelyF α is the injetion ngleF θ de(nes the ngle etween the norml of the re)etion interfe nd the diretion of the inident lightF θ c is the ritil ngleF I 0 de(nes the ngulr intensity distriution orresE ponding to the light soure usedF he intensity distriution is ssumed to e uniformD simulting long optil (er lengthF he input power distriution long the multimode (er length is ltered due to inherent (er impurities nd inhomogeneities @suh s mirosopi endsD irregulrity of UH 3. Methods and material the oreEldding oundryD nd refrtive index distriution )ututionsA IRQF por opE til (er length longer thn the oupling length L c @L c ∼ = 1/α core D with α core the ulk sorption oe0ientAD the energy of the exited modes is redistriuted mong ll the modes of the optil (erF L c is typilly of the order of few metersF purthermore the i nd w polrized light re ssumed to e eqully distriutedF ynly meridin rys re onsidered IQIF he model does not tke into ount sttering from possile roughness of the lyer nd the optil (er is supposed to e idelF he normlized intensity is de(ned s X I out,λ / Figure QFR ! he jket is removed y @A torh )me nd @A mehnil stripperF efter ething the optil lddingD the jket is removed either y mehnil strippingD or )meEsed tehniquesF he mehnil stripping method onsists of utting into the jket with dimond tip to frture itD nd then trnslting the tip long the (er to tke out the jket from the (erF his tehnique is inexpensiveD fst nd y fr the most ommonly employed methods to strip the soft jketD while the urning method hs high risk of (er rekge due to emrittlementF por the )meEsed methodD the jket nd the ldding re oth removedF sn ontrst mehnil strippers remove the tight u'er without dmging the underlying rylte otingD s depited in (g QFRF he length of the sensing re in)uenes the sensor responseD s desried in hpter RF por oth tehniquesD it is very di0ult to e'etively remove n urte length of the jketD espeilly for lengths shorter thn I mF xote tht it is llowed to mehnilly strip lrger length of the jket sine the polymer ldding mintin the )exiility nd the roustness of the optil (erF henD the sensing re is otined y removing prt of the optil ldding over desired length @eFgF y dding proteting sleeve s explined in the )me sed tehniqueAF 3.3.1.2 Coating/Cladding removal he ldding is removed y thermoEmehnilD hemil or vporiztion tehniques @whih inlude lserE nd )meEsed tehniquesAF he stripping proess n redue the (er9s mehnil strength nd longEterm reliilityD y degrding the pristine glss surE fe IRSF e only investigte here the surfe of the (er oreF smproper removl of the ldding results in derese of the reproduiility of the performne of the sensorF UP 3. Methods and material Mechanical stripping X he polymer lyer is undmged fter removing the jket y mehnil strippingF roweverD inresing the stress or using mnully rzor lde D my peel o' the polymer lyerF prom our experimentl resultsD it ppers tht the most prt of the polymer is removedD ut thin (lm often reminsF st is lso di0ult to know if ll the polymer is goneF his tehnique is rther suited to optil (er mde of dul rylte otingF he optil (er hs softer inner lyerD whih is more esily seprted from the glss surfe y mehnil strippingF por the type of optil (ers tht we onsideredD thermoEmehnil stripping ould e onvenientF st onsists of heting nd stripping t the sme timeF hermoEmehnil stripE ping ppers to e good hoie when the optil (er hs only one rylte lyer IRSFhe thermoEmehnil stripper ould e used to simultneously remove the tight u'er nd the hrd polymer otingGlddingF nfortuntelyD we did not hve ess to this equipment for our experimentsF he lst option is to omine mehnil nd hemil stripping tehniquesF st onsists of wekening the optil (er oting y immersing the optil (er in solvent suh s methylene hlorideF he mehnil stripping is therefore filitted euse of the soften nd swelling of the otingF his tehnique did not give stisfying reproduile resultsF e note tht thin prt of the polymer my sometimes e left on the optil (er oreF chemical stripping X his tehnique is ttrtive sine it does not require mehnil fores tht my use defets on the (er surfeF ine the strength nd lifetime of the (er re well preserved IRTD it is often used to remove the protetive polymer oting for the pplitions suh s (er frgg grtingsD optil (er ouplersD pplying onnetors nd for spliing nd levingF he method onsists of using solvent whih ethes the polymer otingGlddingF sn this thesisD we hve tried etoneD hynsolve IHH @mnuftured y hynloyD snFA nd methylene hloride @ or lled dihloromethneAF pigure QFQFIFP shows respetively the surfe of the optil (er ore otined with these solventsF he optil (ers were imE mersed few hours in hynsolve IHH s reommended y the mnufturerF por proedure with methylene hloride nd etoneD the optil (ers re immersed in n ultrsoni th to elerte residues removlF ell of these Q solvents re le to eth the polymer lddingF he polymer peels o'D ut it my remin on the surfe of the (er oreD @(gF QFQFIFPAF wethylene hloride is the most e0ient method X net seprtion etween the ore nd the ldding is oservedD @(gF QFQFIFPd nd iAF sn order to remove ll remining polymerD we n wipe the surfe of the optil ore (er with lint free tissueD (gF QFQFIFPeF o void ny ontt we immerse the optil (er into seond ultrsoni th of etoneF e found tht the omintion of methylene hloride with etone llows ompleting removl of the ldding s shown in (gF QFQFIFPfEhF roweverD we note tht it is di0ult to ontrol the surfe s seen in (gF QFQFIFPg nd jD where some polymer my e left on the optil (er oreF sn dditionD we do not ontrol the lddingEtoEore interfeD (gF QFQFIFPlF sf the optil (er is ompletely immersedD ll ldding is removed t the interfeD (gF QFQFIFPjD ontrry to )me sed tehnique s explined in the next prgrphF he proess hs to e repeted severl time to otin len surfeF xote tht the solvent hve to e repled fter severl uses to void the deposition of polymer prtiles on the len optil (er oreF vet us mention other solvents whih re often used ording to the litertureD ut whih re not experimentlly tested in this workF he solvents re sulfohromi id IRUD sulfuri id nd hot id @temperture out 200 • A IRVD IRWD IRTD mixture of sulfuri UQ nd methylene hloride ISH or mixture of sulfuri nd nitri id @for exmple WS7 H 2 SO 4 nd S7 rxyQ y weightAF rot id n lso e e'etive for sili otingF roE weverD high level sfety requirements hve to e onsidered for these solvents ISID ISPD ISQF Vaporization techniques : hey re very fstD void the use of dngerous solventsF hey do not require mehnil exterior fores nd o'er nie surfe qulityF plme sed tehniques re the most onvenientF st is ommonly used in the litertureD espeilly for the frition of sensorsF he optil ldding is removed with len )me torh @eFgF propne @or utneA round 1225 • g nd 1970 • gD tht re respetively prtil nd theoretil temperture vlue in ir ISRAF he optil (er must e lened efore the urning stepF husts on the surfe will use roniztion tres on the oreD nd ny liquid on the surfe will use pitting IRRF huring the tretment proess with funsen urner @1570 • g is the theoretil temperture vlue in ir ISRAD the optil (er is mintined on support to void endingF e high temperture )me llows removing esily ll the polymerF roweverD if the temperture of the )me is too highD the sili meltsF en idel temperture hs to e found for the optil (er usedF efter urning the lddingD the ore is lened with ssopropyl elohol @or seAD using lint free tissueD to remove ny ron residueF pigure QFT shows di'erent surfes of the optil (er ore fter urningF elthough this tehnique is often limed to give len surfeD we hve oservedD in our experimentsD tht polymer (lm is often left on the oreD (gF QFTD h nd iF his residue n e removed y wiping the (er with tissue soked in seD (gF QFTD or with hynsolve IHH ISS @or dipped in AD (gF QFTeD f nd lF xeverthelessD s the sensing re is loted t reltively long distne from the optil (er endD this opertion ppers to us extremely di0ultF hespite our e'ortD remining polymer (lm is often oservedD espeilly on the lddingEtoE ore interfeD @(gF QFTAD due to the e'etive di0ulty in essing itF emoving the residue in solvent (lled ultrsoni th is found to e muh more e0ientD s shown in (gF QFTj nd kF vet us mention tht the length of the ething setion is limited to few entimeters in order to hndle the optil (er without reking itF he optil (er is mintined on support in order to void ending of the optil (er oreF es rule of thumD shortening the length will result in esier hndling of the optil (erF roweverD elow HFS mD it eomes di0ult to urn the ldding without melting the jketD (gF QFTgF o ontrol the sensing lengthD metl pin hve to e usedD over ertin lengthD to protet the portion of the ldding tht should not e removedD s shown in (gF QFQF e vrint is to use n eletril sprk @(gF QFTA whih preludes (eld spliing ppliE tionsF pei( designs of splier n e doneF e don9t use this tehnique in this thesisF yther methods suh s hot ir strem ISTD nd lser ltion hve een reently propoE sed ISUD ISVD ut we did not hve opportunities to use nd test themF sn onlusionD we hose the )me sed tehnique for prtil resonsF st is e0ient nd ensures good surfesF roweverD urning o' the oting signi(ntly redues the tensile strength of the stripped (erD to n even greter extent thn mehnil stripping IRSF elthough hemil stripping is from fr the less onvenient @due to the toxiityD the risk of hzrd identD the equipment nd timeEonsumingAD it hs to e onsidered for long term use of sensors nd for reproduiility of the sensor produtionF por our lst relized sensorsD we omine the )me sed tehnique with fst hemil Figure QFT ! @EfAyptil mirosope imges of n optil (er ore lened with @EA seD @dA splierD @eEfA hynsolve IHHD fter urning stepF @gEiAiw imges of n optil (er ore lened with @gEiA se @jDkA dihloromethne nd etone ultrsoni th nd @lA hynsolve IHHD fter urning stepF UT 3. Methods and material lening step to improve the qulity of the surfeF fesideD s the sensing prt is in the length of the optil (erD we hve designed n optil (er holder to mnipulte nd immerse itF he stripping step is notiely more di0ult here thn operting t the tip of the (erD where ll the tehniques presented ove seem to e esily doneF he deposition of the mteril is done y sputteringF his tehnique is widespred used for physil vpor depositionF st deposits reproduile uniform (lm thikness nd onformlity of overge ISW under similr sputtering onditionsF he sputtering hmE erD (gF QFVD is onstituted of thode @the mteril trgetA nd node @the sustrteAF e dishrge ionizes the kground gsD whih is usully rgonF rget toms re then ejeted due to toms ollision etween the ionized gs nd the mteril trgetF he trget toms will deposit on prts of the sputter hmer ut most e0iently on strtegilly positioned deposited sustrteF he gseous dishrge n e relized either y hgD pitive rdio frequeny p nd hg or p ssoited with mgnetD soElled mE gnetron sputteringF he mgneti (eld onentrtes the plsm lose to the trgetD nd enhnes the ion omrdmentF he kground gsD the pressureD the temperture nd the dishrge @typeD voltge nd powerA hrterize the morphology of the (lm @it depends on the projetile energyD ngle of inideneD distriution nd the surfe inding energy of the trgetAF purther informtion re found in ref ISWF sn this thesisD we hve deposited the thin (lms y ete hgGp mgnetron sputteringF p or hg power supplies re used depending on the mteril trgetF he trgets re pled o'Exis with respet to the optil (erF sn prtiulrD the depositions of the mteril on the optil (er were rried out with two di'erent on(gurtions X IF e motorized sustrte holder is vertilly set in the enter of the hmerD ove the mteril gun @trgetA with respet to ertin tilt ngleF he (er holder is tthed perpendiulrly to the sustrte holder in order to ensure the rottion long the z xis during the depositionD s desried in (gF QFVF hue to this on(gurtionD the deposition results in slight grdient of the thikness long the (erF PF he optil (er is horizontlly set in the hmer ove the tilted mteril gunD s desried in (gF QFVF he two guns perpendiulr to the (er re preferly used to otin n uniform thikness nd omposition lyerF e ontrolled eletroni motor ensures the rottion of the optil (er long the y xisF efter eh step @ethingD depositionAD we optilly investigte the surfe of the sensing re with n optil mirosopeF efter mesurementsD the optil (er sensor is investigted with n eletron mirosope @iwAF 3.4.2 Measurement he mesurement setup is desried in (gF QFWF e tungsten hlogen light soure nd n yen yptis r RHHH spetrometer re respetively used s soure nd detetorF he optil (er ontining the hydrogen detetor is onneted vi WHS we onnetors to the soure nd the detetorF he optil (er is mesured in gs ellF ell mesurements re performed t tmospheri pressure nd room tempertureF ! Light source : e used tungsten hlogen light soure @wikropk rvEPHHHE preA emitting in the spetrl rnge of QTH nmEP µmF he output is we WHS onnetor equipped with lens @djustle to mximize light oupling into (erAF he numeril perture of the soure is lrger thn the (er xe in order to exite ll the (er modesF he light soure is turned on few minutes @round S minA efore eh mesurement to otin stilized intensityD s reommended y the UV nd ollet light etween the optil (er nd the soureGdetetorF roweverD due to mislignmentsD the oupled intensity slightly hngesF purthermoreD we use here we dpters whih my inrese the losses t the (erGsoure nd (erGdetetor interfeF e irumvent the mesured intensity )utution etween di'erent (ers in our study y performing reltive mesurementsF ! Flow cell : he gs ell is mde of plsti oxF he ell is not seledD two holes re present to let the gs espeF sf no )ow is ppliedD we n onsider tht the gs in the ell is the mient ir @presene of humidityAF he gs ell is purged with rgon for severl minutes efore ll mesurements in order to len the tuing of the gs system nd the ellF he experiments re then rried out with )ow of mixed gsD whih ontins hosen onentrtion hydrogen @up to R 7A nd oxygen @up to PH 7AF plow rtes of eh gs were individully ontrolled with mss )ow ontrollersF he totl )ow is kept t PSH mlGminF e ssume overpressure in the ell whih voids k)ow of ir form the mesurement roomF he mixed gs rrived in the gs ell fter U sD orresponding to the time for the trnsport of the gs through the pipeF sn onlusionD the xe of the mesurement system is limited to the smllest xeF he optil (er xe used is lrger thn the spetrometer xeF es resultD the spetrometer (lters the higher mode of the optil (er outputF his (ltering results in stright line in the spetrum deresing the resolution of the systemF sn order to inrese the resolutionD the xe of the optil (er hs to e lower thn the xe of the spetrometer xeF nfortuntelyD xe of HFPP involves the use of sili ldding (erF rereD the use of n entrne slit of PS µm width llows us to improve the resolutionF sn the following hpterD we will disuss on how this limittion n in)uene the response of the proposed sensorF UW Chapter 4

Wavelength response of a surface plasmon resonance palladium coated optical ber sensor for hydrogen detection 4.1 Introduction sn IWWQ ghdwik et lF ITH hve demonstrted the fesiility of hydrogen sensor sed on F he sensor onsisted of d lyer deposited on prism @uretshmnn9s on(gurtionA ITIF sn ontrst to ommon sensors sed on the hnges in the dieletri permittivity of the medium surrounding the metlli lyerD the hydrogen detetion is sedD in this seD on the hnges in the omplex permittivity of the metlli lyer itself with the sorption of hydrogenF pigure RFI shows the re)etne of d lyer with thikness of IP nmD deposited onto glss sustrteD s funtion of the ngle θF θ de(nes the ngle etween the norml nd the inident lightF he re)etne urve shows rod pek tht ount for the highly soring hrter of d @ 1 ≈ 2 AF he resonnt ngle is found t 53 • for wvelength of TUH nmF pon hydrogentionD the width of the pek dereses @dsh lineAD whih results in inresing the re)eted intensity light @in the resonne rngeAF fy mesuring this hngesD ghdwik qunti(ed the hydrogen onentrtionF sn PHHID fevenot et lF proposed to use this inrese of re)etivity upon hydrogention in n optil (er on(gurtion UIF he sensor onsisted of d lyer deposited on seE tion of stepEindex multimode (er oreD fter removing the optil lddingF he optil (er is illuminted y lser diode with given inidene ngle s desried in (gF RFIF ynly the w polriztion @mgneti (eld perpendiulr to inidene plneA ws tken into ount in their modelF he exited group of modeD is re)eted one or severl times t the d interfeD depending on the inidene ngle nd the length of the d setionF he trnsE mitted intensityD lue line in (gFRFI dereses due to the losses indued y the d setion @ the re)etion oe0ient is inferior to IAF pon hydrogentionD these losses re redued s shown y the red line in (gF RFI sine the d hydride re)etivity for the ngle of the guide modes is higherF feuse of the wide resonneD the guide modesD orresponding to ngles ove the resonnt ngleD re lteredF pinllyD fevenot et lF qunti(ed the hydrogen onentrtion y mesuring the trnsmitted intensity of seletive group of modes @for given injetion ngleAF roweverD the power distriution mode of light in multimode (er is very sensitive to perturtionsF he exited group of modes n e distured nd onverted into nother group of modes through the (erD simply due to (er impuritiesF e present here the response of dE multimode hydrogen sensorD where ll modes re eqully exited in the optil (er in order to derese the e'et of modl onversionF purthermoreD we onsider oth iE @eletri (eld perpendiulr to inidene plneA nd wEpolriztionF he (rst setion of this hpter shows the experimentl response of the sensorF e mesure the totl intensity trnsmitted @sum of the i nd w polriztionA s funtion of the hydrogen onentrtion for spetrl rnge of [450nm -850nm]F he response time nd the reproduiility of the sensor response re lso presentedD s well s the noise e'et of O 2 D to vlidte the possiility of using this sensor for prtil sfety pplitionsF he seond setion ompres the experimentl nd theoretil response for di'erent dt of d dieletri funtion found in the litertureF yur im is to demonstrte the role of the hnges in the rel nd in the omplex prts of the d dieletri permittivity on the pekF e study lso the in)uene of the i polriztion on the sensitivity of the sensor in order to know whether we n onsider the se of only the w polriztion 

Sensor fabrication

e usedD in our experimentD xewport stepEindex multimode (er s desried in setion QFQF he optil ldding is removed with )me torh over length of P mD nd lened with seF he sensor response inreses s the optilly sensing length v inresesF he length v is limited to P m in order to hndle the optil (er without reking itF e deposited the d (lm s desried in QFQFP for the on(gurtion IF he deposition results in slight grdient of the thikness long the (erF por deposition over width of P m long the (erD the thikness vries from W nm to IR nmF e relized two sets of smplesF por the (rst oneD lled smple I to QD the kground pressure ws 5.10 -7 mr nd the sputter pressure ws Q µr erF lldium ws sputtered t n verge rte of IFS ÅGs using IHH hg power supplyF por the seondD lled smple R to TD the sputter pressure is set t RH µr during the (rst IH s @due to mnipultion errorsA nd then set gin t Q µr erF he thikness deposited for pressure of RH µr is negletedD ut my in)uene the d mirostrutureF hue to frition errorsD the length of the sensitive setion n vry from IFS to Q m etween the di'erent smplesF mple R is use s refereneF 4.3 Experimental result e mesure the totl intensity trnsmitted @sum of the i nd w polriztionA s funtion of the hydrogen onentrtion for light spetrl rnge of [450nm -850nm]F por future sfety pplitionsD the sensor is evluted (rst in n inert gsD nd then in n oxygen environmentF he reltive trnsmission de(nes the intensity mesured I H2 D divided y the intensity mesured without hydrogen IF he sensitivity de(nes the reltive hnge in intensityD nd equl to |1 -I H2 /I| % 4.3.1 Discussion on the measurement setup es desried in setion QFWD the xe of the mesurement system is limited to HFPP @infeE rior to the (er xe of HFQUAF roweverD this limittion does not distur our mesurementsF efter depositing the d (lmD the optil (er sensor presents new xe due to the loss indued y the d setionF sn ftD the sensitive lyer modultes the (er xe @depenE ding on the d thiknessD nd on the length of the trnsduerA s depited in ( Figure RFP ! @A ensor response @smple RA reproduiility for onentrtion of R7 H 2 in er t wvelength of VRWFWT nmF nloding re suessively repeted in er C IH7 O 2 nd in erF @A eltive rnsmission s funtion of the wvelength for di'erent hydrogen onentrtionsF pigure shows the reproduiility of wvelength response of the sensor @smple IA instneF por d (lmD deposited over length of P mD we experimentlly otined omprle xe to the one of the spetrometerF heoretillyD the xe is tully lrger X HFQ @for IH nm nd P m lengths d (lmAF roweverD the trnsmitted intensityD for the ry propgting etween the theoretil nd experimentl ritil ngleD is less thn I7 of the totl intensityF pon hydrogentionD the xe of the sensing setion inresesF es resultD we only mesure the hnge for ll ngles orresponding to the spetrophotometer xeF sn order to ompre our experimentl results with our preditionsD we limit the xe to HFPP in our simultionsF 4.3.2 Reproducibility of the sensor response pigure RFP shows the reltive trnsmission s funtion of time during the Edesorption hydrogen ylesF hile (gF RFP shows the reltive trnsmission s funtion of the wveE length t di'erent H 2 onentrtion for di'erent ylesF he d (lm needs t lest one yle in order to stilize the miroEstrutureD nd to remove most poisonous elements from the d surfeD whih re gthered y trnsport of the smple through irD for instneF efter the (rst yleD we oserved tht the sensor response is reproduileF es expetedD d thin (lms show very good reproduiility over ylingF es resultD the sensitivity study will e done fter one yleF e slight drift ppered over ylesF his drift oserved is in ft smller when the reovery is done in the sme onditions @er use s reovery gs over ll ylesAF he drift seems minly to ome from the e'ets of pollutnts onto the d surfe rther thn the formtion of d miroErks over timeF 4.3.3 Spectral response of the sensor e ontinuous hnge in intensity is oserved s funtion of the hydrogen onentrtion etween HFS 7 nd R 7 H 2 in erD s depited in (gF RFQF huring the hydrogention the Figure RFQ ! @A eltive rnsmission s funtion of the wvelength for di'erent hydroE gen onentrtionsF snset X rydrogen onentrtion s funtion of the sensitivity@semiE logrithm sleA @A eltive rnsmission s funtion of time over Edesorption hydroE gen yles@erCPH7O 2 GR7 H 2 in erGerCPH7O 2 GP7 H 2 in erA t wvelength of @lue lineA RSH nmD @red lineA TUH nm nd @drk lineA VSH nmF Figure RFR ! @A esponse times t R7 H 2 in er for di'erent preE)ush gsesD t di'erent ylesF @A esponse time for di'erent H 2 onentrtionF he preE)ush gs is respetively er nd mix of er nd IH7 O 2 for line nd dsh linesF trnsmitted intensity through the optil (er dereses nd inreses for shorter nd longer wvelengthD respetivelyF he sensor response shows wvelength dependene whih ws not oserved in previous worksF pigure RFQ shows the response of the sensor over severl Edesorption yles t wvelengths of RSH nm @lue lineAD TUH nm @red lineA nd VSH nm @drk lineA orresponding to the three types of ehviorF hile the trnsmitted intensity inreses t wvelength of VSH nmD the trnsmitted intensity dereses t wvelength of RSH nmF et wvelength of TUH nmD where the reltive trnsmission is out I for P7 H 2 D we oserve ompetitive e'etF he response showsD (rst n inreseD nd then derese in intensityF he inset in (gF RFQ plots the sensor sensitivity s funtion of the hydrogen onenE trtion on semiElogrithm sleF e do not oserve )t pressure plteu s we would expet from the d pressure omposition isotherm @pAF eove Q 7 H 2 in erD the siE gnl strts to sturteD orresponding to the βEphseF es emphsized in our review @see setion rydrogen onentrtion rnge IFRFIAD ivnesentG sensor show n inrese in sensitivity in the αEphse in omprison with the hydrogen soluility into the d (lmF e elieved this sensitivity is minly due the ontriution of r sites t the surfe nd susurfe of dF pinllyD the sene of )t plteu is likely due to @iA the grdient of d thikness long the optil (er X the response is the sum of p urves sine eh d thikness hs its own pD nd @iiA the high sensitivity of the sensor in the α phseF 4.3.3.1 Response time & recovery time fefore explining the spetrl response of the sensorD we (rst report the performne of the sensorF he response time @hydriding timeA nd reovery time @dehydriding timeA de(ne resE petively WH 7 of the rise nd fll time of the responseF Figure RFS ! @A esponse time t di'erent H 2 onentrtion for di'erent sensorsF @A H 2 onentrtion s funtion of the slope of the seond regimeF he inset desried the three regimes of the hydrogention kinetiF he signl strts hnging fter U sD orresponding to the time for the trnsport of the mixed gs through the pipe to the sensorF he response time is SH s for onentrtion of R 7 of H 2 in er during the (rst loding nd dereses to QH s fter the (rst yleD when the reovery ws done with mix of er nd O 2 F e oserve tht the response time n vry from PH to RH s during di'erent ylesF es disussed in setion IFRFPD the retion is likely to e tlytilly limitedF hereforeD the response time depends strongly on the used deposition tehnique nd the environmentl onditions @tempertureD pollutntsD humidity nd ville sites on the surfeAF rene we elieve tht the di'erenes oserved for the response times is due to the pollutnts on the d surfeF sn ftD we oserve from (gF RFR tht the presene of O 2 during the reovery my inrese the response time of out IH s @dsh linesA ompre to the response where the reovery is done with er @linesAF pinllyD the otined response time @ t R 7 H 2 A is of the order of the vlue found in the literture for this rnge of thiknessD hpterFIF he response time does not signi(ntly depend on the hydrogen onentrtionF he response time vry to PQ s to RR sD when the gs ell is )ushed with mix of er nd O 2 D (gF RFR F xeverthelessD we oserve tht the response time inreses for onentrtion orE responding to the phse trnsitionD in greement with previous reports @see setion IFRFPAF pigure RFS shows the response times for vrious individul sensorsF e otin di'erent timesD ut of the sme orderF he disrepny is explined in prt y the di'erent preE)ush gs used nd the di'erent ylesF roly used lso y devition in the d deposited thikness @due to hnge of the (er position in the (er holder during the depositionAF he ltter point is dedued in the setion RFSFPF elthough the response time is slightly di'erent etween the α nd β phseD we n lerly oserve di'erent slopes s funtion of hydrogen onentrtionF sn order to disuss the hydrogention kinetisD we deompose the response time into three regimesD depited in ( likely to e due to the sorption proessD nnot e hrterized due to the mesurement limittion @the response is reorded every I sAF he seond onstnt slopeD ttriuted to the rte of dissoitiveErEdsorption y helmelle et lFD is well de(ned nd depends on the hydrogen onentrtionF sn ftD (gF RFS shows liner pressure dependeneD whih orresponds to surfe limited kinetisF xeverthelessD in (gF RFRD we oserve tht the slope for R 7 H 2 is unhnged etween di'erent preE)ush gses @etween purple dsh line nd green lineAD ut the third regime is lteredF he third regimeD non linerD n e (tted with n exponentilF helmelle et lF ttriuted this ltter to the equilirium onentrtion of r inside the d thin (lmF rereD we oserve tht the third regime is responsile for the inrese in the response time for onentrtion orresponding to the phse trnsitionF xote tht we limit the e'et of the third regime sine we de(ne the response time t WH 7F he unloding time is longer thn ISH sD nd n e deresed to VH s y using O 2 in the er )ow s shown in (gF RFPF yxygen on the surfe of d promotes the formtion of OH nd H 2 O moleules UTD whih inreses the desorption rte signi(ntlyF 4.4. Discussion VU 4.3.4 Cross-sensitivity pigure RFT shows the sensor response for I7 H 2 in er nd I7 H 2 in er mixed with S7 O 2 F yxygen moleules during the hydrogention led to redued sensitivity levelF he sensor response n derese to one hlf of its vlueD depending on the seleted wvelengthF he presene of O 2 in)uenes the sorption of H 2 D nd is ple of limiting the mount of H 2 sorped due to the formtion of OH nd H 2 O onto the d surfeF yur oservtions re in greement with the literture s desried in setion IFRFRF o overomeD the rossEsensitivity issueD sientists reommend to reple d y d lloysF es proof of oneptD we deposited S nm thik dEeu lloys insted of d on the optil (er oreF es resultD for the sme previous rtio etween H 2 nd O 2 D no signi(nt hnge is oserved y the presene of oxygenF purthermoreD we oserve tht the sensitivity dereses ompred to dD whih is in greement with the derese of hydrogen soluility in d lloysF e note lso tht the spetrl response of the sensor reminsF he response time is enhnedD espeilly for onentrtions round the d phse trnsitionF he third regime is now negleted sine the phse trnsition tends to dispper @depends on the lloy ontentA for d lloysF purther investigtions hve to e done to (nd the right eu ontent or the right mteril @euD egD guD FFFAF 4.4 Discussion 4.4.0.1 Assumption sn order to understnd the ehvior of the proposed sensorD we (rst simulte its theoreE til response s desried in setion QFPF por thtD we de(ne the sensing multilyer nd the dieletri permittivity for eh lyerF he multilyer onsists of n in(nite lyer of siliD overed y lyer of d with ertin thikness nd n in(nite lyer of irF Silicon dioxide layer : he sili refrtive index s funtion of the wvelength is given y the ellmeier eqution X n(λ) = P 1 + P 2 λ 2 + P 3 λ -2 + P 4 λ -4 + P 5 λ -6 + P 6 λ -8 @RFIA where the oe0ient P 1 D P 2 D P 3 D P 4 D P 5 D nd P 6 re the hott oe0ientD industry stndrd oe0ient s determined y hott for use with their glssesF he vlue of oe0ients re P 1 = 1.45179D P 2 = -0.00365D P 3 = -0.00243D P 4 = 0.00012D P 5 = -4.605 × 10 -6 nd P 6 = 9.635 × 10 -8 nd λ denotes the wvelength mesured in µmF iqF @IA is vlid for the studied wvelength rngeF Pd layer : es reported y ullivn ITPD the dieletri permittivity dt of dE sputtered dD espeilly the imginry prtD is very sensitive to the smple preprtion nd mesurement tehniqueF he possile ontmintionD or oxide over lyers on the thin (lmD n introdue signi(nt errorsF e deided to use the dieletri permittivity of d otined y von ottky et lF ITQ from ellipsometry mesurements euse the experiE mentl onditions were very lose to oursF he von ottky9s smple ws sputtered in high vuum deposition filityD s in our seF he thikness of the von ottky 9s smples orresponds lso to the thikness rnge of our d (lmF Figure RFU ! eltive rnsmission s funtion of the wvelengthF @EA ed line nd lue dsh line representD respetivelyD the simulted reltive trnsmission for W nm nd IR nm d deposited over length of PmF he dieletri permittivity of plldium hydride @A is pproximted y the fevenot9s reltion nd @A is determined from von ottky et lF ITQF@tr symols represent the experimentl dt for R7 H 2 in erAF @A ixperimentl spetrl response for di'erent sensorsF pigure RFU shows the reltive trnsmission simulted with the dieletri permittivity following the reltion @PAF here is no signi(nt wvelength dependeneD nd the simulted 4.4. Discussion VW response does not mth with our experimentl resultsF he reltion @PA is not stisfying for simulting our sensor @euse the rel nd the imginry prt of the dieletri permitE tivity of the d hydride nnot e linked y the sme onstnt hD s it will e disussed in next setionAF pigure RFU shows the reltive trnsmission simulted with the von ottky9 s expeE rimentl dieletri permittivityF he simulted responseD depending on the seleted wveE lengthD shows similr spetrl ehvior s our sensor X the intensity dereses or inresesF xeverthelessD the sensitivity of the simulted response is slightly di'erentD in omprison with our experimentl resultsF he minimum of the simulted sensitivity is otined resE petively t the wvelengths X USP nm nd WHW nmD for thikness of W nm nd IR nmF sn omprisonD the experimentl minimum is otined round THH nm for onentrtion of R 7 of H 2 in erF pinllyD the vlues of the experimentl response re lose to the simulted response of IR nm d thik (lm @lue dsh lineA t short wvelengthsD wheres they re lose to the one of W nm d thik (lm @red lineA t long wvelengthsF he di'erene with the simulted results is most likely ome from the thikness grdient of our sensor smpleF he used dG d hydride dieletri permittivity my lso e di'erent from the tul one in our d smpleF sn rgs et lF pointed out tht the optil onstnts of the d (lms due to hydrogen sorption depends on the nture of the sustrte ITRF ine in our smple the d is deposited on glssD the hnge in optil onstnts upon hydrogention my e smller thn those otined from von ottky @deposited on syAF sn dditionD we hve previously seen in hpter I tht the sustrte 'ets the d morphology whih results in di'erent d pF xeverthelessD md et lF hve reently otined the sme optil onstnts for d deposit onto glss sustrte ITS s von ottkyF ensor I nd sensor R show di'erent spetrl responsesF e (rst ssumes tht the disrepny ome from di'erent d mirostruture sine the deposition ondition were di'erentF roweverD fter studying severl sensorsD we oserve tht the reproduiility of the spetrl response ws in ft poor even when we use the sme deposition onditionF pigure RFU shows tht the spetrl response of smple T is relly di'erent thn referene smple RF he poor reproduiility of the sensor is due to frition errors during the ething @di'erent sensing lengthA nd deposition stepsF sn onlusionD lthough there is disrepny etween the simulted nd experimentl resultD the dt from von ottky ppers to e relevnt to qulittively study the sensor responseF 4.4.2 Description of the sensor response : relation between 1 and 2 e n now use the experimentl dieletri permittivity to understnd the oserved responseF fefore explining the response of the sensorD we desrie the hnge of the dieletri permittivity upon hydrogentionF he dieletri permittivity of d nd d hydride otined y von ottky et lF ITQ is plotted in hpter IF he rel prt of the refrtive index n inreses upon hydrogention t short wvelengthD in the rnge of PUS to THH nm nd dereses t long wvelengthD in the rnge of THH to IUSH nmF hile the imginry prt of the refrtive index k lwys deresesF hereforeD the omplex dieletri permittivity dereses upon hydrogention nd the hnge of the optil onstnt is wvelength dependentF WH 4. Wavelength response of a surface plasmon resonance palladium coated optical fiber sensor for hydrogen detection he vrition etween the rel prt @∆ 1 = | 1 (P dHx) -1 (P d)| A nd the imginry prt @∆ 2 = | 2 (P dHx) -2 (P d)|A of the dieletri permittivity upon hydrogention is di'erentD depending on the wvelengthF foth of them re inresing towrd the infrred wvelength in the sense tht the vrition ∆ is lrger t longer wvelengthF he vlue of Figure RFV ! eltive rnsmission s funtion of the wvelength for di'erent thikE nessesF qureGirle D pointGplus nd vineG dsh line represent the response for sED pE nd the sum of oth polriztion he reltive trnsmission is simulted y using the dieletri permittivity of d hydride @from von ottky et lFITQA he trnsmitted intensity through the optil (er is unpolrizedF e n deompose @lolly t the re)etion pointA the light into the i @s polriztionA nd w @p polrizE tionA polriztionsF pigure RFW displys the re)etne urve of the SiO 2 GdGir system for oth polriztionsF sn our studyD we onsider only the ngles within the xe of our optil mesurement system re onsidered @iFeF ove 77 • AF p polarization : eording to our simultionD the trnsmitted intensity inreses upon hydrogentionD nd the hnge is lrger t longer wvelengths @(gF RFV @red dots nd lue plus for W nd IR nm dD respetivelyAF he origin of this ehvior is due to the vrition of the pek upon hydrogention depends on the wvelengthF d presents rod pek sine it is highly soring metl @ 2 ≈ 1 AF es previously notedD the width of the pek dereses upon hydrogention euse the d hydride is less soring @ 2 deresesAF husD the propgtion length of the wve is longer for d hydride X the imginry prt of the propgtion onstnt @noted sm@k SP x in hpter PA deresesF he derese of the pek width results in n inrese of the re)etne for the proE pgting ry upon hydrogention s shown in the urveD (gF RFW @lines nd dsh linesAF gonsequentlyD the trnsmitted intensity inreses in presene of hydrogenF he width of the pek is hrterized y the rtio etween 2 nd 1 F es rule of thumD the smller 2 is s ompred to 1 D the thinner the pek isF ine the rtio ∆ 2 /∆ 1 is lrger t longer wvelengthsD the hnge in the width upon hydrogention is more signi(nt ner the infrredD (gF RFWD thn the lue wvelengthD (gF RFWF es resultD the hnge in the Figure RFW ! e)etne of d lyer nd drx lyer of IP nm onto glss sustrte s funtion of the ngle thet @H degree orresponds to the norml inideneAF he dieletri permittivity of pure nd hydride plldium @from von ottky et lFITQA re usedF @A he wvelength is VHHFRS nmF @A he wvelength is RTV nmF trnsmitted intensity is smller t shorter wvelengthD nd inreses towrd the infrred wvelengthD s depited in (gF RFV @red dotsD lue plusAF s polarization : he trnsmitted intensity dereses upon hydrogentionD nd the hnge is lrger t shorter wvelengths thn t longer wvelengthsD (gF RFV @red squresD lue irlesAF he re)etne urves @(gF RFWA show the re)eted intensity dereses upon hydrogention @line symolsAF st is explined y more semiEondutive ehvior of the d (lm upon hydrogentionF sn ftD t norml inideneD the d hydride (lm eomes more trnsprentF woreoverD the derese is lrger t shorter wvelengths sine the mount of hydrogen seen y the proe light inresesF sn our seD the oserved intensity t the output of our sensor is the sum of the oth pE nd s polriztion light emD (gF RFV @lue nd red linesAF pinllyD the wvelength deE pendene of the sensor response omes from @iA the di'erene in re)etne s funtion of hydrogention etween polriztion s nd p nd @iiA the wvelength dependene of the re)eted light for eh polriztionF he ltter wvelength dependene is relted to the di'erene etween the rel @ 1 A nd the imginry prt @ 2 A of the dieletri permittivity with hydrogentionF sn onlusionD for simulting nd designing sensorD we hve to onsider the oth polriztionsF sn prtiulrD the hnge due to the modi(tion of the is ttenutedF pigure RFV lerly shows tht the sensitivity is higher when only one polriztion is onsideE redF roweverD it is di0ultD espeilly for multimodeD to mintin the polriztion until the trnsduer regionD nd will involve the use of omplex polriztionEontrolling elementsF 

∆

Optimization

e propose to optimize the response in order to improve the sensitivity of the sensor y tuning the optil (er nd trnsduer prmetersF o (nd the est optimiztionD we (rst deide whih vlues re given nd then we determine the seek prmetersF fy looping proessD we determine then ll prmetersF 4.5.1 Choice of the parameter to be simulated he sensor responses depends on the optil (er prmetersD the trnsduer lyer nd the power distriutionD hpter PF pigure RFIH shows the in)uenes of the trnsduer length nd the (er xeF he sensor response is hrterized y the trnsduer lyer if the trnsduer numeril perture @xeA is less thn the (er xeF e tke therefore lrge vlue for the (er xe X HFRVF purthermoreD the length of the trnsduer nd the dimeter of the (erD whih determine the numer of re)etions for eh propgting ryD hrterize the rtio etween the trnsmitted optil power nd the optil power to e dissiptedGoupled into the sensitive (lm for eh propgting ryF e set the deposit length v t P m nd the (er rdius r t IHH µm in order to fous only on the in)uene of the d thiknessF st is worth noting tht the light soureD in this seD does not 'et the responses of the sensorD sine we ssume tht there is n uniform power distriution through the ry due to mode mixingD inherent to non idel (erF 4.5.2 Pd thickness e lulte the reltive trnsmission in the Q E IS nm thikness rnge for the wED iE nd oth polrized lightD s shown in (gF RFIIF he thikness rnge is hosen suh tht fst hydrogen detetion nd good reproduiility of the sensor ourD see hpter IF he losses for the w polrized light derese upon hydrogention due to the nrrowing of the d pekD s previously explinedF elthough the pek is mximl for the IP nm thik d (lm t wvelength of TUH nmD shown in (gF RFIPD the mximum sensitivity is otined for the Q nm thik d (lm where the resonne is wekF he sensor sensitivity for the w polriztion is relted on the hnge in the width of the pek rther thn Figure RFII ! eltive rnsmission s funtion of the wvelength for di'erent thikness of d @A for pE @linesA nd sEpolriztion @symolsA nd @A for oth polriztionsF in the shift of the resonne @iFeF relted to the imginry prt of the propgtion of the thn the rel prtAF he losses for the i polrized light inrese upon hydrogention for d lyer thikE ness ove R nmD s previously explinedF he sensitivity inreses with the thikness @nd for shorter wvelengthAF sn nlogy to the spetrl dependeneD the proe light see more hydrogen sored in the d thik (lm thn in the thinner (lmF e oserve prtiulr se for Q nm (lm thikness t long wvelengthD where the losses deresesF pigure RFII shows the reltive trnsmission of the sensor for d (lm in the QEIS nm thikness rngeD when oth i nd w polrized light propgte through the optil (erF he mximum sensitivity is otined for Q nm d (lm nd for IS nm d (lm elow nd ove TTS nmD respetivelyF sn onlusionD the sensor response depends more on the w polriztionD iFeF on the e'et for thinner (lmF gontrry to thik (lms where the sensor response depends more on the i polriztionF sn order to vlidte our simultion we relize the sensor with U nm nd Q nm d (lmF e deposit the d (lm s desried in QFQFP with the on(gurtion P in order to otin n uniform thikness long the optil (erF 7 nm : por U nm thik (lmD our simultion re in qulittive greement with our experimentl results X the intensity inreses upon hydrogention for wvelength shorter thn the previous on(gurtion @WEIR nmAF pigure RFIQ shows the spetrl response of the sensorF 3 nm : por Q nm thik (lmD our model filsF e wvelength dependene is still oservedD ut the trnsmitted intensity inreses for ll onsidered wvelengthsD with mximum round THH nmF pigure RFIQ shows the spetrl response of the sensorF he disrepny is explined y the di'erene in the optil dt used in our simultionF por Q nm d (lmD the d (lm my not e nymore ontinuousF everl studies reported tht d thin (lms elow S nm onsist of the (lm re mde of d disonneted islnd ITTF he response is most likely due to the d expnsion of the (lmF purther investigtions hve to e done to determine the d optil onstnt for suh (lmsF sn spite of the ft tht the mehnism fy deresing the thiknessD we found tht the response time is enhnedF he response timeD vries etween IH to PH s @ (gF RFIQA nd etween Q to IS s for U nm nd Q nm thik d (lmD respetivelyF sn ll sesD the mximum is otined for onentrtions orresponding to the phse trnsition @IFS 7EP 7 H 2 in erAD s disussed in setion RFQFQFIF por very thin (lmsD the response time is omprle to the fst optil (er hydrogen sensor sed on d lloys VIF he enhnement of the response is likely due to the mirostruture of the d (lmF essuming tht the d (lm is disontinuousD the response time enhnement is explined y the lrge surfe reD whih mximizes the hydrogen dsorptionF purthermoreD we oserve tht the response time (lm of U nm thik d (lm is omE prle to smple ID while is enhned in omprison with smple RF he d deposited thikness of smple I nd R ws WEIR nmF fy ompring the response times nd the speE trl responses of the relized smplesD we oserve tht the fst response time re otined when the minimum of sensitivity is shifted towrd shorter wvelengthsF e dedue tht the d deposit is thinner for these smplesF husD we onlude tht the disrepny of the response @iFeF the reproduiility of the sensorA etween the di'erent relized smples is due to n error in the d deposited thiknessF sn order to on(rm the importne of using very thin d (lms for hydrogen sensor sed on metl hydrideD we report the response of thik d (lm @pproximtely etween UHEIHH nmA oted on the ore of multimode (erD over length of P mF pigure RFIR shows the experimentl response of the sensorF 1.5% Η2 3.5% Η2
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Figure RFIQ ! @EA erformne of U nm d thik (lm oted on the ore of multimode (erF @A petrl response X reltive trnsmission s funtion of the wvelengthF @A esponse time for di'erent H 2 onentrtion @er used s preE)ush gsAF @EdA erformne of Q nm d thik (lm oted on the ore of multimode (erF @A petrl response X reltive trnsmission s funtion of the wvelengthF @dAeproduiility of the responseF Figure RFIR ! erformne of d thik (lm @UHEIHHnmA oted on the ore of multimode (erF @Aeproduiility of the responseF @A yptil mirosope imges of the (er ore surfeF @A petrl response X reltive trnsmission s funtion of the wvelengthF @dA rydrogen onentrtion s funtion of the sensitivity@semiElogrithm sleAF @eA esponse time for di'erent H 2 onentrtionF 4.5. Optimization WU ! he trnsmitted intensity inreses upon hydrogention for ll wvelengths in the onsidered rngeF sn ontrst to thin (lmD there is no surfe plsmon resonneF he intensity inrese is explined y the derese of the imginry refrtive index @ pure evnesent wve sensors AF he sensing ldding is less soring with the formtion of the d hydrideF ! he sensitivity of the sensor is muh higher thn the one previously reported @nd sed on thin (lmAF e sensitivity of out VH 7 nd V 7 is respetively otined for Q 7 nd HFP 7 H 2 in erD while we otined only mximum sensitivity of out IH 7 for R 7 H 2 F ! he sensitivity s funtion of the hydrogen onentrtion shows the sme llure s the d pressure omposition isotherm @pAF he presene of plteuD in (gF RFIRdD re)ets the oexistene of the α nd β phsesF he oserved phse trnsitionD etween I to P 7 H 2 in er @IHEPH mrAD is in greement with the literture vluesF ! eproduiility X he response sed on d thik (lm is non reproduile for the hydrogen onentrtions orresponding to the βEphseF pigure RFIR shows non reproduile selineF his phenomenonD desried in detil y qremud et lF PT is explined y the presene of reversile rks nd uklesF pigure RFIR shows the d surfe under the mirosope fter severl Edesorption ylesF he d surfe presents rks @lk lineA nd ukles whih explins tht the trnsmitted intensity does not reover its initil vlueF st is interesting to oserve reproduile signl for the hydrogented stteF sn ftD d expnsionD during hydrogentionD uses the rks to losesF ! he response time vries etween IH to WT sD s depited in (gF RFIReF por onentrE tion orresponding to the α nd the β phseD the response time is of the sme order s for thin (lm @UEIH nmA nd sometimes fster for the α phse @R s nd IH s for HFS 7 nd I 7 H 2 in erD respetivelyAF roweverD for onentrtion lose to the phse trnsitionD the response time is drstilly slower @purple lineA @WT s for P7 H 2 AF sn onlusionD the hoie of using thin d (lm is good pproh to otin reproE duile hydrogen sensor though the sensitivity deresesF egrding the response timeD the response is rely depending on the thikness for nnometri ontinuous (lmD whih on(rms tht the retion is limited y the surfe retionF roweverD y deresing the thikness in order to otin @supposedA disontinuous (lmsD we enhne signi(ntly the response timeF pinllyD we onlude this setion y mentioning tht protetive lyer needs to e deposited on the d lyer to mintin the response time performneF sn ftD we oserve tht the response time for the (rst next yles inreses signi(ntly @ green dsh line in (gF RFIQAD when the smple is stored in ir without ny preutionF epeted yling with hydrogen enhne the response timeD ut my remin slower thn t the term it ws depositedF elthough d does not oxidizeD we ssume this ehvior ounts for the presene of dy p lyerF sn onlusionD protetive lyer hs to e onsidered for d sensors in the futureF he protetive oting should e hosen in order to void the extintion of the D sine it diretly in)uenes the on(nement of the (eld into the metlF his protetive lyer ould lso enhne the D for instneD y moving the pek towrd n ngle tht will e within the xe optil (erF he protetive lyer ould lso improve the roustness of the sensorF wteril engineering studies hve to e pursued in this diretionF WV 4. Wavelength response of a surface plasmon resonance palladium coated optical fiber sensor for hydrogen detection 4.6 Low-cost multi point sensor ?

hue to the sensor designD it is possile to deposit severl sensing lyers long the optil (erF he numer of sensing setions is limited y the length of the totl setion sine the d setion indued losses @eFgF dereses the optil (er xeAF roweverD the loliztion nd qunti(tion is most likely unrelile for multiple sensorsF ih sensitive setion is modulted y the numer of sensitive setions long the (erF es eh setion responds ontinuously to the hydrogen onentrtion in rnge of HFSER 7 H 2 in er nd is moduE lted y ll sensitive setions long the (erD n intensity )utution ould esily led to flse lrmF

Conclusion

e report novel nd simple hydrogen sensor sed on intensity modultionF his low ost sensor @if mss produedA is esily emeddle nd dptle to industry pE plitionsF feuse of this on(gurtionD the hydrogen detetion n e mde t remote distne nd severl sensing points n e usedF sn the ltter seD the detetion loliE ztion is di0ult howeverF st n e done y omining the sensor with pfq or yh t the expense of n inrese ostF he min dvntge of the proposed d sensor is to monitor the hydrogen onentrtion t severl wvelengthsF fy ompring the di'erent mesured intensitiesD flse lrms n e voided even when the signl is prone to intensity )ututions suh s temperture dependent shifts or mehnil virtion e'etsD for insE tneF he response nd reovery times re eptle nd omprle to the one found in litertureD ut re elow the reommendtion for n idel hydrogen sensorF fy deresing the d thiknessD we n enhne the response timeF e sueeded in prediting the wE velength dependene for thin (lms hving thikness rnging from T to IS nmF roweverD our model fil for very thin (lmD where we hve to tke into ount the d expnsionF e experimentlly demonstrte tht fst hydrogen sensor is hievle with the on(gurtion F roweverD the rossEsensitivityD in prtiulr for oxygen nd humidityD is n issueF puture work hs to e done to (nd the est d lloys nd protetive lyersF WW Chapter 5

A ber optic Surface Plasmon Resonance sensor based on wavelength modulation for hydrogen sensing 5.1 Introduction et presentD the fst optil (er hydrogen sensors re minly sed on light intensity modultionF hey show typil response time of IH s for R 7 H 2 in N 2 for nno tpered (er oted with R nm thik d lyer SVD nd dereses to S s with thin d lloy lyers in heterostruture on(gurtion THF roweverD the response time inreses signi(ntly @round QH sD see hpter IA for optil (er sensors sed on wvelength modultionF xeverthelessD they re more relile @nd preferly used in industryA sine they re insensitive to light )ututions of the soureF yur im is to develop fst hydrogen sensor sed on wvelength modultionsF sn the previous hpterD we hve seen tht d urfe lsmon esonne @A (er hydrogen sensors show fst response with wvelength dependeneD whih inreses the sensor reliilityF xeverthelessD due to the sene of resonne in the trnsmitted speE trumD the hydrogen detetion nnot e sed on wvelength modultionF feuse of the limited numeril perture of the optil (erD the resonne ondition of urfe lsmon @A re not stis(edF sn hpter PD we hve seen tht the dispersion reltion of n e tuned y hnging the dieletri medi surrounding the metl lyerF e multilyer stk mde of egD SiO 2 nd d overome the mismth of the propgtive onstnt etween the guided modes nd the propgting t the d ir interfeF o understnd the priniple of the sensorD nd the role of eh lyerD we (rst study the re)etivity urvesF hen we determine the optiml prmeters for hydrogen sensingF pinllyD to test the viility of the struture tht we proposeD we study the hydrogen sensitivityD the dynmil rnge s well s the reproduiility nd the rossEsensitivityF o study the experimentl response of the sensorD we reple the silver lyer y gold lyer for prtil resonsD s explined ltterF xote tht the prmeters of this new multilyer hve een optimized in the sme wy s the silver multilyerF (er sensor in whih the d lyer is deposited on the (er ore s shown in (gF SFPF pon hydrogentionD the resonnt wvelength shifts to higher wvelengthsF he oserved pek orresponds to the exittion of the F hen the resonne ondition of the is ful(lledD shrp dip in the trnsmitted intensity is oservedF sn our multilyer strutureD the resonne ondition ours when the evnesent wve @kevA @generted from the re)etion of the guided lightA mthes with the propgtion onstnt β @k SP x in hpter P of the F β is determined from the dispersion reltion of the orresponding multilyer wveguideF pon hydrogentionD the propgtion onstnt β is ltered due to the derese in the oth prts of the d omplex dieletri permittivityF he position @relted to the rel omponent of βA nd the shpe of the @relted to the imginry omponent of βA is therefore hngedF he vrition of the prtilly re)eted (eld t the SiO 2 Gd nd dGir interfe upon hydrogention 'ets the interferene etween the inoming nd the re)etive wveF he hydrogention of d hnges the eletromgneti (eld distriution inside the multilyerF es emphsized y okrnd nd ether IHVD the depth of the minimum is relted Figure SFP ! @A he trnsmitted light intensity s funtion of the wvelength for di'erent thikness of SiO 2 F he trnsduer is multilyer stk omposed of QS nm egG dP nm SiO 2 G Q nm dF @xe a HFPPD the ore rdius a IHH µmD v a I mAF @A he trnsmitted light intensity is funtion of the wvelengthD where the trnsduer is IH nm d lyer @xe a HFPPD ore rdius a IHH µmD v a P mA to the (eld distriution nd determined y the rtio of the intrinsi nd rdition dmping @setion PFTFIFIAF hereforeD the minimum of the pek hnges upon hydrogentionF pigure SFQ@A shows the eletri (eld distriution inside the multilyer for wvelengths of TUH nm @red nd pink lines for polriztion s nd pD respetivelyA nd VSS nm @lk nd gry lines for polriztion s nd pD respetivelyAF he eletri (elds re plotted t the resonnt ngle of θ SP R,P d for the oth metlli nd hydrogented sttesD respetivelyF pigure SFQ@A shows the re)etne urvesF et resonneD the eletri (eld intensity is mximum t the SiO 2 Gd interfe for the short wvelengthsF his wvelength distriution is opposite to the penetrtion depth distriutionF st is explined y the optil metl properties X the metl is more trnsprent nd less soring for the lue thn the red wvelengthD s emphsized y hlney et lF ITVF pigure SFQ@A shows tht the eletri (eld inreses upon hydrogention t the SiO 2 Gd interfeF he hydrogention of the d lyer mkes the metl more trnsprent nd less soringF he eletri (eld is then redistriuted into the multilyer nd onsequentlyD the urve is lteredF 5.4 Choice of the layer thicknesses he thiknesses of the silver @dIAD sili @dPA nd d @dQA lyers s well s the rtios of the thikness de(ne the resonne onditions nd the performnes of the sensorF he performne of (er sensor sed on spetrl modultion is desried in terms of the sensitivity nd the signlEtoEnoise rtio @xA @setion PFU AF he former de(nesD hereD the shift of the resonnt wvelength δλ res due to onentrtion of R 7 hydrogenF he ltter is inversely proportionl to the full width t the hlfEmximum @prwA orE responding to the @SN R = δλ res /δλ F W HM AF prw should e s smll s possile to get the est resolutionF Figure SFQ ! @A he eletri (eld @E // A distriution into multilyer mde of QS nm eg G IVH nm SiO 2 G Q nm d for the metlli @lineA nd hydrogented stte @dsh lineA t the resonne @θ SP R,P d = 79.73 • nd 66.68 • for λ a TUHFTR nm @red nd pink for polriztion p nd sD respetivelyA nd VSSFTS nm @lk nd gry lines for polriztion s nd pD respetivelyAD respetivelyAF @A e)etne s funtion of the ngle thet @0 • orresponds to the norml inideneA for p nd sEpolriztion t di'erent wvelengthsF IHQ he (rst metl lyer support the D in the sense tht the min olletive osilltions of free hrge ours t its interfeF sn dditionD this lyer mde the sensor insensitive to the i polriztionD sine the is only oupled y w polrized lightF he i polrized light is re)eted without eing 'eted y the hnge in the surrounding index s shown in (gF SFQ@A in ontrst to our previous sensor desried in hpter RF oughly spekingD the eu lyer prevents the iE polrized wve from rehing the sensing medium @here the d lyerA due to the ohmi loss in the metl lyer s it is ommonly oserved in the eu (er index refrtive sensorF he trnsmitted intensity through the optil (er is therefore only determined y the re)etion oe0ient of the w polrized light for the propgting rysF pigure SFT@A shows tht the sensitivity inreses with the eg thiknessF roweverD the pek minimum is negtively 'eted due the rditions dmpingD nd the x dereses with n inrese of the thikness of the eg lyerD s depited in (gF SFS@AF he resonnt wvelength is lso shifted to the longer wvelengthsF e vlue of QS nm seems good trdeE o'F Figure SFS ! xormlized light intensity s funtion of the wvelength for @A di'erent thiknesses @dQA of d nd @A di'erent thiknesses @dIA of egF he trnsduer is mulE tilyer mde of dI nm eg G dP nm SiO 2 G dQ nm dF @xe a HFPPD ore rdius a IHH µmD v a I mAF he lines nd dsh lines represent the metlli nd hydrogented stteD respetivelyF he seond lyer positions the resonne into the ngulr rnge of the optil (erF fy inresing the thikness of the SiO 2 lyerD the e'etive index @n = β/k 0 A of the inresesD iFeF the resonne position is shifted to greter ngles t given wvelengthD s depited in (gF SFRF xote tht the intermedite SiO 2 lyer is thin enough to void multi modes in the wetl snsultor wetl wveguide @wswA nd thik enough to deouple the @supporting y eg nd dAF he hoie of the SiO 2 thikness llow us to de(ne the resonnt wvelength in the sensor responsesD s shown in (gF SFI@AF st shifts towrd the long wvelengths with the inrese of the SiO 2 thiknessF he minimum of the pek hnges s the rdition dmE Figure SFT ! ensitivity s funtion of @A the SiO 2 thikness for di'erent eg thiknessesD @A of the eg thikness for di'erent d thiknesses nd @A of the d thikness for di'erent eg nd SiO 2 thiknessesF ping is 'etedF he pek widens t longer wvelength due to the inrese of the metl sorptionF xeverthelessD the sensitivityD s depited in (gF SFTD nd the x re wekly ltered y the sili thikness ompred to the silver nd d thiknessesF @he irregulE rity on the sensitivity urves is due to the wvelength disretiztion pith in the simultionAF he d lyer mkes the multilyer sensitive to hydrogenF snresing the d thikness widens the resonne pek nd inreses the pek minimum vlueD s shown in (gF SFS@AF he sorption of d uses the rodening of the resonneF he hnge of the resonne depth is relted to the hnge in the rtio of the two dmping proessesF st is worth noting tht n inresing d thikness shifts the pek towrd shorter wvelengths due to the derese of the e'etive index of the F pigure SFT@A shows the sensitivity inreses with the inrese of the d thiknessF e trde o' hs to e found etween the sensitivity nd the xF e Q nm d thikness ppers s optimlD ppeling to oneive fst nd reproduile hydrogen sensor @in greement with our previous experimentl oservtion onerning very thin (lmAF xeverthelessD the experiment response ould e di'erent due to the limittion of the d permittivity dieleE tri for disontinuous (lmF sn our designD the xeD the ore dimeter nd the deposit length ply ruil role in the performne of the sensorF es previously reported for the (er sensor X n inrese of the numer of re)etions dereses the vlue of the minimum pekD ut trends to widen the pek Y derese of the xe gives nrrower pekD s depited in (gF SFVF hereforeD we hoose vlue of HFPP for the xe nd I m for vD with ore rdius of IHH µmF eording to our simultionD for multimode step indexD we (nd tht the QS nm egG IHH nm SiO 2 G Q nm d multilyer is the optiml design to otin the est trdeEo' etween the sensitivity nd the xF egrding the sensitivityD the resonnt wvelength shows shift of IUFT nm t onentrtion of R 7 H 2 in er @xe aHFPPD vaImD ore rdiusaIHH µmD QS nm egG IHH nm SiO 2 G Q nm dAF o study the performne of the proposed sensorD we relized prototype tht onsists of stked lyer of QS nm euG IVH nm SiO 2 G HET nm d on multimode (er oreF he eg lyer ws repled y n eu lyer for experimentl resonsF he thikness of eh lyer hve een optimized s previously disussedF @he thikness of the SiO 2 hve een hosen to position the resonne in the middle of the spetrum of the light soure Eround UHH nmE in order to otin the est ignl xoise tio @xAAF e (rst study the spetrl response to underline the funtionl mehnism of the proposed sensorF henD we report the dynmil rngeD the sensitivityD the reproduiility nd the rossEsensitivity to oxygen nd ir of the sensor in order to evlute its use in hydrogen sensing pplitionF 5.5.1 Experimental method e used for our experiment xewport multimode (er nd remove the optil ldding @het tretment with hemil th for leningA s desried in setion QFQF he length v is limited to HFS m@± HFP mA in greement with our simultionF e deposit the stk multilyer with the on(gurtion P s desried setion QFQFP to uniform thikness round the optil (erF et kground pressure of 10 -7 mr nd er sputter pressure of Q mr ws ppliedF euD SiO 2 nd d were sputtered t n verge rte of IFR ÅGsD HFPQR ÅGs nd IFS ÅGs respetivelyD using IHH pD ISH p nd IHH hg power supplyF o otin the SiO 2 lyerD pure i trget is sputtered using oxygen s retive gsF feuse of the use of retive gs during the Si0 2 depositionD we hoose to deposit lyer of gold insted of eg to irumvent the oxidtion of the metlF es mtter of ourseD eg lyer n e used if SiO 2 trget is diretly usedF o mesure the response of the sensorD we used the mesurement enh desried in setion QFRFPF IHT 

(b) (a)

Figure SFV ! xormlized light intensity s funtion of the wvelength for @A di'erent lengths @the ore rdiusD nd the xe is IHH µm nd HFPPD respetivelyA for @A di'erent (er xe @ the ore rdiusD nd the deposit length is IHH µm nd I mD respetivelyAF he trnsduer lyer is mde of QS nm eg G IRH nm SiO 2 G Q nm dF he lines nd dsh lines represent the metlli nd hydrogented stteD respetivelyF 5.5.2 Result SPR peak : pirst we determine the normlized spetrl responseD whih is de(ned s the mesured spetrum divided y the referene spetrum of the re optil (erF por vrious lyer stks (gure SFW nd SFW show the rw nd normlized spetrl response in the wvelength rnge from RSH to VSH nmF et wvelengths etween THH nd VHH nmD pek is oserved in the trnsmitted lightF he resonnt wvelength is minly determined y the thikness of the SiO 2 lyerF heoretillyD the resonnt wvelength is TRH nm nd UHR nmD respetivelyD for IRH nm nd IVH nm thik SiO 2 lyerF purthermoreD the pek tends to dispper with n inresing d thikness while shifting to shorter wvelengthsF yur experimentl results re in reltively good greement with our simultionsF he disrepny of HFS to S 7 etween the mesured nd simulted vlue of the resonnt wE velengthD is most likely used y smll unertinty in the deposited thikness of SiO 2 @due to the optil (er orienttion during the depositionAF o investigte the sensor responseD we studied the reltive hnge in the trnsmitted response for eh individul sensorF sn ftD we nnot diretly ompre the width nd the minimum vlue of the resonne pek experimentlly otined with our simultionsD sine the losses my lso ome from the oupling @soureGdetetorE(er onnetionA nd the sensing interfe @lddingEore interfeAF xeverthelessD the reltive hnge of the pek in the presene of hydrogen is the sme etween the di'erent smples nd insensitive to the intensity )ututionF e present in the following the response of the sensor with SiO 2 thikness of IVH nm in order to otin the etter xD etween the referene nd the mesured spetrumF H 2 response : he mesurements were rried t hydrogen onentrtions etween HFS7 nd R7 H 2 in erD t tmospheri pressure nd room tempertureF e use the sme gs ell s previously nd desried in setion QFRFPF he gs loding ell is purged severl 
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Figure SFW ! @A w spetr for vrious lyer stksF@IEPA xormlized trnsmitted speE trum for @IA euG iyP @IVH nmAG d @PFS nmA nd for @PA euG SiO 2 @IVH nmAG d @S nmA IHV 5. A fiber optic Surface Plasmon Resonance sensor based on wavelength modulation for hydrogen sensing minutes with er efore ll mesurementsD in order otin minimum of impurities in the gs systemF edding H 2 to the erD we oserve tht the pek hnges in ll lyer geometriesF pigures SFWI nd P show the normlized intensity fter sEdepositedD fter R7 H 2 in er @lue lineA nd er fter reovering for two di'erent multilyer stksF he shift of the pek uses hnge in the trnsmitted intensity nd in the minimum resonnt wvelength @de(ned in the following s the resonnt wvelengthAF pigures SFIH nd show respetively these oth hnges upon hydrogention yles t P7 nd R7 H 2 in er for the eu @QS nmAG SiO 2 @IVH nmAG d @PFS nmA multilyerF Intensity modulation : he trnsmitted intensity dereses for wvelengths shorter @orngeD red linesA thn the resonnt wvelength nd inreses for longer wvelength @lk nd purple linesAF xote tht the trnsmitted intensity for wvelengths smller thn the resonne is rely hnged @ green line AF hile the trnsmitted intensity is 'eted for the longer wvelength outside the resonneF et the resonneD the intensity derese in greement with our simultionF he imginry prt of the wvevetor dereses sine the d hydride phse is less soringF Wavelength modulation : et resonneD the signl is strongly limited y the shot noise sine the intensity is miniml ITWF e urve (tting proedure is used to determine the hnge in the resonnt wvelength in the presene of noiseF gontrry to our simultionsD the resonnt wvelength shifts to shorter wvelengths with the presene of hydrogenF his disrepny etween simultion nd the experimentl results is explined y the di'erene of optil dt of our dG d hydride (lm nd the one determined y von ottky ITQ s emphsized in the hpter RF he deposition of d t room temperture uses n islnd growth modeF es previously disussed in setion RFSFPD d (lms re mde of d disonneted islnd elow S nm VPF pon hydrogentionD the islnd d mirostruture my hve n inverse e'et on the e'etive index of refrtion of the stk lyer upon hydrogentionF sn nlogyD we refer to the work of ulli SH mentioned in the hpter I X for d (lm deposited on glss sustrteD the re)etivity inreses for (lm inferior to Q nm in presene of hydrogen insted of deresing s for ulk (lmF essuming disontinuous (lmD we elieved tht the expnsion of the d (lm upon hydrogention led to more ontinuous (lm using inrese of the rel prt of the refrtive indexF sn onlusionD we ssume tht the hnge in the rel prt of the wvevetor is preE dominntly used y the d expnsionD while the hnge in the imginry prt of the wvevetor is predominntly used y the d dieletri permittivityF purther investigE tions hve to e done to vlidte the origin of the shiftF Reproducibility : efter the (rst hydrogention yleD the optil response of the sensor eomes reproduile for oth hnges in intensity nd resonnt wvelengthD prt from negligile driftF es previously reported in hpter R X the (rst hydrogention yle uses relxtion of the uildEin stress s result from deposition SPD PTF fesidesD the (rst hydrogention yle my lso remove ny dsored gs speies gthered t the surfe during trnsportF he oserved drift my e due to the poor dhesion etween the individul lyersF o improve the dhesion thin i or gr dhesion lyer n e deposited prior to the d @hpter PAF st is interesting to mention tht sensor re sensitive to the hnge in temperture sine the refrtive index re strongly dependent on the tempertureF rereD the mesurement were rried out without ny temperture ontrol devieF he temperE ture is the room temperture @vrying from PH • to PS • during the dyAF gonsequentlyD 
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Figure SFIH ! eu @QS nmAGioP@IVH nmAGd @PFSnmA sensor response reproduiility @A of the trnsmitted intensity t di'erent wvelengths nd @A of the (tting resonnt wvelengthF he sensor suessively responses to onentrtion of R7 nd P 7 H 2 in erF eovery re suessively repeted in erF ∆λspr (nm) 2.5 nm Pd 3.75 nm Pd

Figure SFII ! eu @QS nmAGioP@IVH nmAGd sensor dynmil rnge t room temperture nd mient pressure for di'erent d thiknessesF supplementry drift due to temperture hnge my e oserved etween di'erent expeE rimentsF roweverD we ssume tht this drift is negleted during one run @ the temperture hnge is less thn 1 • AF por industril pplitionsD we hve to lirte the sensors s funtion of the tempertureF Dynamic range & sensitivity : he resonnt wvelength is funtion of the hydrogen onentrtion @(gF SFIIA nd represents the d pressureEompositionEisotherm @pA t room tempertureD s disussed in the previous hpters IF sn prtiulrD the hnge of the optil signl is relted to hydrogen soluility in the metl @ iFeF on the mount of hydrogen in the metl lttie determined y the exterior hydrogen pressureAF felow the ritil tempertureD the metl hydride exists in two phses lled α nd βF he α phse hrterizes low soluility @the r toms oupy rndomly the interstitil sites of the metl host lttieAF he β phse hrterizes high soluility with THEUH7 of ll the sites eing oupiedAF huring the phse trnsition @where oth phses oexist t the soElled plteu pressureA the numer of r toms inreses signi(ntlyD whih indues d lttie expnsion due to the rEr intertionsF his PEphse hrter is re)eted in the ehviour of the sensorF felow the pressure plteuD smll hnges re oserved orresponding to the α phseD whih limit the miniml detetion to HFS 7 H 2 in erF he oserved phse trnsitionD round IFS to P 7 H 2 in er @ISEPH mrAD is in greement with the literture vluesF he oserved sloped plteu is hrteristi for n ultrthin d (lmF eove Q 7 H 2 in erD the sensor response sturtes orresponding to the formtion of the β phseF es with ll d sed sensorsD lrge signl is otined when pplying hydrogen onentrtions well ove the plteu pressureF sn our seD the detetion sed on wvelength modultion is relile even for smll hnges in the hydrogen onentrtionD well elow the plteu pressureF sn the se of mplitude sensors smll hnges in intensity Figure SFIP ! eproduiility of the eu@QS nmAG SiO 2 @ITH nmA G d@T nmA sensor resE ponse sed on wvelength @drk lineA nd intensity modultion @lue lineAF ould simply e the result of noise @from the )utution of the light soure or the presene of endingA insted of hydrogenF xoteD tht in our geometry relile detetion sed on mplitude modultion n e done y mesuring t severl wvelengths hving n opposite e'etF vet us mention tht the miniml detetion level ould e deresed either y using referene signlD more sophistited (tting lgorithms IUHD eletroni (lters ITW or repling the multimode y single mode (er @he us eof multimode (er indues rod pekA t the expense of the sensor roustnessF sn order to further optimize the sensor responseD we vried the thikness of the d (lm etween H nd T nmF sn ftD the detetle hnge is dependent on the d thikness X our simultions show tht lrger hnge in resonnt wvelength is otinedD when the d (lm is thikerF ixperimentllyD inresing the d thikness improves the shift of the resonnt wvelength s depited in (gF SFIIF roweverD the pek is lso ttenuted @miE nimum nd pek roder for thiker (lmsD s shown in (gFQA sine d is highly soring mterilF sn dditionD we experimentlly found tht the resonnt wvelength modultion eomes less reproduile for d (lms whih re thiker thn S nmF xotwithstnding the resonnt wvelength shift of out V nm is otined for the (rst ylD the hnge dereses ontinuously over hydrogen Edesorption yles s depited in lk line in (g SFIPF xote tht the detetion nD suprisinglyD still e done sed on intensity mesurement @lue lineA X the hnge in the width of the pek is reproduileF por S nm d thikD we elieve tht the (lm eomes more nd more ontinuous over time due the d expnsionF pinllyD we onlude tht the d lyer hs n optiml thikness of out QFUS nmF Response time : he sensor responses lmost immeditely fter the gs reh the ell mesurement @iFeF fter U sD see setion QFRFPAF he response time is pproximtely Figure SFIQ ! eu @QS nmAGSio 2 @IVH nmAGd @PFSnmA sensor response time for onenE trtion of R7 nd P 7 rP in erF er is used s preE)ushed gsF Q s for R 7 H 2 in erD whih eomes only slightly slowerD etween Q nd U sD t lower hydrogen onentrtions orresponding to the lph phseF xeverthelessD we oserve tht the response time signi(ntly inreses for onentrtions lose to the phse trnsitionD out IU s for P 7 H 2 in erF he plsti deformtion ourring during the phse trnsition ould e responsile for this phenomenonF por thin d (lmsD the response time is limited y surfe proesses sine the hydrogen di'usion through the d lyer is negligileF e ssume tht the improvement of the resE ponse time @in omprison with wvelength (er sensors sed on d (lms thiker thn QH nmA is due to the presene of disontinuous d surfeF et room temperture the deposition of d uses n islnd growth mode nd for d (lms thinner thn S nmF st is reported tht suh (lm is mde up of disontinuous network of interonneted islndsF he inrese of the surfe re improves the hydrogen dsorption whih my explin our fst responseD in nlogy to disontinuous (lm for eletril hydrogen sensorF purthermoreD this ssumption ould explin the nomlous diretion of the pek shiftD s explined previouslyF sn onlusionD very d thin (lm provide fst hydrogen detetionF Cross-sensitivity : he seletive hydrogen sorption y the d lyer is neessry ondition for the seletivity of the sensorF sn ftD without the d lyer deposited on the SiO 2 lyerD the sensor is sensitive to the surrounding environmentF por the sensor of eu @QS nmAG SiO 2 @IRH nmA multilyer stkD the trnsmitted intensity dereses nd inreses respetively t shorter nd longer wvelength when the ir in the mesurement ell is repled y er nd y P7 H 2 in erF pigure SFIR shows the reltive trnsmission of the sensor in di'erent surrounding tmospheresF es resultD the resonne pek shifts to shorter wvelengths due to the hnge of the refrtive index of the gsFyur simultionsD depited in the inset of (gF SFIR re in qulittive greementD ut the oserved mplitude hnge of P orders of mgnitude is muh lrger thn expetedF st nnot e explined only y the refrtive index of the surrounding mediumF he hnge my due to @iA intertion of dsored gses t the SiO 2 surfe or @iiA the ount for hnge of temperture of Ar / Air 2 % H2 in Ar / Ar 2 % H2 in Ar / Air

Figure SFIR ! ixperimentl nd @A simulted response to erD ir nd P 7 rP in er of the eu @QS nmAG iyP @IRH nmA sensorF the gs ell due to the therml ondutivity of the gsesF purther investigtions hve to e done to (nd the ontriution of eh e'et on the oserved signlF sn onlusionD the d lyer is need for the seletivity of the sensorF fy inresing the d lyer thiknessD the sensor eomes more seletive to H 2 nd eome less sensitive to the exterior kground @eirD erA sine the is ttenutedF he hnge in the refrtive of the d lyer due to hydrogention will e muh lrger tht due to the dsorption t the surfeD whih ould e due to mny di'erent gsesF xeverthelessD other hemil retions thn hydrogention n ours t the d surfeF es lredy reportedD oxygen n hnge the response time nd the (nl vlue of the signlF his rossEsensitivity is ll the more signi(nt for thinner d (lmsD sine the O 2 penetrtes nd di'uses into su sitesD s mentioned y wier et lF TTF sn order to operte the sensor in irD d hs to e repled y d lloys to prevent the d surfe ontmintions @see setion RFQFRA F ine the d lyer is simply used to hnge the surrounding index mediumD ny other sensitive mteril suh s d lloys n e used in the proposed designF sn dditionD protetive lyer ould e lso dded in this design to derese the rossEsensitivity nd inrese the lifetime of the sensorF

Conclusion

e hve proposed n innovtive (er hydrogen sensor sed on wvelength moduE ltionF e hve demonstrted tht fst optil (er hydrogen sensor sed on wvelength modultion is possile with Fhe response of our sensor shows good reproduiility required for pplition purposesF he proposed design is simpleD n esily e emedded in industril systemsF he operting wvelength is tuned y djusting the intermedite lyer thiknessF purthermoreD the intrinsi (er sensor developed provides remote sensing nd possiility of multiEpoints sensingF e multiEpoint sensor ould e relized y dding pier frgg grting fter eh sensing regionF pinllyD the miniml detetion levelD limited y the intensity )ututionD n e improved either y using referene signlD signl proessing or the use of single mode (er in the futureF edding n intermedite dieletri IIR 5. A fiber optic Surface Plasmon Resonance sensor based on wavelength modulation for hydrogen sensing lyer efore the silver lyer @vong rnge urfe lsmon IPRD IUIA or frgg multilyer system IUPD IUQD IUR mde of T iO 2 /SiO 2 ould e nother possile wy to enhne the sensor resolutionF yne mjor hllenge is to improve the sensitivity of the plsmoni sensor with respet to the exterior kgroundD whih is most often disregrdedF herefore it is neessry to develop protetive lyer or improve the seletivity towrd hydrogenF yur proposed sensor ould e extended to d lloysF elterntively to thin (lmD sensing (lm sed on emedded metl nnoprtiles in protetive polymer (lm ould e developedF sn onlusionD re promising pproh for industril hydrogen sensingD where reliility nd fst response re requiredF IIS Chapter 6

Intrinsic multimode ber based on Mg Ti alloys 6.1 Introduction his hpter fouses on the improvement of the sensitivity nd the detetion dynE mi rnge of sed hydrogen sensorsF yur gol is to (gure out how to derese the minimum level nd to inrese the mximum level of detetionF sn dditionD we would like to quntify the hydrogen onentrtionF prom the literture nlysis @setion IFRFIA nd from our resultsD it hs een shown tht the dynmi rnge of the hydrogen sensor is relted to the d pressure omposition isotherms @pAF he αEphse limits the miniml detetion due to low hydrogen soluility in the host lttieD while the βEphse limits the mximl detetion due to sturtion of hydrogen sitesF he width nd the pressure of the equilirium phse trnsitionD where the hnge in optil onstnt is mximumD de(ne the dynmil rnge of the sensorF eentlyD lmn et lF IPD IQ developed hydrogen miroEmirror (er sensor sed on wg lloysF e SH nm lyer of M g 70 T i 30 ws deposited t the end of leved multimode (er @PHHµmGISµmAD overed y PH nm d lyerF he dvntges of those swithle mterils re X @iA low equilirium pressure plteuD @iiA lrge optil ontrst nd @iiiA fst kinetis with @ivA high stility over time nd with Edesorption ylesF pigure TFI illustrtes the optil hnge fter the hydrogention of PHH nm thik M g 70 T i 30 (lm overed with IH nm of d efore @leftA nd fter @rightA exposureF es depited wgEi shows lrge optil hnge upon hydrogentionF fefore hydrogen exposureD the (lm shows high re)etne @nd low trnsmittneAF ith the presene of hydrogenD the (lm exhiits lk stteD in the sense tht the (lm shows low re)etne nd trnsmittne over the whole solr spetrum X the (lm is highly E soring IUSF his optil hnge is ontinuousD nd depends on the hydrogen pressure nd the wg lloy ompositionF et temperture of 25 • gD the phse trnsition nd the lrgest optil hnge of M g 70 T i 30 (lm is otined t pressure of HFVV @iFeF for onentrtion of HFHHVV7 H 2 AF he phse trnsition @pressure plteuA is determined y the lloy omposition s shown in (gF TFP PTF he pressure plteu shifts towrd higher pressures nd widens with inresing i ontent in the wg lloysF husD y tuning the omposition of the wg lloysD we n hnge the dynmil rnge of the hydrogen sensorF yur designD previously proposed nd desried in hpter SD is not expliitly sed on the of the d lyer in the sense tht the free osillting hrges re minly supported y the eu lyer t the eu SiO 2 interfeF d is rther used to hnge the e'etive index of IIT 6. Intrinsic multimode fiber based on Mg Ti alloys IH nm M g 70 T i30 G S nm dF @A imulted nd @A experimentl responseF he lines nd dsh lines represent respetively the metli nd hydrogented stteF the multilyer upon hydrogentionF hereforeD we should e le to reple the d y ny other hydrogen sensitive lyer @metl or notAF epling d y wg lloy thin (lm will result in lrger shift of the pekD whih will improve the resolution of the sensorF o stress our pointD we present in (gF TFQ the simulted response of the sensor with the following multilyer X QS nm euG IHH nm SiO 2 G IH nm M g 70 T i 30 G S nm dF e lerly oserve the shift of the pek in sene @lk lineA nd in presene of hydrogen @dsh lineAF xeverthelessD our experimentl result of suh struture is fr from the predited oneF o understnd this negtive resultD we propose to study (rst the properties of wg lloys in simple optil (er on(gurtionF o do soD we study the response of the sensor where wg lloy (lm is oted on n intrinsi multimode optil (erF gontrry to the miroE mirror presented y lmn et lFD our rnge of onsidered ngles is now di'erentD nd is de(ned y the optil (er xeF he following questions rise X hoes the swithle mteril still show lrge optil ontrst c por whih thiknessD nd length of the depositD is the response optiml c ss the performne of suh sensors dptle for hydrogen lek detetion c he (rst prt of this hpter shows the simulted response of optil (er sensors sed on wg lloyF he im is to understnd the role of eh lyer in the on(gurtion we proposedF sn prtiulrD does the t the d ir interfe ply role in the response c sn the seond prtD we study the experimentl response of the sensor for vrious lloy ompositions nd thikness rngesF pinllyD we onlude on the possiility to use wg lloys in (er sensor for industril usesF 6.2 Intrinsic multimode ber based on Mg-Ti alloys he sensor onsists of thinE(lm wgElloy lyerD overed y d lyer deposited on the ore of n optil (erF he wgElloy lyer plys the role of the inditor mterilD while the d lyer prevents the oxidtion nd promotes the hydrogen dissoitionF he d lyer hs to e thin enough to otin reproduile nd fst response s previously desried in setion RFSFPF he d thikness hs to e lrger thn Q nm in order to mintin the IIV 6. Intrinsic multimode fiber based on Mg Ti alloys tlyti property of d SPF he priniple of the sensor is the sme s the sensor desried in hpter RF he hnge in the dieletri permittivity of the stk lyer uses modi(tion of the re)etion oe0ientD whih results in lol hnge of the numeril perture @xeA of the optil (erF herefore the trnsmitted intensity t the output of the optil (er is modulted y the hydrogen onentrtionF o study the e'etive role of eh lyerD we lulte the re)etivity of vrious multilyer stks s funtion of the light inident ngle for di'erent wvelengthsF e dedue then the response of the optil (er sensor s explined in setion QFPF 6.2.1 Simulation por the simultionD we use the sme optil onstnts s in the previous hpters while the dieletri permittivity of wgEiEr is derived from mesurements on thik (lms y fors et lF IUSF sn ontrst to dD wg lloys show lrge hnge in lttie onstntF e tke this expnsion into ount y ssuming n expnsion volume of QH 7 in the diretion perpendiulr to the optil (erF sn our studyD we onsider only the ngles within the xe of our optil mesurement system @iFeF ove VIFP • AF pinllyD to distinguish the hydrogention e'et of the d nd wg lloy lyerD we lulte the re)etne for the three (nl @equiliriumA sttes X @iA oth mterils re (rst in the metlli stte @linesAD @iiA the wgElloy lyer is then hydrogented wheres the d lyer is still in metlli stte @dsh linesAD nd @iiiA oth wgElloy nd d re hydrogented @symol linesAF xote tht the wg lloys lyer is hydrogented efore the d lyerF st is ler tht for thik wgEi lyers @superior to IHH nmAD the d lyer does not 'et the re)etne of the multilyer stk sine the wgEi lyer is either metlli or highly soring @in the hydrogented stteAF fy deresing the wgEi thiknessD the d lyer n not e negleted nymore due the penetrtion depth of the (eld in this lyerF he penetrtion depth depends on the wvelength nd the polriztionF o stress our pointD we onsiderer two multilyer stks with di'erent rnges of thiknessF he former onsists of SH nm thik M g 70 T i 30 lyer nd PS nm thik d lyerD while the ltter onsists of IH nm thik M g 70 T i 30 lyer nd IP nm thik d lyerF 50 nm M g 70 T i 30 / 25 nm Pd : pigure TFR plots the re)etne s funtion of the inident ngle @θA for polriztion s nd pD t short wvelength @lue lineA nd t long wvelength @red lineAF fsillyD in lmost ll ses the re)etne dereses for the rnge of ngles onsidered upon hydrogentionF he hnge is predominnt for polriztion sF por polriztion sD the hnge is lmost wvelength independentF he derese in reE )etne is minly used y the hydrogention of wgEi lyer @lue versus green dsh lines TFRAF hue to the highly soring hrter of the wgEi hydrideD the light is stronE gly ttenuted in the M g 70 T i 30 lyer s depited in (gF TFRF oughly spekingD the light does not see the d lyerF he d lyer is not used s trnsduer lyer in this seD ut only s tlystF por polriztion pD the optil hnge is wvelength dependent nd funtion of the hydrogention of oth lyersF et shorter wvelengthD the re)etne dereses @lue lineE dshD (gF TFRAD while it inreses t longer wvelength with the formtion of wgEi hydrideF he re)etne hnge tends to derese with the formtion of d hydrideF sn the hydride stteD @dsh line in (gF TFRA the re)etne urve shows rod pek @round TH • F sn (gF TFRdD we oserve the enhnement of the (eld t the d ir interfe upon 
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Figure TFR ! @EA e)etne of stk multilyer of SH nm thik M g 70 T i 30 lyer nd PS nm thik dD deposited onto glss sustrteD s funtion of the ngle θ @H • orresponds to the norml inideneAD for polriztion @A s nd @A pD respetivelyF @EdA represent the (eld distriution @θ = 82 Figure TFS ! imulted reltive trnsmission of multilyer stk of @A QH nm M g 70 T i 30 G PS nm d nd @A IH nm M g 70 T i 30 G IP nm d @EdA rnsmitted intensity s funtion of hydrogen for multilyer stk of @A QH nm M g 70 T i 30 G PS nm d nd @dA IH nm M g 70 T i 30 G IP nm d hydrogentionF sn onlusionD t short wvelengths the re)etne dereses for oth polriztionsD while it is redued t long wvelengths for polriztion pF he derese of the re)etne mens in n optil (er struture tht the trnsmitted intensity deresesF pinllyD the trnsmitted intensity dereses upon hydrogentionD with lrger hnge t short wveE lengthD s depited in (gF TFSF e n onsider tht the hnge is minly due to the formtion of the wgEi hydride @(gF TFSAF 10 nm M g 70 T i 30 / 12 nm Pd : por thin (lmsD the hnge in re)etne due to the formtion of d hydrideD is none negleted ompred to the hnge indued y the formtion of wgEi hydrideF por polriztion sD the re)etne still dereses s depited in (g TFTF he (lm is less metlliD whih results in inresing the penetrtion depth s shown in (g TFTF por polriztion pD the re)etne urveD in (g TFTD shows pek for ll sttes @hydrogented or notAF pon hydrogentionD the (eld is enhned t the d ir interfeF he modi(tion of the pek leds to n inrese nd derese in re)etne t shorter 

Figure TFT ! @EA e)etne of multilyer stk of IH nm thik M g 70 T i 30 lyer nd IP nm thik dD deposited onto glss sustrteD s funtion of the ngle θ @H • orresponds to the norml inideneAD for polriztion @A s nd @A pD respetivelyF @EdA represent the (eld distriution @θ = 82 • AF he iletri (eld is prllel to the multilyer stkF et the left of the wgEi lyerD the (eld orresponds to the interferene etween the inident nd re)eted (eldF he mplitude (elds re not normlizedF IPP 6. Intrinsic multimode fiber based on Mg Ti alloys nd longer wvelengthsD respetivelyF sn ontrst to hpter R where the hnge is due to derese in the imginry prt of the @iFeF derese in the width of the pekAD the hnge is now relted to hnge in oth prt of the F puture investigtions hve to e done to understnd lerly the mehnismF sn ftD we hve now imetlli lyerF he my result from ontriution of eh lyer X wgEi nd wgEi hydride present pek in the re)etne urve for three lyer system @rismGwgEiGirAF pinllyD the re)etne hnge is predominnt for the polriztion sF sn the presene of hydrogenD the trnsmitted intensity of the optil (er deresesF e expet two dynE mil rnges relted to the wgEi nd d pressure omposition isothermD s illustrted in (gF TFSdF 6.2.2 Experimental deposition e usedD for our experimentD xewport multimode (er nd we removed the optil ldding @het tretment with hemil th for leningAD s desried in setion QFQF he sensor response inreses s the optilly sensitive length v long the (er inreses sine the numer of re)etions inresesF es previouslyD we limited the length of the deposit for prtil resonsF he length v is limited here to HFS m @±HFPAF e deposit the multilyer stk with the on(gurtion PD s desried in QFQFPF he deposition results in uniform thikness nd ompositionF wg nd i trgets re fing eh other nd perpendiulr to the rotting xis of the optil (erF fy djusting the power pplied to eh gun the desired omposition is otinedF por instneD for omposition of M g 70 T i 30 D wg nd i re respetively sputtered t rte of IFHT nd HFQRS ÅGs using TU p nd ISH hg power supplyF he d trget is long the sme xis of the optil (erD whih results in slight grdient of thiknessF lldium is sputtered t n verge rte of IFS ÅGs using IHH hg power supplyF he sputter pressure is lwys set t Q µr erF e study the response of multilyer stk onsisting of SH nm thik M g 70 T i 30 lyer nd PS nm thik d lyerF e protetive lyerD mde of sputtered polytetr)uoroethylene @piAD is dded on the top of the d lyerF his lyer protets the d surfe of pollutnts during the trnsport nd the storge of the sensor in irF he permeility oe0ient through pi is out T times higher for hydrogen thn oxygenF e hve oserved tht this lyer is neessry to otin reproduile nd fst kinetiF e think thtD in sene of the pi lyerD oxygen oxidizes the wg lloys lyer in spite of the d p lyer @oxygen di'use into the multilyer through eventul rks or grin oundry Efor thin (lmAF his hypothesis is still under investigtionF 6.2.3 Result sn this setionD we report the performnes of the sensor tested etween hydrogen onentrtion of HFP 7 nd P 7 H 2 in erF sn this onentrtion rngeD d remins in the α phseF husD the optil hnge is minly used y the wg lloy lyerF Hydrogen response : sn the presene of hydrogenD the trnsmitted intensity dereses @(gF TFUA s theoretilly preditedF st is interesting to note tht the trnsmitted intensity tully inreses (rst efore deresingF his point will e disussed further in prgrph eproduiility F por ll hydrogen onentrtions ove HFR7D the signl rehes the sme vlueF his indites tht the metl @wgEiA is lwys trnsformed to the βEphseF et low onentrtion @elow HFR 7 H 2 in erAD the signl of the sensor is not stilizedF Figure TFU ! @EA eproduiility of the sensor @sed on SH nm M g 70 T i 30 G PS nm dA response over yling nd timeF @A he sensor ws stored three weeks in irF @A esponse nd @dA reovery time for di'erent hydrogen onentrtionF @BA orresponds to the response of the (rst yle @green dsh lineA nd IH yles @lue dshlineA fter three weeksF IPR 6. Intrinsic multimode fiber based on Mg Ti alloys he equilirium is not rehed due to kineti issues IPF emrklyD the sensor sed on M g 70 T i30 does not extend the dynmil rnge ompred to d sensorF he hnge in trnsmitted intensity is lrger t shorter wvelengths nd dereses toE wrd the longer wvelengths @(gF TFUEAD in greement with our simultionD s depited in (gF TFSF Recovery : he reovery time is rely hydrogen dependentF st is fst enough @round QH sA for generl purpose pplitions @(gF TFUdAF roweverD oxygen is essentil for fst deE hydrogentionF he reovery time eomes extremely long in )ow of erF hile lmn et lF IP noted tht the mount of oxygen for onentrtions etween I to PH 7 D is not importntD we dehydrogente our sensor with gs mixture of PH7 O 2 in erF Reproducibility : o verify the stility nd the reversiility of the detetion lyerD we mesure the trnsmitted intensity for suessively Edesorption ylesF he sequene of yles is de(ned y gs mixture of HFS7 H 2 @or P7 H 2 AD followed y desorption in mixture of PH 7 O 2 in erF he response is reproduile fter the (rst yleF es previously oserved in the se of dD the sensing lyer needs one yle to e stilized nd to remove the pollutnts on the d surfe gthered during the devie trnsport nd storgeF efter storing the smple in ir for Q weeksD smll devition is oserved for yles fter the (rst oneF purthermore we oserve tht the reovery time is slower nd inreses slightly over yles nd timeD s previously noted y fors et lF IUS F his e'et hs een relted to poisoning of the d p lyer ndGor intermixing t the interfeF sn ftD the drift eomes importnt with the sene of protetive lyerF sn dditionD we oserve tht the response time is slower fter storingF roweverD repeted yling len the surfe whih result in grdully improving the response timeF pigure TFU shows the response nd the reovery time of the sensor t P 7 in er fter few yles @red lineAD fter storing in ir @lk lineA nd fter storing in ir nd few yles @green dsh lineAF pinllyD we oserve smll drift over timeF efter multiple ylesD the hnge is lrgerD ut n e negleted ompred to the reltive hngeF he reproduiility of the response is in greement with the reported results for wgEi lloys nd eptle for generl purpose pplitionsF urprisinglyD the reproduiility of the signlD espeilly for the reovery is wvelength dependentF por the (rst set of yles @(rst dyAD the response shows ump for the E nd deEsorptionF he ump is predominnt for longer wvelengthsD s depited in (g TFU for wvelength of VSH nm @red lineAF efter Q weeksD the oserved ump tends to dispper @(gF TFUAF o understnd the origin of the ump in the responseD we go k on the re)etivity of the multilyer stkF e (rst notie tht the ump nnot e relted to hnges in the d lyer sine the ump is oserved t onentrtion of HFS 7D whih is lower thn the pressure plteu of dF et this onentrtionD only the wgi lyer is hydrogentedF reneD the ump omes either from @iA the expnsion of the metl hydride or @iiA the surfe lsmon t the d ir interfe @ompetitive e'et of the lossesAF roweverD the expnsion of the metl hydride does not use n inrese in re)etne in our simultions @ iFeF n inrese in the trnsmitted light in our seAF eording to our simultionD the re)etne n only inrese t long wvelength when only wgEi is formed for the polriztion pF his hnge is relted to modi(tion of the pekF gonsequentlyD we ssume tht the ump is due to modi(tion of the pek used y the presene of r surfe 6.3. M g 60 T i 40 film IPS nd susurfe sites t the eginning of the wgEi hydride formtionF Response time : o investigte the response time of the sensorD we used the sme mesurement enh s desried in hpter QF he mixed gses rrives in the gs ell @iFeF intert with the sensitive lyerA fter U sF roweverD the sensor does not immeditely respond fter this timeF he lteny time seems to depend slightly on the H 2 onentrtionF feuse mixture of PH 7 O 2 nd er is used s preE)ush gsD oxygen gents derese signi(ntly the eginning of the response s explined in setion RFQFQFIF ithout tking the lteny time into ountD we oserve tht the response time is drstilly slower with deresing hydrogen onentrtion @(gF TFUAF he response time is in ft too slow to reh the equilirium t HFP 7 H 2 F he response times re of the order of the ones oserved with the lmn9s sensorD ut slightly slower in our seD proly due to the presene of oxygenF lmn et lF reported liner pressure dependene for the hydriding rteF hey onluE ded tht the kineti is limited y the surfe retionF sn our seD the hydriding rte seems lso linerF roweverD the surfe dissoition n not e the kineti limited step sine the response timeD t low onentrtionD is longer thn the one of our d sensor with the sme rnge of thiknessF sn ftD qremud et lF PT emphsized tht liner dependene does not neessrily men tht the hydriding rte is determined y surfe properties only D ut it my e the ssoition of oth proesses @ulk nd surfeAF sn prtiulrD sturel et lF IUU demonstrted tht the kineti for i@triAElyer system for swithle mterilD simulted with di'usion modelD is strongly orrelted to the enthlpy of formtionF he proper study of the kineti is out of the sope of this thesisF e onlude only tht the response time depends strongly on the hydrogen onentrtionD s depited in (gF TFUD nd is too slow for sfety pplition @eptle for sttionry systemAF Cross-sensitivity hue to the use of dD the sensors su'er of rossEsensitivityF lE mn et lF reported tht oxygen slows down the response of the detetorF sn our se the oxygen pollutnts n even led to nel the drop in intensityD nd will give then flse lrmsF he protetive lyer does not stop the rossEoxygen sensitivityF o overome the ross sensitivityD d lloys n e used s explined in setion IFRFRF sn onlusionD most of our results re in greement with formerly reported results on M g 70 T i 30 (lmsF@iA he (lm is stle over Edesorption yles nd timeF @iiAhe detetion lyer shows lrge optil ontrst whih derese drstilly losses in the optil (erF @iiA he response time is strongly depending on the hydrogen onentrtionF e onlude tht wg lloys n e employed with n intrinsi (er sensor on(gurtionF sn ontrst to reproduile d (lm @iFeF round IH nmAD wg lloys provide onsiderle lrge optil hngeF sn prtiulrD the length of the sensitive lyer n e smller thn for d oted sensors @the length is here HFS m ompred to P m in hpter RFSFPAF roweverD the response time does not ful(ll the utomotive industry requirement @inferior to ID or Q sAF sn dditionD due to the kineti issueD the dynmil rnge is not improved ompred to d thin (lmD whih ontrdits our working hypothesisD unfortuntelyF 6.3 M g 60 T i 40 lm qremud et lF PT demonstrted tht the speeds of hydrogen sorption nd desorpE tion re strongly dependent on the metl rtio in the initil lloyF sn prtiulrD inresing the i ontent improves the kinetiF e hve deided to study M g 60 T i 40 lloys in order Figure TFV ! esponse of the sensor for multilyer stk onsisting of SH nm M g 60 T i 40 G IU nm d @IEPA esponse time of the sensor t wvelength of THS nmF @A eltive trnsE mission s funtion of the wvelength for di'erent hydrogen onentrtions X ressureE omposition isothermF @A eovery time of the sensor t wvelength of THS nmF 6.4. Thinner film IPU to try to otin fst hydrogen sensorF he sensors re relized in the sme ondition s previouslyF he length of the deposit is now I mF for omposition of M g 70 T i 40 D wg nd i re respetively sputtered t rte of IFHT nd HFQRS ÅGs y using TU p nd ISH hg power supplyF he sensor is tested etween HFP 7 nd R 7 H 2 in erF sn this rnge of onentrtionD wg lloy hydride nd d hydride is formedF Hydrogen response : sn the presene of hydrogenD the trnsmitted intensity dereses due to the hydride formtionF es preditedD the hnge in intensity is mximl t short wvelength nd inreses towrd longer wvelengthsF pigure TFV plots the reltive trnsmission of the sensor s funtion of time t wvelength of THS nmF por ll H 2 onentrtions ove HFR 7D the trnsmitted intensity rehes the sme (nl vlue s previouslyF his indites tht the metl @wgEiA is lwys trnsforms to the βEphseF yur rnge of onentrtion used re indeed ove the phse trnsition of the M g 60 T i 40 @elow HFI 7A s depited in (gF TFP @lk symolsAF he sene of di'erenes etween HFR 7 nd Q 7 H 2 in er indites tht optil hnge is used y the wgEi hydride formtion sine the d hydride is formed ove P7 H 2 in erF et longer wvelengthD the d hydride formtion 'ets the responseF e smll devition is oserved etween onentrtion of HFR 7 nd Q 7 H 2 in er s shwon in (gF TFVF he trnsmitted intensity dereses gin with the d hydride formtionF sn omprison with the simulted responseD the experimentl one shows smller hnge upon hydrogentionF st is explined y wrong dieletri permittivityF he dieleE tri permittivity used in our simultion derived from the M g 30 T i 70 (lms F M g 60 T i 40 show tully smller optil hngeD s depited in (gF TFP @lk symolsAF sn dditionD non predited lrge hnge is otined elow SHH nmF sn spite of wrong dieletri permittivityD the simulted results re in good greement with our simultionsF he trnsmitted intensity dereses upon hydrogention nd the mximum hnge is otined t short wvelengthF he d hydride formtion is predomiE nnt t longer wvelengths thn shorter wvelengthsF Reproducibility : he (lm is stle over Edesorption yles nd timeF e oserve the sme ehvior thn for M g 70 T i 30 (lmD desried in setion TFPFQF Response time : yur (rst motivtion for inresing the i ontent ws to improve the response timeF roweverD we oserve tht the response time @(gF TFVA is in the sme order of time thn the sensor sed on M g 70 T i30F he response is even slightly slower thn with the previous ompositionF roweverD we nnot mke ny relevnt remrk onerning the di'erene in the kinetiF he mesurements wereD in ftD rried out for di'erent onditions nd ylesF he response time is still too slow for our onernsF 6.4 Thinner lm e propose to study the response of thin wgEi (lm in order to @iA omine lter this detetion lyer to our sensor sed on wvelength modultion nd t the sme timeD@iiA we expet to improve the response timeF IPV 6. Intrinsic multimode fiber based on Mg Ti alloys 6.4.1 10 nm M g 60 T i 40 / 12 nm Pd sn this setionD we present the response of IH nm M g 60 T i 40 G IP nm d deposited on the ore of multimode (erF eording to our simultionD we expet tht the sensor responses eqully to the optil hnge of the wgEi nd d hydride upon hydrogentionF he sensor is tested etween HFP 7 nd R 7 H 2 in er to form the wg lloy hydride nd d hydrideF Hydrogen response : edding H 2 in er dereses the trnsmitted intensityF e ontiE nuous hnge in trnsmitted intensity is oserved s funtion of the hydrogen onentrE tion etween HFP E R 7 H 2 in erD s shown in (gF TFWF sn dditionD the sensor response shows surprisingly wvelength dependene @(gF TFWAF en optiml hnge is otined for wvelengths round TSH nmF e experimentlly studied the sensor t wvelength of THS nm in order to ompre with our results with thiker (lms of sme ompositionF pigure TFII plots the sensor sensitivity s funtion of the hydrogen onentrtion on semiElogrithm sle in order to point out the pressure omposition of the multilyerF e oserve three rnges X ! etween HFPEP7 X the trnsmitted intensity hnges slightly s funtion of hydrogenD ! etween PEPFS7 X lrge optil hnge is oserved t n lmost onstnt hydrogen onentrtionD ! etween PFSER7 H 2 X the trnsmitted intensity hnges slightly s funtion of hyE drogenD nd tends to sturte ove QFS7F o disuss the dynmil rnge presented y thin wgEi (lmD we report on the sme grph the hydrogen sensitivity previously otined for thik M g 60 T i40 @red lineAF e exE trpolted from the expeted response t lower onentrtion @dsh lineAF sn ontrst to thiker (lmD the thin wgEi hydride seems to e not formed for onentrtion elow P 7 H 2 F he phse trnsition is oserved t P 7D whih orrespond to the formtion of the d hydrideF he sensor n quntify the hydrogen onentrtion due to this higher pressure plteuF xeverthelessD the dynmil rnge seems similr to the dF gontrry to our siE multionD we do not oserve the two expeted lrge optil hnges orresponding to the wgEi hydride nd d hydride formtionD s illustrted in (gF TFSdF Reproducibility : he (lm is stle over Edesorption yles nd time fter three ylesD s shown in (gF TFIHF e oserve the sme ehvior s for the previous wg lloy (lmsF roweverD the inrese in the trnsmitted intensity over yling nd time seem lrgerF purther investigtion hs to e done to study the stility of the multilyerF Response time : he response time is hydrogen dependentF por onentrtion ove P 7 H 2 in erD the response time is in the order of QH sF he response dereses (rst linerlyD nd then grdully deresesF xote tht the seond ehvior ws not oserved for thiker (lmF es previouslyD smll ump n e oserved t the eginningF he response is slower t low hydrogen onentrtionF felow HFV 7 H 2 in erD the response time is inferior to IHH sF sn spite of the di'erent ehvior in the kinetiD the response time is still too slow for hydrogen sfety pplitionsF emrklyD the experimentl response of the sensor does not mth with the predited results X new dynmil rngeD new kineti nd new wvelength ehvior is oservedF st n e explined either y @iA wrong dieletri permittivityD @iiA the protetive lyer or Figure TFII ! @A ressureEoptilErnsmissions mesured y hydrogenogrphy t QQQ k for i@IHnmAGwg@z nmAGd@RH nmA thin (lmsD with z vrying from IH to RH nmF IUT @A he sensitivity of the sensor sed on M g 60 T i 40 for vrious multilyers s funtion of the hydrogen onentrtion 6.4. Thinner film IQI @iiiA struture e'et on the wgEi thin (lmF rong dieletri permittivity X es previously seenD the simultions re reltively sE tisfying to predit the experimentl response of M g 60 T i 40 G IP nm d though the dieletri permittivity used is di'erentF he disrepny in the wvelength depenE dene n rely ome from thtF rotetive lyer X sn our simultionD we did not tke into ount the presene of p lyer on the top of the multilyer stkF his lyerD whih n e negleted in reltively thik wgEiD eomes importnt for thin (lmsF et this stgeD we do not hve the dieletri permittivity of this lyer to onlude on its rel e'et on the wvelength ehvior of the sensorF xeverthelessD this lyer does not explin the oserved kinetis nd thermodynmisF truture e'et X st is known tht when the metl hydride (lm is redued to the nnosleD the thermodynmis of hydrogen E @deEAsorption n e di'erent from the ulk (lmF por exmpleD we hve seen in hpter I tht the pressure omposition isotherms of d thin (lms re ltered y the nture of the sustrteF sn the sense tht the level nd the width of the pressure plteu re slightly di'erent thn ulk (lmF he surfe or interfe energies hve to e onsidered for studying metl hydride thin (lmF he thikness dependene of wg thin (lm on the pressure omposition isotherms is perfet exmpleF essuming wg (lm overed with wgElloyEforming (lm @suh s wgGdAD fldi et lF IUT showed tht the thermodynmis of the system ould e tilored y hnging the thikness of the wg (lmF re oserved tht the equilirium pressure plteu is t higher pressures for thinner (lmF his e'et is explined y mens of elsti onstrintsD in the sense tht the pressure omposition isotherms depend on the lmping exerted y the d lyerF he hnge in lmping is due to the formtion of n intermetlli lloy t the wg d interfeF fy extending this result of wg lloysD we ssume tht the phse trnsition ours t higher hydrogen onentrtion y deresing the thikness of the wgEi lloyF pinllyD the phse trnsition oserved orresponds likely to the wgEi hydride nd d hydride formtionF lerio et lF IUV on(rmed tht the pressure omposition isotherms of wg lloys n e tilored y hnging the thikness of the wg lloy (lmsF gurrent reserhes re under investigtion on the understnding of this e'etF purthermoreD the lmpingGlloying ould lso result in hnging the optil onstnt of the wg lloy (lmF sn onlusionD the dynmil rnge of the sensor is explined y the lmping e'etF hile the wvelength ehvior is explined either y the e'et of the protetive lyer orGnd y the lmping e'etD whih uses new optil hngesF 6.4.2 SPR sensor based on wavelength modulation yne purpose of this hpter ws to improve the dynmi rnge of our proposed sensor y repling the d lyer y wg lloysF o void the extintion of the in our on(gurtionD the sensitive lyer hs to e s thin s possileF hereforeD our working hypothesis ws to relize sensor sed on wgEi thin (lmF yur multilyer onsisted of QS nm euG IHH nm SiO 2 G IH nm M g 70 T i30 G S nm dF e protetive lyer ws lso dded on the top of the d lyer s explined in setion TFPFPF nfortuntelyD we hve found tht thin wg lloys (lm seems to exhiit new optil hngesD with new thermodynmis propertiesF sn dditionD these hnges seem to e opE posed to the ene(t of wg lloys (lm for hydrogen sensingF sn ftD the dynmil rnge IQP 6. Intrinsic multimode fiber based on Mg Ti alloys is similr to the sensor sed on d s sensitive lyer nd the optil hnge seems to derese ompred to thiker (lmsF his oservtion ttempts to explin the response of our sensorF ith thin wgEi (lmD the pek shifts only of I nm upon hydrogentionD wheres the simulted pek shifts to IHH nmF purther investigtion on the optil hnge shown y thin metl hydride would llow us to optimize the performne of the propose sensorF enother lterntive to thin (lms for improving the dynmi rnge of the sensor will e using metl hydride nnoprtiles suh s wgGdD for instneF Conclusion sn onlusionD we hve demonstrted tht n intrinsi optil (er sensor sed on wg lloys n e relizedF sn ontrst to the miroEmirror sensorD multiEpoint sensing n e hievedF he sensor onsists of thinE(lm wgElloy lyerD overed y d lyer deposited on the ore of n optil (erF he trnsmitted intensity dereses s funtion of hydrogen onentrtionF he optil hnge nd dynmil rnge of the sensor depend on the thikness of the wg lloysF roweverD we did not sueed in improving the dynmil rnge of the sensor ompred to d @in the time rnge onsideredAF por onentrtions elow the detetle rnge y the dD the response time is too slow for hydrogen sensing in sfety pplitionF wgEi remins interesting in sttionry system for monitoring hydrogen onentrtionF smproving the tlyti properties of the d or inresing the d surfe re my e solution to enhne the response time of sensors sed on wg lloysF IQQ Conclusion sn this thesisD we hve studied the hydrogen detetion y mens of intrinsi optil (er sensorsF xew hydrogen sensors hve een proposedD relized nd hrterizedF e hve suessfully demonstrted tht it is possile to otin fst response nd reproduile intrinsi optil (er sensor sed on urfe lsmon esonneF he (rst sensorD sed on intensity modultionD onsists of d lyer deposited on setion of multimode (er oreD fter removing the optil lddingF fy mesuring the trnsmitted intensity fter the sensitive setionD we detet the hydrogen onentrtionF he originlity of our work is to illuminte nd mesure ll the guided modes of the (erD in order to mke the sensor esily emeddle nd dptle for industry pplitionsF he sensor shows n interesting wvelength dependent responseF he simultneous monitoring of severl di'erent wvelengths results in voiding flse hydrogen detetion lrmsF he seond sensor onsists of multilyer stk of euD SiO 2 nd d lyer deposited on setion of multimode (er oreD fter removing the optil lddingF his new design is suitle for tilored the resonne onditionF e plsmoni resonne hs een suessE fully oserved in the trnsmitted intensityF husD the sensor n e sed on intensity or wvelength modultionF sn ontrst to urrent hydrogen sensors sed on wvelength modultionD our sensor shows fst response due to the use of very d thin (lms @likely disontinuous (lmsAF yptil (er sensors sed on disontinuous (lms would provide fst response omprle to eletri sensorsF he sensors tht we propose re le to detet nd quntify hydrogen onentrtion in rnge of HFS7 to R7F he miniml detetion is minly limited y the intensity )uE tutionD while the mximl detetion is limited y the βEphse of the d hydrideF sn order to improve the dynmil rngeD wg lloys s sensitive mteril ould e used in intrinsi optil (er sensor on(gurtionF roweverD we found tht the response time is too slow for the pplitions onsidered in this thesisF purther investigtion hs to e done to derese the hydrogention kineti of wg lloy mterilsF yne solution will e to enhne the tE lyti propetries of dF he proposed hydrogen sensor ould e dpted for industril pplitionsF roweverD in this perspetive some enhnements hve to e doneF here re four mjors spets to develop for industriliztionF eserh hs to fous on the development of protetive lyer to ensure stility nd roustness of the sensorF he protetive lyer ould e lso used to derese the loss indued y the dF hue to the frgility of re (erD it is lso neessry to develop enpsultion tehniques to employ the sensor in extreme onditionF sn dditionD reserh hs to e done on the d lloy rossEsensitivity to derese the eventul flse lrms due to the presene of pollutntsF vstlyD the optil (er sensors hve to e lirted to the exterior onstrints suh s temperture )ututionF IQR Conclusion pinllyD the results otined in this thesis show tht sensors re suitle for inE dustril hydrogen sensingF sn this perspetiveD severl diretions n e tken in order to improve the performne of the sensorsF st will e interesting to study new strutures suh s optil (ers sed on vongErnge urfe lsmon or sed on single mode (erF sed on nnostrutured hydrogen sensitive my e nother diretionF he postEproessing ws out of the sope of this thesisD ut it ould improve the (nl performne of the relized sensorsF IQS Annexe A Hydrogen sensors en impressive numer of hydrogen sensors hve lredy een proposed in the litertureF e desrie here the priniple of ommon hydrogen sensorsF A.1 Principle A.1.1 Catalytic sensors gtlyti sensors mesure the het relesed from the gs omustionF wo on(gurE tions re used X the pellistor nd thermoeletri sensorF e pellistor sensor onsists of heting (lment overed y tlyti mteril suh s d or t emedded in ermi edF he devie is eletrilly heted t temperE ture ove QHH • gD typillyF he (lment ts s resistne thermometerF huring the exothermi retion of the omustionD the temperture of the (lment is lteredD whih results in hnging its resistneF ypillyD two (lments re mounted in the hestone ridge iruitD whose one is intiveF he di'erentil resistne etween the two (lments is then orrelted to the hydrogen onentrtionF he intive (lment is used s referene to ompenste the environmentl prmeter suh s the temperture or the humidityD for instneF por thermoeletri sensorsD the hnge in the resistne of the (lment is indued y the thermoeletri e'etF he thermoeletri e'et rises when there is temperture di'erene etween two points of @semiEAondutorF sn the tive reD the temperture of the tive sensor inreses due to the oxidtion of hydrogenF he temperture di'erene etween the tive nd referene (lment results in di'erentil resistne etween themF sn ontrst to pellistor sensorD the devie hs to e hetedF A.1.2 Thermal sensors herml sensors re sed on the di'erene of the therml ondutivity of gsF he hnge in the resistne of the (lment is not indued y the tlyzed exothermi oxidtion retion of hydrogenF he two (lment re heted t onstnt tempertureF ith the di'erene of het loss etween the two elementsD we n detet the presene of gses in the tive reF e typil eletrohemil sensor onsists of sensing eletrode @or working eletrodeAD nd ounter eletrode seprted y thin lyer of eletrolyteF his sensing pproh is sed on the di'erene in the oxidtion rte of hydrogen on the di'erent eletrode mteE rilsF he mount of eletrons due to the hydrogen oxidtion is diretly proportionl to the onentrtion of hydrogenF he devie funtion is either in mperometri or potentiometri modeF A.1.4 Resistance based e n distinguish X the metlli nd wetl oxide resistorF wetlli resistor X he devie onsists of mesuring the ondutivity hnge of metl @hydrideAF huring the hydrogention retionD the eletril properties of the metl re lteredF d is preferly used due to its high seletivityF wox X he eletril properties of metl oxides hnge when they re exposed to reE A.2. Performances IQU duing gsF o promote the redutionD the (lm is heted to high temperture @ypilly etween IVH to RSH • gD depending on the mteril usedAF A.1.5 Work function based sensors wetl yxide emiondutor @wyA sensors onsist of metlD n oxide nd semionE dutor lyerF sn the presene of hydrogenD the tlyti metl dissoite the hydrogen moleuleF rydrogen toms di'use through the metl nd sor t the metl oxide inE terfeF he presene of rydrogen sites t the interfe give rising to dipole D whih results in hnging the work funtionF ine the hydrogen onentrtions t the ir metl interfe nd t the metl oxide interfe re in equiliriumD the hnge of the work llow to mesure the hydrogen onentrtionF he three mjor on(gurtions re the hotkky diodeD wy pitor nd the wy (eld e'et trnsistor @wypiAF Résumé Long -Français À l9heure où l9énergie est u oeur des préouptions interntionlesD l9hydrogène 1 D soure d9énergie propre et inépuisleD pourrit s9imposer omme l9énergie de deminF es pplitions s9étendent de l prodution d9életriitéD vi une pile à omustileD jusqu9u stokge de l9énergie renouvelle intermittenteF in dix nsD de nomreux progrès ont été fit pour produireD stoker et onvertir l9hydrogène en énergie à moindre oûtF v9utilistion de l9hydrogène dns le domine puli soulève ependnt des questions de séuritéF v9hyE drogène est un gz in)mmleD voltile et hutement explosif X s limite d9explosivité est de R à UT 7 dns l9irF on minimum d9énergie d9ignition est seulement de HFHP mtF sl est insi néessire de mîtriser l détetion de toutes les fuites pour éviter les explosionsF xous proposons dns ette thèse de développer un pteur à (res optiques pour l détetion d9hydrogèneF xous présentons en introdution le ontexte tuel des pteurs à hydrogène et identi(ons les prmètres lés pour réliser un pteur idélF in outreD e hE pitre expliite nos ojetifs et notre démrheF hns le premier hpitreD nous présentons un étt de l9rt des pteurs à (res optiques pour l détetion d9hydrogèneD mettnt en vnt leurs vntges et inonvénientsF uite à es trvuxD nous vons déidé de dévelopE per un pteur à (res optiques multimode exploitnt l résonne de plsmon de surfe @A pour répondre ux mieux ux exigenes industriellesF v9ojetif sienti(que de ette thèse est d9étudier le potentiel des pteurs plsmoniques à (res optiquesF einsiD nous étudions deux designs dont l9un est sé sur l modultion d9mplitude et l9utre sur l modultion de longueur d9ondeF hns le deuxième hpitreD nous présentons théoriquement les pteurs et expliitons leurs prinipes et fontionnementsF ve troisième hpitre présente les modèles et les méthodes utilisés pour simuler et réliser es di'érents pE teursF xous présentonsD respetivementD dns le inquième et sixième hpitre le prinipeD l rtéristion et l réponse des deux pteurs proposésF in(nD nous proposons d9optiE miser l plge de détetion des préédents pteurs en modi(nt les mtériux sensiles à l9hydrogène dns le dernier hpitreF xotre onlusion porte sur les vntges des pteurs plsmoniques pour l détetion de fuites d9hydrogèneF 1. L'hydrogène (Hydrogen dans ce mémoire) correspond à la molécule dihydrogène. Sa forme atomique est précisée si besoin (Hydrogen atom dans ce mémoire) Introduction ge hpitre dérit le ontexte tuel des pteurs à hydrogèneF xous mettons notmE ment en vnt l9vntge des pteurs à (res optiques pour l détetion de fuites d9hyE drogèneF he nomreux pteurs à hydrogène ont été proposés et développés depuis plus d9un demiEsièleF À l9heure tuelle uun pteur ne permet de stisfire toutes les reomE mndtionsF ves spetromètres de msse sont les pteurs les plus (les pour déteter et qunti(er l onentrtion d9hydrogèneF r leur enomrementD leur poids et leur oût élevésD es moyens de détetion sont nénmoins di0iles à mettre en ple dns des sysE tèmes emrqués tel que les lneurs de stellitesD ou dns un futur prohe les véhiules utomoilesF our répondre à e esoin industriel de nomreux miroEpteurs ont été développés omme les pteurs himiques à étt solide @gwyD wsD wy FFFAD életrohiE miquesD tlytiquesD FFF et thermoéletriquesF hepuis une dizine d9nnéesD une reherhe tive se développe utour des pteurs à (res optiques @gFpFyAF in e'etD les pteurs à (res optiques peuvent être utilisés dns des environnements explosifs sns risque d9ignition X isoltion életriqueD séurité intrinsèque @file énergie lumineuse et on(néeA et détetion à distneF he plusD leur insensiilité életromgnétiqueD leur très file dimension @dimètre de I à RHH µmAD leur )exiilité et légèretéD insi que leur pité à multiplexer les signux et à réliser des pteurs distriués les rendent prtiulièrement ttrynts pour les systèmes emrquésF hes pteurs à (res optiques pour l détetion d9hydrogène sés sur l modultion de phseD d9mplitude et de longueur d9onde ont déjà été étudiés es dernières nnéesF gepenE dnt leurs temps de réponsesD leurs sensitivitésD leurs (ilités @préisionD rossEsensitivitéA et leurs reprodutiilités restent toujours en dessous des performnes otenues pr les pteurs életriquesF v9ojetif de ette thèse est de développer un pteur à (res opE tiques pour l détetion d9hydrogène répondnt ux exigenes de l9industrieF xous vons notmment xé nos reherhes vers l9méliortion de leurs temps de détetionsF Chapitre 1 xous présentons dns e hpitre un étt de l9rt des pteurs à (res optiques utilisnt le d omme mtériux sensile pour l détetion des fuites d9hydrogèneF xous détillons le fontionnement des pteurs existnts et soulignons leurs vntges et inonvénientsF hns une seonde prtieD nous disutons de l possiilité d9utiliser d9utre mtériux que le dD sensiles à l9hydrogèneD dns les pteurs à (res optiques pour déteter l9hydrogèneF in(nD à prtir de es résulttsD nous expliitons l tehnologie hoisieF ve d est fréquemment utilisé dns les pteurs à hydrogène omme tlyseur et trnsE duteurF ve d forme ve l9hydrogène un hydrure métlliqueF ve d dissoie l9hydrogène et sore les tomes d9hydrogènes pour former un hydrure métlliqueF v omposition du d hydride dr x @x dé(nissnt l soluilité de l9hydrogène dns le dD 9estEàEdire l onentrtion d9hydrogène dns le métlA est fontion de l pression prtielle de l9hydrogène et de l tempérture extérieureF in prtiulierD l formtion de l9hydrure est rtérisée pr des oures ppelées isothermes de pressionEomposition @pAF our hque isoE thermeD orrespondnt à une tempérture inférieure à l tempérture ritiqueD on oserve deux phses où l soluilité roit ve l pressionD ppelées respetivement α et βF ne ISS zone d9isoEpressionD où les deux phses oexistent sns misiilité entre ellesD sépre es deux phsesF our l phse α @pressions inférieurs à l9isoEpressionA l soluilité est fileF ves tomes d9hydrogène di'usent dns les sites interstitielsF v9hydridtion du d s9omE pgne d9une ugmenttion du prmètre de milleF hns l phse β @pressions inférieures à l9isoEpressionAD tous les sites disponiles pour l9tome d9hydrogène sont oupés dns le métlF endnt l formtion de l9hydrure métlliqueD les propriétés physiques du d @prE mètre de milleD ondutivité et indie de réfrtionA sont modi(éesD et dépend du nomre d9tomes d9hydrogène sorés pr le dF v (re optique sert à mesurer es hngementsF our mesurer les hngements physiques du dD l ouhe de d peut être déposée @iA à l9extrémité de l (re optique sur s fe livéeD ou @iiA utour de son oeur ou de s gine optiqueF hns le premier sD l (re optique est dite pssive X elle sert seulement à trnsporter l lumière @pteur extrinsèqueAF hns le seond sD l (re optique est dite tiveF v rétion de l9hydrogène ve le d entrine une ontrinte sur une zone lole de l (re optique qui modi(e les propriétés optoEgéométriques de l (re optiqueF v mesure de l9intensitéD de l phseD de l polristion ou de l longueur d9onde en sortie de l (re optique permet d9éder à l ontrinte exerée sur l setion sensile de l (re optique et insi de déteter et qunti(er l présene d9hydrogène utour de l zone sensileF he nomreux pteurs à modultion de phseD d9mplitude et de longueur d9onde ont été développés dns l littérture depuis une trentine d9nnéesF hns l setion IFQD nous détillons leur prinipeD leur design et les vntges et inonvénients de hque pteur @pteurs interférométriquesD pteurs à onde évnesentD miroEmiroirD FFFD et pteurs à réseux de frggAF gette étude permet de mettre en évidene le lien entre l réponse du pteur et les propriétés physiques du dF v plge de sensiilité est fortement déterminée pr les oures p X les onentrtions minimum et mximum détetles sont respetivement liés à l phse α et βF r exempleD à tempérture minteD l onentrtion minimum détetée est générlement de HFS 7 H 2 A 2 D et peut être diminuée jusqu9à HFHI7 pour les pteurs les plus sensiles @types interférométriqueAF ves pteurs fontionnent générlement jusqu9à une onentrtion de IHH 7 H 2 D mis à prtir de R 7 H 2 l réponse du pteur stureF v reprodutiilité et le temps de réponse dépendent fortement des propriétés du d @morphologie du (lmD épisseurFFFAF xous oservons que l réponse est plus rpide et reE produtile pour les ouhes de d les plus minesF gependntD l sensiilité des pteurs utilisnt des ouhes mines est diminué @l ontrinte trnsférée à l (re optique lors de l formtion de l9hydrure métllique est moindreAF in fontion de l on(gurtion hoiE sieD il est plus ou moins file d9utiliser des ouhes extrêmement (nes sns détériorer de mnière signi(tive l sensiilité du pteurF ves pteurs sés sur le hngement de l9indie de réfrtion du d tels que les pteurs à modultion d9mplitudeD type évnesE entD permettent d9utiliser des ouhes de d d9une dizine de nnomètresF À l9opposéD les pteurs sés sur l9expnsionD type pteurs à réseux de frggD utilisent des ouhes plus épisses de l9ordre d9une entine de nnomètresF v rtéristion des pteurs est priniplement fite dns une tmosphère inerteF yr il est essentiel de pouvoir fire fontionner le pteur en présene d9oxygène ou d9utres omposés himiques tels que les hydroruresF sl est pourtnt démontré que l présene 2. Les concentrations d'hydrogène correspondent à des pourcentages volumétriques à pression atmosphérique.) IST B. Résumé Long -Français d9utres omposés himiquesD tels que l9oxygèneD 'etent l réponse du pteurF hû ux propriétés tlytiques du dD d9utres rétions himiques peuvent voir lieu à s surfeF r exempleD l9oxygène peut être dsoré à l surfe du d loqunt des sites pour l dissoition et l9sorption de l9hydrogèneF our limiter et inonvénientD le d est remplé pr des lliges métlliques tels que dEeuD dEegD ou ien enore dED etF hns l setion IFSD nous disutons dns l setion de l possiilité d9utiliser d9utres mtériuxD tels que le tungstène oxydeD omme trnsduteurF gependntD dns l pluprt des sD une (ne ouhe de d est néessire pour dissoier l moléule d9hydrogèneF hns ette thèseD nous vons déidé d9utiliser le d omme modèle pour proposer un nouveu designF sl est importnt de noter que nos résultts pourront être dptés ensuite ux s d9utres hydrures métlliquesF in onlusionD les performnes des pteurs à (res optiques sont enEdessous des reE ommndtionsF in prtiulierD le temps de réponse et l rossEsensitivité ne sont ps stisfisntsF hns le ontexte de ette thèseD nous vons déidé d9xer nos reherhes pour méliorer le temps de réponse des pteurs à (res optiques intrinsèquesF e(n d9oteE nir une réponse rpide et reprodutileD nous vons déidé de développer un pteur à (res optiques utilisnt des ouhes mines de dF fien qu9une ouhe épisse permet de trnsférer une ontrinte plus importnte @et don une très onne sensiilitéAD le temps de réponse est rlentieF our limiter l isse de sensiilité du pteurD nous proposons de développer un pteur à (res optiques sé sur le prinipe de ésonne de lsmon de urfe @AF gomme dérit dns les hpitres R et SD ette rhiteture permet d9utiliser des ouhes de d extrêmement (nesF he plusD les pteurs sont reonnus omme extrêmement sensiles à l9interfe métl diéletriqueF einsiD ette tehnologieD peu étudiée pour l détetion d9hydrogèneD pprît prometteuse pour l rélistion d9un pteur à hydrogène ynt à l fois une onne sensiilité et un temps de réponse eptleF our étudier le potentiel des pteurs à (res optiques à résonne de plsmon de surfe @A nous proposonsD rélisons et rtérisons deux nouveux dispositifsF Chapitre 2 ge hpitre dé(nit et expliite tout d9ord les propriétés des lsmons de urfes @AF hns une deuxième prtieD nous disutons des onditions de ouplge E onde lumineuseF ges rppels théoriques nous permettent de dérire le prinipe et l9évolution des pteurs F in(nD nous ordons le s des (res optiquesF n lsmon de urfe @A ou plutôt un lsmon olriton de urfe @A est une onde rnsversle wgnétique @wA se propgent à l9interfe d9un métl et d9un milieu diéletriqueD ompgnées pr une osilltion olletive de hrges liresF our dérire les propriétés fondmentles des D nous onsidérons une interfe plne entre deux milieux semiEin(nisF v résolution des équtions de mxwell permet de déterE miner l reltion de dispersion des @iFeF l réponse du veteur d9onde du en fontion de l fréqueneAF ves existent seulement pour l polristion w à l9interfe de deux milieux de permittivité diéletrique opposésD 9estEàEdire à l9interfe d9un métl et d9un diéletriqueF ve veteur d9onde des est omposé d9une omposnte perpendiulire et prllèle à l9interfe @eqF PFIAF v omposnte du veteur d9onde perpendiulire à l9interfe est purement omplexeD 9est à dire le hmp életromgnétique est évnesent dns l diretion ISU normle à l surfeF in prtiulierD son mplitude déroit exponentiellement dns les deux milieux en s9éloignnt perpendiulirement à l9interfe @(gF PFIAF v omposnte du veteur d9onde prllèle à l9interfe est qunt à elle omplexeF prtie réelle trduit l propgtion de l9onde le long de l9interfeD tndis que s prtie imginire trduit l9mortissement de l9onde le long de l9interfeF in onlusionD un est on(né à l9interfe métl diéletrique et se propge sur une longueur (nie v @v dé(nit à l setion PFSAF h9près l reltion de dispersion des D nous oservons que l lumière rditive ne peut ps être ouplée ve les @l onservtion du veteur d9onde n9étnt ps stisfiteD (gFPFSAF v lumière inidente @polrisée wA est ouplée ux pr l9intermédiire d9une struture de ouplge @on(gurtion yttoEuretshmnD orrugtion de surfeFFFAF ves strutures de ouplges sont expliitement dérites dns l setion PFTF illes perE mettent d9jouter une vleur ∆k à l omposnte du veteur d9onde de l lumière inidente k 0 et insi d9égliser l omposnt prllèle du veteur d9onde des @k 0x C∆k x ak sp x D (gF PFSAF n pteur est onstitué d9une struture de ouplgeD d9une ouhe métllique et d9un milieu diéletriqueF ve joue le rôle de sonde dns le milieuF ve on(nement du hmp életromgnétique du permet de réliser des dispositifs très sensiles à l9inE terfeF n pteur à lsmon de urfe mesure l modi(tion du veteur d9onde du lorsque les onditions limites sont modi(éesF ve milieu diéletrique est générlement le trnsduteurF r exempleD le gre'ge de moléules à l surfe d9un métl engendre l modi(tion du F v struture du ouplge permet d9exiter le et de olleter l9inE formtionF hns le s de l on(gurtion de uretshmnD l lumière ré)éhie @l9intensitéD l phseD l9ngle de résonneA permet de mesurer es modi(tionsF v performne des pteurs plsmoniques @sensiilitéD limite de détetion et gmme de fontionnementA dépend fortement du design et du milieu trnsduteurF our illustrer ette in)ueneD nous expliitons rièvement le hoix du métlD puis étudions des systèmes à multiouhesF v9ojetif de e prgrphe @PFUFPA est de montrer omment réliser un pteur et méliorer ses performnesF in(nD nous ordons le s des (res optiques omme struture de ouplge @setion PFUFQAF ves (res optiques multimodes ont été réemment proposées omme struture de ouplge pour minituriser les pteurs F he plusD les pteurs à (res optiques éné(ient des vntges de l (re optique tels que l mesure à distneD l )exiilitéD l possiilité de multiplexge et de mesures distriuées le long de l (reF ges pteurs onsistent à utiliser le oeur de l (re optique omme struture de ouplgeF our elD une prtie de l gine optique est enlevée et une (ne ouhe métllique est déposée utour du oeur de l (re optique multimode @(gF PFWAF ve prinipe est nlogue à l on(gurtion de uretshmnF in e'etD l lumière est guidée pr ré)exion interne totle dns une (re optique multimodeF ves ondes évnesentes ssoiées ux ryons guidées peuvent être insi ouplées ux lorsque l ondition de résonne est stisfiteF Chapitre 3 xous détillons tout d9ord dns e hpitre les modèles utilisés pour simuler les pE teurs à ésonne de lsmon de urfe @A utilisnt des (res multimodesF hns une ISV B. Résumé Long -Français deuxième prtieD nous expliquons nos hoix tehnologiques et dérivons les étpes néesE sires à l rélistion de pteurs à (res optiquesF hns ette thèseD nous vons développé un progrmme sous mtl pour simuler l réponse des pteurs plsmoniques à (res optiques multimodeF xous onsidérons l (re optique omme un guide plnF v propgtion de l lumière est modélisée pr l9pproxiE mtion de l9optique géométriqueF xous onsidérons seulement les ryons méridiens et nous négligeons le ouplge de modes @l (re optique est dite idéleAF ves ryons guidées se propge le long de l (re optique pr ré)exion à l9interfe oeur gine optiqueF eu point de ré)exionD l lumière est déomposée @pprohe loleA selon l polristion rnsversle iletrique @i ou dite sA et rnsversle wgnétique @w ou dite pAF v9intensité trnsmise en sortie de (re est déterminée pr les oe0ients de ré)exionsD en supposnt que le oeur est un milieu sns pertes @eqF QFIIAF ves oe0ients de ré)exion pour une onde polrisée i et w sont lulés pr une méthode mtriielle développée pr eeles @setion QFPFIAF xous expliitons ensuite nos hoix tehnologiquesF ne (re optique multimode à sut d9indieD ynt un lrge dimètre de oeur @PHH µmGPQHµmA est utiliséeF ve oeur est en silieD l gine optique est en polymère et l gine ménique est en efzelF ge hoix permet de simuler simplement l réponse de l (re optique @pproximtion optoEgéométriqueAD filite l frition et onfère ux pteurs rélisés une onne soliditéF v (re optique est dénudée de ses gines ménique et optique sur une longueur v @(gFQFIAD setion sensile à l9hydrogèneF v gine ménique est enlevée méniquement ve une lme de slpelF ndis qu9un simple tritement thermique est su0snt pour enlever l gine optique en polymèreF v (re optique est ensuite nettoyée dns des ins himiques @dihlorométhne et étoneA à ultrson pour enlever les dernières tres de polymère sur le oeurF xous oservons l surfe de l (re optique à l9ide d9un mirosope optique et d9un mirosope életronique à lygeF v surfe présente une onne qulité @(gF QFS et (gFQFTAF in fontion du design du pteurD les ouhes métlliques sont ensuite déposées pr pulvéristion thodique utour du oeur de l (reF n âti été rélisé @(gFQFVA à et e'et pour otenir une ouhe d9épisseur uniforme le long de l (re optiqueF ves vitesses de dépositions ont été déduites en mesurnt l9épisseur des dépôts sur des sustrts qurtz plnsF in(nD un n optique été rélisé pour mesurer l réponse des pteurs à l9hydroE gèneF ve montge expérimentl omprend une soure de lumièreD une ellule gzeuse et un spetromètre onneté à un ordinteur pour l9quisition et le tritement des donnéesF v (re optique trversnt l ellule gzeuse est onnetée à l soure et u déteteur vi un onneteur WHS weF ve mélnge gzeux omposé d9erD rP et yP est rélisé en mont vnt d9être injeté dns l elluleF outes les mesures sont fites à tempérture minte et pression tmosphériqueF Chapitre 4 ge hpitre dérit l réponse d9un pteur à (res optiques à modultion d9mplitude pour l détetion d9hydrogèneF xous présentons dns une première setion les trvux préédents et dérivons le prinipe du pteur proposéF hns une deuxième setionD nous B. Résumé Long -Français ISW présentons l réponse expérimentle du pteurF in(nD nous étudions l9in)uene des prE mètres de l (re optique et de l zone sensile sur l réponse du pteurF ve premier pteur proposé onsiste à déposer pr pulvéristion thodique une ouhe de d sur le oeur d9une (re optique à sut d9indie multimodeF v9intensité de l lumière guidée à trvers l (re optique est modulée pr l setion sensile lorsque l9hydrogène intergit ve le dF ve prinipe de e pteur est sé sur l vrition de l9indie optique de l gine dns l prtie sensileF vors de l9hydrogéntion du dD l9indie de réfrtion du d est modi(éD hngent l proportion de lumière ré)éhie à l9interfe d irF hns le s de l polristion rnsversle wgnétique @wAD l modi(tion du oe0ient de ré)exion est liée ux propriétés du se propgent à l9interfe du d févenot et lF ont utilisé ette propriété pour réliser un pteur à hydrogèneF ve dispositif onsiste à mesurer l vrition de l9intensité trnsmise en sortie de l (re optique lorsqu9un groupe de mode est exité @iFeF l (re optique est illuminée sous un ngle d9inidene pr une diode lserAF v modi(tion du pi de résonne du D due à l9hydridtion du dD use une ugmenttion de l9intensité trnsmise en sortie de l (re optique @(gF RFIAF r s géométrieD e dispositif est peu omptile pour des pplitions industriellesF v9originlité de nos trvux repose sur l9exittion de tous les modes de l (reF v détetion est fite en mesurnt l9intensité totle trnsmise en sortie de (reF he plusD nous prenons en ompte l polristion w mis ussi l polristion rnsversle iletrique @iAD ontrirement ux trvux préédentsF xous dérivons tout d9ord l réponse expérimentle du pteurF v9étude de l réponse est fite sur une plge de longueur d9onde llnt de RSH à WHH nmF xous otenons une réponse reprodutile sur plusieurs yles d9hydrogéntion déshyE drogéntion et dépendnte de l longueur d9onde @(gFRFPAF emrqulementD l9intensité en sortie de (re peut soit ugmenter ou diminuer en fontion de l longueur d9onde séE letionnéeF in séletionnnt plusieurs longueurs d9ondesD il est lors possile de limiter les fusses lrmes et insi d9ugmenter l (ilité des pteursF v réponse est fontion de l onentrtion d9hydrogène @(gF RFQAF ve pteur détete une onentrtion d9hydrogène entre HFS 7 et R 7 H 2 dns une tmosphère inerte @erAF ve temps de réponseD inférieure à QH sD dépend de l9environnement @oxygène ou nonA et des pteurs rélisés @(gF RFSAF ge dernier point est disuté pr l suite en omprnt le temps de réponse et l réponse spetrle des di'érents pteurs rélisésF in(nD nous oservons que l9oxygène peut interférer ve l9hydrogène et diminuer l réponse du pteurF xous véri(ons expérimentlement que l ouhe de d pourr être remplée pr un llige de d pour éviter l rossEsensitivité @(gFRFTAF hns une deuxième prtieD une nlyse théorique nous permet d9expliquer l réponse spetrle du pteur proposéF our elD nous lulons l ré)etivité de l ouhe mine de d en fontion de l9hydrogène pour l polristion s @iA et p @wA @(gFRFUAD à l9ide d9une pprohe mtriielleD sée sur les équtions de presnel et expliitée u hpitre QF our les ngles orrespondnts ux ryons guidésD l ré)etivité à l9interfe silieGdGir ugmente en présene d9hydrogène pour l polristion p tndis qu9elle diminue pour l polristion sF our l polristion pD l ré)etivité ugmente due à l modi(tion de pi de résonne lors de l formtion de l9hydrure our l polristion sD l ré)etivité diminue pre que l9hydrure métllique présente un rtère moins 4métllique4F ITH B. Résumé Long -Français pinlementD l réponse spetrle du pteur est le résultt de deux ontriutions oppoE sées X l9intensité diminue et ugmente respetivement pour l polristion s @iA et p @wA @(gFRFVAF h9utre prtD l vrition du rpport entre l prtie réelle et imginire de l9indie de réfrtion du d u ours de l9hydrogéntion entue ette dépendne spetrle de l réponse du pteur omme expliqué dns l setion RFRFPF xous étudions ensuite l réponse du pteur pour di'érentes longueurs et épisseurs de dF in optimisnt l longueur et l9épisseurD nous modi(ons l9mplitude de l moE dultion et l réponse spetrleF ves résultts otenus sont onsistnts ve les résultts expérimentux gependntD en dessous d9une ertine épisseur @Q nmAD nos simultions ne orrespondent plus ve les résultts expérimentux @(gFRFIQAF xous pensons que l morE phologie des (lms pour des ouhes extrêmement (nes est responsle de ette di'éreneF in onlusionD nous vons rélisé un pteur à (res optiques à modultion d9mplitude pour l détetion d9hydrogèneF v réponse est reltivement rpide et reprodutileF he plusD le pteur proposé présente une dépendne spetrleD en ord ve nos résultts théoriqueF gette réponse spetrle permet d9ugmenter l (ilité du pteurD en mesurnt l9intensité en sortie de l (re optique pour plusieurs longueurs d9ondesF Chapitre 5 hns e hpitreD nous proposonsD simulons et rélisons un nouveu design pour perE mettre de déteter l9hydrogène pr modultion de longueurs d9ondesF in e'etD ien que notre préédent pteur à modultion d9mplitude permette de diminuer le nomre de fusses lrmesD l qunti(tion d9hydrogène devient prolémtique si le pteur est sujet à des )ututions d9intensité et de polristionF hns l première prtieD nous dérivons le prinipe du pteur et déterminons ses prmètresF hns une seonde prtieD nous étudions s réponse expérimentleF in(nD nous onluons sur les vntges du design proposéF xous proposons de rempler l ouhe de d dns notre préédent pteur @hpitre SA pr une vité résonnte onstitué pr une ouhe d9egD de SiO 2 et de dF gette rhiteture permet de oupler les groupes de modes guidés de l (re optique ux F v ouhe intermédiire permet d9juster le veteur d9onde du X elle permet de dépler l9ngle de résonne dns l9ouverture numérique de l (re optique @(gFSFQAF vorsqu9un groupe de mode guidé est ouplé ux D l9intensité trnsmise diminueF in onséqueneD l9intensité totle trnsmise est minimle lorsque l ondition de résonne dérite ux hpitres Q est stisfiteF v position et l9mplitude du pi de résonne sont dé(nies pr le veteur de propgtion du F geluiEi est rtérisé pr les épisseurs et les permittivités diéletriques des di'érentes ouhes @système à multiouhesAF vorsque le d intergit ve l9hydrogèneD l vrition de l9indie de réfrtion du d modi(e le veteur de propgtion du F ve déplement du pi de résonne permet lors d9éder à l onentrtion d9hydrogèneF einsiD nous pouvons déteter l9hydrogène soit en mesurnt l9intensité en sortie de (re pour plusieurs longueurs d9onde ou soit en mesurnt l longueur d9onde de résonneF xous présentons une étude théorique pour hoisir les prmètres du trnsduteur et de l (re optique omme dérit dns l setion SFRF in prtiulierD l9épisseur de l ouhe inE termédiire dé(nit l longueur d9onde de résonneF v sensiilité du pteur @déplement de l longueur d9onde de résonne en présene d9hydrogèneA est fortement déterminée pr ITI l9épisseur de l ouhe du dF eugmenté l9épisseur de l ouhe de d permet d9otenir un déplement du pi de résonne plus importnt mis diminue l résonne due ux rtères sornt du d @l vleur de l prtie réelle de l prtie imginire est ompE rle à s prtie imginireAF xotons que l ouhe de d est limitée à IS nm dns notre étude pour otenir une réponse rpide omme expliqué dns le hpitre IF pinlementD l réponse pour une multiouhe eg @QS nmAD SiO 2 @IVH nmAD @d Q nmA déposé sur une longueur de HFS m permet d9otenir un on ompromis entre l résolution et l sensiilité du pteurF ge nouveu design permet notmment de réduire l zone sensile et insi de minituriser dns le future e type de pteurF hns une deuxième prtieD nous rtérisons l réponse du pteurF our des risons expérimentlesD nous remplçons l9eg pr l9euF ves résultts expérimentux on(rment le déplement du pi de résonne pour des onentrtions omprise entre HFS et R 7 d9H 2 dns l9er @(gF SFWAF gependntD le dépleE ment oservé est opposé à elui préditF xous supposons que l mirostruture du d @(lm disontinue omposé d9ilot de dA est responsle de ette di'éreneF v réponse est reprodutile sur plusieurs yles d9hydrogéntionEdéshydrogéntionF xous otenons une réponse rpideD de Q s pour R 7 H 2 dns de l9erD grâe à l9utilistion de ouhes mines @et prolement disontinuesA de dF e l9heure tuelleD e temps de réponse est le plus rpide pour les pteurs à (res optiques pr modultion de longueur d9ondes pour l détetion d9hydrogèneF in onlusionD nous vons démontré théoriquement et expérimentlement pour l preE mière fois un pteur à (res optiques à modultion de longueur d9onde pour l détetion d9hydrogèneF in prtiulierD e design permet de proposer un pteur d9hydroE gène (le et rpideF Chapitre 6 hns le ut d9étendre l plge de détetionD nous vons étudié l possiilité d9utiliser un llige de wgEi omme ouhe sensile pour réliser un pteur à (res optiques inE trinsèque pour l détetion d9hydrogèneF hns e hpitreD nous présentons suessivement le prinipe et les réponses expérimentles de plusieurs on(gurtions pour mettre en vnt les rtéristiques du wgEiF hns une première prtieD nous déposons une multiouhe wgiG d diretement sur le oeur d9une (re optique multimodeF v9étude est fite pour di'érentes ompositions et di'érentes épisseursF hns une deuxième prtieD nous dépoE sons l ouhe multiouhe wgiG d sur l ouhe plsmonique @euGioPA proposée u hpitre TF hns les deux préédents hpitresD nous vons mis en vnt le lien entre l réponse du pteur @plge de détetionA et les oures isothermes de pressionEomposition @pA du système dErF gontrirement u dD l formtion de l phse β de l9hydrure métllique wgEi lieu pour des pressions d9hydrogène euoup plus files que le dF he plusD l9hyE drogéntion du wgEi présente un lrge ontrste optiqueF ve mtériu métllique devient trnsprent @(gF TFIA et peut être onsidéré omme un diéletrique sous l forme d9hydrure de wgEiF ne ouhe de d est déposée sur l9llige wg pour dissoier l9hydrogène et protéger l9oxydtion de l ouhe sensileF ITP B. Résumé Long -Français out d9ordD nous déposons une multiouhe wgiG d diretement sur le oeur d9une (re optique multimodeF hns un premier temps nous simulons l réponse du pteur @seE tion TFPFIAF ge design est semlle u pteur dérit u hpitre RF v détetion est sée sur l modultion de l9intensité en fontion de l onentrtion d9hydrogèneF v formtion de l9hydrure modi(e l9ouverture numérique de l setion sensileF gette modultion dépend fortement de l9épisseur de l9llige wgEiF in e'etD en fontion de l9épisseur du wgEiD l ouhe d peut modi(er l réponse du pteurF in prtiulierD lorsque l9épisseur de l ouhe de wgEi diminue @de l9ordre d9une dizine de nnomètreAD l ouhe de d @négligele lorsque l ouhe wgEs est supérieure à SH nmA doit être onsidéréF hns un deuxième tempsD nous étudions expérimentlement l réponse des pteurs pour di'érentes ompositions et épisseurs de l9lligeF our une multiouhe M g70T i 30 @SH nmA G d @PS nmAD l9intensité diminue en présene d9hydrogène @(gFTFSAF ve pteur rélisé est sensile à une onentrtion de HFS 7 H 2 dns l9erF v réponse est reprodutile sur plusieurs yles d9hydrogéntionEdéshydrogéntion et dépendnte de l longueur d9ondeF v9intensité diminue pour toutes les longueurs d9ondes omprises dns notre plge d9étude @RSHEWHH nmAF xos résultts expérimentux et théoE riques @setion TFPFPA sont ohérentsF sl est intéressnt de noter que l vleur (nle est l même pour des onentrtions entre HFP 7 et HFS 7 H 2 dns l9erF in e'etD l phse β de l9hydrure est formée u dessus de HFI 7 H 2 D omme expliqué à l setion TFPFQF h9utre prtD nous oservons que l réponse dépend fortement de l onentrtion d9hydrogèneF in dessous de HFR 7 H 2 dns l9erD l réponse est trop lente pour être utilisé pour des pplitions de séuritéF our une multiouhe M g 60 T i 40 @SH nmAG d @IU nmAD l9intensité diminue en préE sene d9hydrogène et est fontion de l longueur d9ondeD omme préditF gependntD une légère dévition est otenue entre nos résultts théoriques et expérimentuxF in e'etD l permittivité diéletrique du M g70T i 30 été utilisée dns nos simultionsF in(nD nous oE servons que le temps de réponse et l plge de détetion ne sont ps modi(ésD de mnière signi(tiveD en hngent l omposition de l9lligeF vorsque l9épisseur de l ouhe de wgEi diminue @de l9ordre d9une dizine de nnoE mètreAD le pteur présente une réponse surprennte X @iA l réponse spetrle du pteur ne orrespond ps à nos résultts théoriquesD @iiA le temps de réponse et @iiiA l plge de détetion du pteurs est di'érentes de nos préédents résultts @ouhes d9épisseurs SH nmAD omme illustré dns l setion TFRF xous supposons que l9épisseur de l9llige et l présene de ouhes voisines modi(ent les propriétés thermodynmiques du système wgEiF xous devons dns le futur étudié les propriétés physiques et optiques des ouhes mines de wgEi u ours de l formtion de l9hydrure métlliqueF hns une deuxième prtieD nous déposons l ouhe multiouhe wgEiG d sur l ouhe plsmonique @euGioPA proposée u hpitre TF fien que les résultts théoriques montrent un lrge déplement du pi de résonneD les résultts expérimentux ne sont ps onlunt @(gFTFQAF in e'etD dns le ut d9éviter l9extintion du pi de résonneD l ouhe de wgEi doit être extrêmement (neF yr d9près notre préédent résulttD l9llige wgEi est suseptile de présenter de nouvelles rtéristiques lors de l formtion de l9hydrure pour des ouhes extrêmement (neF in onlusionD il est possile d9utiliser un llige de wgEi omme ouhe sensile pour réliser un pteur à (res optiques intrinsèqueF gependntD l plge de détetion n9est ps néessirement méliorer pr rpport à une ouhe de dD limité pr le temps de réponseF B. Résumé Long -Français ITQ Conclusion xous vons développé plusieurs pteurs à (res optiques pour l détetion d9hyE drogèneF eu vu de nos résulttsD il pprit lirement que les pteurs plsmoniques à (res optiques sont une tehnologie prometteuse pour réliser un pteur sensileD rpide et (leF ves prohines investigtions devront permettent d9méliorer l frition des pteurs et leurs intégrtions dns des systèmes industrielles @ pkging AF sl serit pr l suite intéressnt d9étendre le design proposé ux (res optiques monomodes et à l9optique intégré pour méliorer les performnes des pteurs proposésF
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 1 Fig. 1. Growth in hydrogen sensor publications since 1976 according to an enquiry (November 2010) in ISI Web of Knowledge, Thomson Reuters.
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 4 Wavelength response of a surface plasmon resonance palladium coated optical fiber sensor for hydrogen detection
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Table 6 -

 6 Summary of performance data for each type of commercially available sensor considered in the market survey. a

	Criteria	MOS	TCD	CAT	EC	MOx	COMB	OPT
		Min	Max	Min Max Min	Max	Min	Max	Min	Max	Min Max Min Max
	Temperature range ( C)	À40	110	À40	55	À40	82	À40	80	À40	80	À40	125	À15	50
	Pressure range (kPa)	70	130	80	120	70	130	90	110	80	120	70	130	75	175
	Humidity range (% RH)	5	95	0	99	0	100	10	95	0	100	0	95	0	95
	Measuring range (ppm)	200	44,000	-	100%	-	40,000	15	50,000	10	48,000	10	100%	1000	100%
	Response time (t90 s )	2		1 0		8		5		4		1 0		6 0	
	Recovery time (t10 s)	10		10		10		-		10		-		-	
	Power consumption	675		350		256		2.25		150		720	1080
	(mW)														
	Lifetime (h)	87,600	43,800	43,800	26,280	43,800	87,600	44,000
	a Where omitted, data were not available from the manufacturer's specifications.							
	Figure P ! rydrogen sensor performnes from TF he priniples re desried in pE
	pendix IF														
		ensitivity			HFIEIH7 H 2 in ir						
		emperture rnge EQHEVH •g							
		esponse time		`I s								
		eury			S7								
		qs environment	mint irD IHEWV 7 r			
						rnge								
		vifetime			S yers								
		eletivity			revent interferene from hyE			
						droron							

Table I ! heprtmentl of inergy spei(tion

  assumed this observation is probably due the contamination of the surface. 4. If the dissociative chemisorption is rate limiting step, the initial absorption rate is linearly proportional to the H2 pressure. While a absorption step involves that the initial rate depends linearly upon the

	RH 1.4. Discussion on H 2 O.F.S performances 1. Analysis review of optical fiber hydrogen sensors RI
	servedF sn our studyD we simply onsider tht the response time is fster for higher [H 2 ]
	Device thn lower [H 2 ]F xeverthelessD severl works reported tht the response time is slow down Minimal detection limit Sensitivity at 4% H2 [H2] range % Pd thick-ness Response time at Resolution for hydrogen pressure orresponding to the pressure plteu RRD URF his phenomenon (+) is ttriuted to the strin indued y the phse trnsformtion during the expnsion of 4%H2 Mach-Zender [31, 32] 10 -4 % 10 -4 -3 % 10 µm 10 -4 % the rystl lttieF felow the phse trnsitionD there is no signi(nt mehnil hngesF
	Michelson [35] eove the phse trnsitionD driven fore enhne the sorption lthough the metl hyE 2.10 -6 % 2.10 -6 -0,1 500 µm 3 min 2.10 -6 % % Fabry-Perot [37] 3,5 10 -3 2 µm dride psses y the trnsition phseF his is due to the di'erene in thermodynmisF
	%(predic-ted) 10 -2 % Recovery time : he reovery of the sensor is lwys superior to the hresponse time Bridge conguration 10 -2 -0.1% 125 mm few day 1,6.10 -5 of the smpleF he deEhydriding time n e enhned in n oxygen tmosphereF yxygen [66] Polarization modula-ted [40] 1-10% 6 nm on the surfe of d will indue the formtion of yr nd H 2 O moleules UTD whih 1 min (2,8 %) signi(ntly inreses the desorption rteF
	Micro-mirror [41]	0,2%	26 %		0,2-100 % 10 mm
	Micro-mirror [44] SPR [71] Cross-sensitivity : vet us mention tht the response time is lso 'eted y the 1% 17 % 1-100 % 13 mm 17 s 0,8% 26%(****) 0,8-100 % 12 nm 14 s TSMF [56] 1,8 % close to 50 1,8 -10% 12 nm presene of other hemil retions t the d surfeD s desried in setionF IFRFRF
			%			
	TMMF [55] MMF [54] 1.4.3 Temperature eects on O.F.S hydrogen sensors 0,3 % 0,37 % 0,3-3,5% 15 nm 0,2 % 40 %(****) 0,2-0,6% 10 nm	30 s 20 s
	Hetero-structure [60] 0,8 %	0,6%		0,8-5%	10 nm
	Nano ber [58]	0,05 % es-	close to 35	0.8-5.2%	4 nm	10 s
		timated	%			
	FBG [63]	0,2%			0,3-1.8 %	560 nm	1.95.10 -2
							nm/1%
							H2 (*)
	FBG [67]		14 pm		4%	50 nm	2 min
	FBG [72]	0.5%	0.37 nm	0.5-10%	350 nm,	30 s (**)
			(350 nm		150 nm
			Pd) ; 0.26		
			nm (150		
			nm Pd)		
	FBG [66]	125.10 -4 % 2.8 nm		125.10 -4 -	300 µm	few days	0.7
					0.1 %		(at	100	pm/10 -4 %
							ppm H2)
	LPG [67]		5.7	nm	4%	50 nm
			(depends		
			on modes)		
	LPG [66]	2.7 10 -2 % 43 pm (1%	-4%	40 nm	inferior to
			H2)				42 s (1%
							H2)
	LPG [68]	1%	4 nm		1-18%	70 nm	inferior to
							70s
	LPG [65]	20%			20-100%	20 nm
	Table IFP ! Compared performances of existing hydrogen sensors. The sensitivity S denes
	the change in the signal measured in presence of hydrogen, i.e the fringes shifts, the ratio bet-
	ween the intensity with and without hydrogen (I H2 /I 0 ), the shifts of the resonant wavelengths
	(λ resonance H 2 -λresonance ) for the phase, amplitude and wavelength modulations, respectively. (+) The resolution is given by the authors. However, since the response is non linear, the resolution
	could be also non linear. (*) determined in the linear phase. (**) 2s if the Pd lm is heated (***)
	We determined a sensitivity of 12 % from their sensor responses. (****We determined a sensitivity
	of 10 % from their sensor responses.)			
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  Figure QFW ! ixperimentl setup used to study the sensor response to hydrogenF mnufturerF e drift of HFQ7 per hour nd stility of HFS7 re given y the mnufturerF he temperture nd humidity rnge is respetively SEQS • nd SEWS7 @t RH • A in greement with our experimentl onditionsF ! Spectrometer : e used the rRHHH spetrometer from yen yptis with we WHS onnetorF he spetrometer is omposed of ollimting mirrorD grE tingD olletion lensD n orderEsorting (lter nd detetorF he ollimting mirE ror is mthed to the HFPP numeril perture @xeA of n optil (erF he grE ting is mde of QHH lzed linesF st disperses the one of light on the detetorD whih is liner ghrge gouple hevies @gghA rrysF ih pixel responds to the wvelength of light tht strikes itF he optil resolution Res is de(ned s X Res optical = spetrl rngeGnumer of pixel × (Res pixel )F yur resolution is IFHWT nm with ndwidth rnging from PHH to IIHH nmF woreoverD the spetrometer is equipE ped with olletion lens nd (lterD to ensure errtionEfree detetion nd to lok seond nd third order light from the grtingF
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  RH µr erD then IminPH t Q µr er PFS m Table RFI ! hesription of eh relized sensorF for hydrogen sensorsF pinllyD we optimize the sensor prmetersD suh s the (er xumeril eperture @xeAD the length of the trnsduer nd disuss the performne of the proposed sensorF

	4.2. Sensor fabrication	VI
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	4. Wavelength response of a surface plasmon resonance palladium coated
	VT		optical fiber sensor for hydrogen detection
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  • AF he eletri (eld is prllel to the multilyer stkF et the left of the wgEi lyerD the (eld orresponds to the interferene etween the inident nd re)eted (eldF he mplitude (elds re not normlizedF he expnsion of the metl is negleted for simpliity IPH 6. Intrinsic multimode fiber based on Mg Ti alloys
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  Figure TFIH ! eproduiility of the sensor @sed on IH nm M g 60 T i 40 G IP nm dA response over yling nd timeF he sorption is done suessively with PFS7 nd QFS7 H 2 F desorption in done with mixture of PH7 O 2 in er

	6.4. Thinner film IQH	IPW 6. Intrinsic multimode fiber based on Mg Ti alloys
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	Figure TFW ! esponse of the sensor for multilyer stk onsisting of IH nm M g 60 T i 40 G
	IP nm dF @IEPA esponse time of the sensor t wvelength of THS nmF @A elE
	tive trnsmission s funtion of the wvelength for di'erent hydrogen onentrtions X
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  Thermodynamic of Pd-capped Mg-Ti layers, eect of the cap layer.
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