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Resumo

Nesta dissertacdo sdo expostos resultados teoricos e experimentais obtidos na investigacdo e
desenvolvimento de estruturas especificas em fibra otica revestida com filmes finos de metais ou

oxidos para aplicagdo em sensores de parametros quimicos e bioquimicos.

Apresentam-se em detalhe os sensores em fibra Otica revestidos com peliculas finas até aqui
estudados e descrevem-se os processos fisicos envolvidos na transmissao ¢ modulacdo de luz. Sdo
expostas as varias técnicas utilizadas nomeadamente para fabricar as estruturas basicas e os
revestimentos em torno de fibra 6tica monomodo e para executar a analise morfologica e quimica
desses revestimentos. Os estudos realizados sdo apresentados tendo em vista a dete¢do de grandezas

especificas.

Os resultados experimentais obtidos incluem o estudo das propriedades espectrais de redes de
periodo longo revestidas com o6xidos tais como dioxido de titdnio e 6xido de zinco. A sensibilidade
refratométrica intrinseca ¢ aumentada, dependendo da espessura e do indice de refragdo da camada
de oxido. Em particular, para valores de indice de refragdo do meio envolvente maiores do que o
indice de refracao da bainha da fibra 6tica a sensibilidade pode ser superior a 12400 nm / RIU. Varios
oleos alimentares t€ém valores de indice de refracao elevado. Nesse sentido foi desenvolvido um
sensor especifico para monitorizar a deterioragdo térmica de azeite extra virgem ao longo do tempo,

bem como para detetar a sua contaminagdo com solventes organicos.

As caracteristicas espectrais de uma banda de atenuagdo das redes de periodo longo sdo também
estudadas em tempo real durante o processo de oxidacao de filmes finos de varios metais depositados
sobre a superficie da fibra 6tica na regido da rede. A monitorizagdo das mudangas que ocorrem numa
das bandas de atenuagdo permite obter informagdes detalhadas sobre a transi¢do de fase de oxidagdo

dos filmes finos de metal.

A detecao de pequenas concentragdes de gases ou vapores inflamaveis e com elevado risco de
explosao ¢ de extrema importancia para a seguranca de pessoas e bens. Investigou-se a possibilidade
de detegdo de hidrogénio e vapores, tais como etanol e hexano, usando redes de Bragg em fibra otica
revestidas com paladio e redes de periodo longo em fibra 6tica revestidas com camadas de 6xido de

zinco.



O processo de ataque quimico com acido fluoridrico conduz a redugdo da sec¢do da bainha da fibra
otica, permitindo que a componente evanescente do campo eletromagnético interaja com a interface
de um revestimento de metal que originando a geragao de plasmdes de superficie. Estruturas conicas
revestidas com ouro e didxido de titanio, operadas em modo de reflexdo e transmissdo a 1550 nm,
foram fabricadas e caracterizadas tendo-se medido sensibilidades acima de 3000 e 5000 nm / RIU,

respetivamente, no intervalo de indices de refragdo de 1.300 a 1.380.

Os dispositivos fabricados e caracterizados foram aplicados no estudo da deteg@o de trombina através
da funcionalizagdo da superficie da fibra com um complexo de poli-L-lisina ¢ um aptamero. O
elevado desempenho das estruturas de dete¢@o funcionando no modo de ressonancia plasmonica de

superficie permitiu detetar 10 nM de trombina com resolugdes até 0.54 nM.
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Abstract

This thesis presents theoretical and experimental results obtained in the research and development of
specific structures in optical fibres coated with metal or oxide thin films oriented for applications in

the sensors for chemical and biochemical parameters.

A detailed overview of optical fibre sensors with thin film coatings on the surface is presented,
followed by a description of the fundamental physical processes involved on the light transmission
and modulation. Moreover, are addressed all the techniques used to fabricate the bare structures, to
perform the coatings around the cylindrical single mode fibres and to perform the morphological and
chemical analysis of the thin film coatings. Different applications and studies were performed

considering specific sensing parameters.

The experimental results achieved includes the study of the spectral properties of long period fibre
gratings coated with oxide layers such as titanium dioxide and zinc oxide. The intrinsic refractometric
sensitivity is enhanced depending of the thickness and the refractive index of the oxide layer. In
particular, for refractive index values of the surrounding medium higher than the fibre cladding
refractive index the sensitivity could be higher than 12400 nm/RIU. The majority of edible oils have
high refractive index values. Accordingly it was developed a specific sensor for monitoring the
thermal deterioration of extra virgin olive oil over time and to detect contamination with organic

solvents.

The spectral characteristics of one attenuation band of long period fibre gratings were studied in real
time during the oxidation process of thin film metals layered on the optical fibre surface in the grating
region. The monitoring of the changes of the attenuation band permits to obtain detailed information

about the oxidation phase transition undertake by the metal thin films.

The detection of small concentrations of gases or vapours, which are flammable and with high
explosion risk is extremely important for the safety of people and property. Looking for the detection
of hydrogen and vapours, as ethanol and hexane, an investigation using fibre Bragg gratings coated

with palladium and long period fibre gratings coated with layers of zinc oxide was performed.

The chemical etching process with hydrofluoric acid applied to silica based optical fibres causes a

reduction in the fibre cladding diameter allowing the evanescent component of the electromagnetic
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field to interact with the metal coating interface leading to the generation of surface plasmons. Taper
structures coated with gold and titanium dioxide, operated in reflection and in transmission modes at
1550 nm, were fabricated and characterized for the measurement of the surrounding refractive index,
resulting in sensitivities above 3000 and 5000 nm/RIU, respectively, in a refractometric range that

extends from 1.300 to 1.380.

The fabricated and characterized evanescent field based devices were applied to the recognition of
thrombin through the functionalization of the fibre surface with a complex of poly-L-lysine and an
aptamer. The high performance of sensing structures of this type operating in the surface plasmonic

resonance mode permit detections of 10 nM of thrombin with resolutions down to 0.54 nM.

xiv



Contents

COMLEINLS ccccuveereiseisseisssicssicsancssncsssssssesssesssecssecssasssasssssssssssssssssesssssssssssssssssssssssasssasssassssses XV
List of Figures Xix
LiSt Of TaDIES ..cccuervricsnicsniisneisuecsuensensnnssnnsssecsseessecsanesancnes XXix
Acronyms and Abbreviations............coeeecceecsseecssnencsneenens XXxXi
Chapter 1
Introduction . 33
Ll IMIOTIVALION L.ttt ettt sbe e ettt et et esbeesaeesateeane e 33
1.2 Scientific CONITDULIONS. ......ccuteiieiieriierie ettt et ettt sttt e te e e e sbeesaeesaaeeneeeseenne 35
1.3 Structure of the TheSiS......c.oooiiiiiiieieiee ettt s 36
1.4 List Of PUDIICAtIONS. ..c..eitiiiiiiiiiiiieiteee ettt st 38
1.4.1 BOOK CRAPLEIS ...eeiiiiiiiiieieecee ettt et et e e e e e sraeesebeeearaeesaseas 38
1.4.2 Papers Published in International Journals............c.cceeevveeiierienienienienie e 38
1.4.3 Papers Published in International Conferences ..........cccceceveeeevreniienieeenveeecveeeenenn 39
Chapter 2
Optical Fibre Sensors Based on Thin Films...... 41
0 N (15 014 1D Te15 o) TSP 41
2.2 Principles and Configurations for Optical Sensing .........c..cecevereevienerienenenseneneennens 43
2.2.1 Modulation APPIoaches ..........ccccviieiiiiiiieeiie ettt e e re e veeeene s 44
222 The Evanescent Field CONCEPL........cccveriiiriierieiienierierieseeeie e e esiee e sne e 48
223 Plasmonic EfFECE .....co.eiiiiiiieiee e 51
2.3 Coatings for Guided Optics SenSing StrUCLUIES ........cccvervrrcvrerreerrierieesieerresreeseesseeseeens 53
2.3.1 Coating tECRNIGUES ......cecvvieiiieeiie ettt ettt et e et e e tbeesbeeeeaeesareeeeseesaseeens 53
2.3.2 COoatiNg MALETIALS ....c.vievieiieiieriieree ettt e e e e sseesseessneesnesnseenns 55
2.33 NANOPATTICIES.....c.eeeiieeie ettt ettt et ettt e st e s ate e be e beesneesneesaees 57
2.4 APPIICALIONS ..veevvieeiiiiieeireeteeteete e teesteestesebeeeseebeesseesseesssessseasseesseasssesssesssessseasseessenssenns 57
2.4.1 Measurement of Physical Parameters............ccceveevvieiiiniiieiieieierece e 57
2.4.2 Measurement of Chemical and Biological Entities.........c.ccccvevvevvercvenienieenneeniens 60
243 Other Type of Sensing APpPliCAtioNS ........cccevvereeriiririieninieeretee e 63

XV



2.5 COMCIUSIONS ..ttt ettt et e e e e e e e e et eeeeeesaeeraaeeeeeesesaeeaaaeeeeeesesessssaeeeessennas 65

Chapter 3
Fabrication and Characterization Techniques............ccceceeevvuercreecnnce 67
3.1  Fabrication PrOCESSES .......cceeieiiiriieierieeiteietee ettt st s 67
3.1.1 Optical FIDIe GratiNgs .......cccoviiiiieiiieeieesiieeieeeriteeereeesiveesreeeeveeseveeeraeeeseesaveeas 68
3.1.2 Fibre Optic EtChing ProCESS .......ccvvcvieiieiiieiieiiecie ettt 71
3.13 DePOSIION SYSIEIM....ectiiiieieieiieeie ettt ettt et e st e e be ettt e sbeesaeesneeeneeenseeneeas 74
3.2 SHrUCTUIE ANALYSIS cuvvevieiieiiieiiieeieete et et esttestesreebeeseesseessaessbeasseesseesseesssesssessseessensens 86
3.2.1 SpectroscopiC EIPSOMELIY .......c.covuiiriieriiiieiie ettt 86
3.2.2 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy......... 89
323 X-ray Photoelectron SPectroSCOPY .......covereerieririrnienienieriesie ettt 90
324 X-TaY DIffraCHON . .c.viiiieciiecieciecieeie ettt re e ere e ste e tae s eaesebeesbeesseenseas 91
3.3 CONCIUSIONS ...ttt ettt ettt et b et ea et bt e b e et eeeeneeneas 93
Chapter 4
Optical Spectroscopy for Sensing Using Coated Long Period Fibre Gratings .......c.cccceeeeeanes 95
4.1 INEEOAUCTION ...ttt ettt ettt e st e st e et e e beebe e bt e sneesaeeenseenseenseas 95
4.2 Gratings in Optical FIDIES ......ccccoviiviiiiiiiiiiecieetetesee ettt r e 96
4.2.1 Fibre Bragg@ GIatilgs .......cocuevuerieeieriiniieierieeteiesi ettt sttt st 97
422 Long Period Fibre Gratings..........cccveveerierierieiriereeieesieeseesnesneevessveesseessnenens 100
4.3  Enhanced RI Sensing Characteristics of LPFGs with Over Layer Coatings................ 103
43.1 LPFGs Coated with Titanium Dioxide Thin Films. .......ccooeiininiiiiiieee 104
432 LPFGs Coated with Zine OXide ........cccoceeeeierienieieniieieseeee e 111
4.4 CONCIUSION . ..ciutiiiiieiit ettt ettt h ettt et e bt e bt e s bt e s aeeemteenbeenbeesbeesaeesaeeeas 116
Chapter 5
Gas Sensing SPeCtrOSCOPY...cccecurecrcercssrrrssaresssiescnsessasrossssssnssone ..119
ST S 0313 (o Ta L o1 o TSP S 119
5.2 Fabry-Perot Based Interferometry Applied to Gas Detection ..........cocceceevereeuennenneene 120
5.2.1 The Working PrinCiple .......c.covvieiiiiieiieieiiecie ettt 120
522 Extrinsic Fabry-Perot Cavity........cocceceririiriininiiiineeesecneeee e 122
523 Simultaneous Measurement of Partial Pressure of O, and CO, with a Hybrid
INERITRIOINCLET ...ttt ettt st sbe et e sttt e sbeeneens 124
5.3  Fibre Optic Hydrogen Sensor based on an Etched FBG Coated with Palladium......... 129
5.3.1 Hydrogen PropertiCs.......cueiviiiiiiieieiieesieeie ettt eseeesae v e sereereesaesreesrnessneens 129
532 Experimental ProcedUIes..........cocveiuierierieniienieeie ettt 131

xvi



5.3.3 ReESUILS ANA DISCUSSION ...eevvveiieeeeeeeeieeee e eee e e e e e et e eeeeeseeeereeeeeeseseeenranees 133

5.4  Vapour Sensing of Ethanol and HeXane............cccocceviiriiniieniieninnec e 140
54.1 Materials and Methods ..........coeeiiriirieiee e 141
54.2 Experimental Results and DiSCUSSION ........c.cecvverieeriiereeriienie e e eieesieesieesnenenes 142

5.5 CONCIUSIONS ...ttt ettt ettt et esate st e e abe e be e b e saeeeaeas 146

Chapter 6

Fabrication and Characterization of Metal Oxide Coated Long Period Fibre Gratings .... 149
LT S 01313 (o Ta L o1 o TSRS 149
6.2  Materials and MEthOdS ........cceeiuiiiiiiiiiie et 151

6.2.1 Real Time Monitoring Oxidation of Metals with Long Period Fibre Gratings.... 152
6.2.2 Chemical and Morphological Characterization of Metals and Oxide Samples.... 156

6.2.3 Optical Characterization with LPFGS ........ccccceiiiiiiiiieicicce e 167

0.3 CONCIUSIONS ..ttt ettt ettt ettt e b bt et e bt et e st eme et e nees 174
Chapter 7

A Study of the Quality of Olive Oils with Coated Long Period Fibre Gratings.........ccceeece.. 177

7.1 INEEOAUCTION ...ttt ettt e et e et e e treesabeeeveeesaseeensseessseeaes 177

7.1.1 Thermal Deterioration of Edible O1ls.........ccoocveiiiiiieiiniieeeeeeeee 180

7.1.2 Adulteration of Edible O1lS .......c..cooiiiiiiiiiiiiiiciieceeee e 181

7.2 Detection of Extra Virgin Olive Oil Thermal Deterioration ...........c.ccecceeeeeeenenceeenne. 182

7.2.1 Materials and MethodS .........c.coocviiiiiiiiiiieee e 182

7.2.2 Sensing Device and Experimental SEtUp..........ccceevveevvieiiieniienienieriecre e 182

7.2.3 Results and DiSCUSSION . ...c..evueruieriirtieieriieieeie ettt 183

7.3 Detection of Hexane in Extra Virgin Olive Oil.........ccccoeevviiiiiiiiiiieciieeie e, 187

7.3.1 SamPle Preparation ..........cccccueecieeiieciienieieseeseesee e ete et e snesresnseesseensaens 187

7.3.2 EXPerimental SETUP ......cceeeviiiiiieeiieeie ettt e e e e 188

7.3.3 Results and DiSCUSSION .......evuieuieriirierieiieiceie ettt 189

T4 CONCIUSIONS ...ttt ettt et e bt e saee et e e abe e bt enbeesaeeeaeas 196
Chapter 8

Surface Plasmon Resonance: Studies with Single Mode Optical Fibres 197

8.1 Surface Plasmon ReSONance............ceeoueiuiiierinieierie et 197

8.1.1 Brief DefINItion «...oo.eeoieieeeieieeieeeie ettt e 198

8.1.2 Excitation ConfigUrations ............ccceeevieeiirenieesrieereeesreeesiveesveeeieeesveessneessneas 200

8.1.3 Optical fibre SPR Probe DeSigns .........cccveeverieriiiiiniieieerie st see e 202

8.1.4 INtEITOZation SYSTEIM ...ccviiiiiiieiiieecii et eetee ettt et et e sreeetreeebeeetae e ebeeenbaeeseneas 205



8.1.5 Theoretical Study of SPR — Transfer Matrix Formalism ............ccccocoevieiinnnncnne 206
8.2  Sensing Structure Based on SPR in Chemically Etched Single Mode Optical Fibres.208

8.2.1 Substrate Preparation and Coatings..........cccveveereeecieecieerreesieseeseesresreereeseeses 209
8.2.2 SeNSOr INEETTOZALION ....cuvvevieiieiieriecie ettt et e eeeeebe e ebeeteesseesseesnseenseenseenseas 211
8.2.3 Results and DISCUSSION ......ccuiiiiiiieieeiie sttt ettt sttt et e st esaee s 212
8.3  Multiplexing of SPR Sensing Devices on Etched Single Mode Fibre.......................... 218
8.3.1 SenSOr MUILIPIEXING ....eevvviiiiiieiiieeiieeiee ettt eree e e eeebeesveeetee e eveeeseseeennas 220
8.3.2 Experimental ProCedUIES.........c.cccveriiiriieiiieiieiie ettt saesene e 221
833 Results and DiISCUSSION ......ccuieiieiieieeieesie ettt sttt et et esaee s 224
8.4 CONCIUSIONS ..ttt ettt ettt ettt et sbe et s bt et e bt eme et e se e e e ebeeaeenee 231
Chapter 9
Fibre Sensors for Thrombin Detection . 233
0.1 TIEFOAUCLION ...ttt ettt be et sttt et b e e b saeenee 233
9.2 Materials and MethOdS ........ccceeiiiiiiiiiii et 235
9.2.1 Reagents and SOIULIONS .......cvvecvieriieriiirie e iie ettt re et aeseeesrnesnne e 235
9.2.2 Sensing Probe Assembly and Thrombin Detection...........ccccceevevieeiiienieeeneeennee. 235
9.2.3 SENSING SIIUCTUTES .....veeevievieiiesiierresteeteeteesseessaessessseesseesseesseesseesssesssessseessesssees 236
0.3 Results and DiSCUSSION .....cc.eiiuiiiiiiiieie ettt ettt ettt sbeesaee e 239
9.3.1 LPFG-SPR-LPFG CONfigUIation .......ccccevverieriiriieieeieeieenieeseeenesneesseeseessnennns 239
932 Independent LPFG and SPR Fibre Based Thrombin Detection ...........ccccceueeneeee. 242
L 141 Te] 131 o 4 TSP 248
Chapter 10
Final Conclusions and Future Work . 251
REfErences ......couievuecseiseesseensunnsuecsnecssenssensncsseesncsssessaesssessses . 255

xviii



List of Figures

Figure 2.1 — Time evolution of the published scientific papers in international journals related
to optical fibre sensors compared to the ones using thin film coating. Source: SCOPUS
(Keywords: fibre optic sensor and film or coated or COAting).........ccccverevrrcrrrrieereerieereesreereereenns 43

Figure 2.2 — Scheme of two in-line fibre gratings: a fibre Bragg grating and a long period fibre
grating. On the left, typical curve of a broadband source as light input and the reflection signal

with the Bragg narrow band. On the right, the transmission signal containing both bands. .......... 45
Figure 2.3 — Scheme of different types of fibre interferometers: a) Fabry-Perot, b) Mach-
Zehnder, ¢) Michelson and d) SAgNAC. .......c.ccveviiiiiiiiiiieiieeesee et e e reesraens 46
Figure 2.4 — Scheme of the evanescent field concept using a single mode fibre core with a
lower refractive indeX Cladding. .........cceeviiiiiiieciie et e be e ebae e s 49
Figure 2.5 — Examples of microstructured optical fibre design configurations from [26, 27]....... 50

Figure 2.6 — Schematic example of an optical fibre coated with thin film coatings in different
SENSING CONTIGUIALIONS. 1..vviivviiiieitieiiieite et et eteete et esttestbesebeesseesseesseesseesseesssesssesssensseessensssesssensses 54

Figure 3.1 — Scheme of the top view of the setup to produce fibre Bragg gratings using the
phase MaSK tECANIGUE. .......ccviiiiiiiciie ettt et e b e e estaeeabeeenseeessseeennes 69

Figure 3.2 — Scheme of the electric arc technique used to produce the long period fibre gratings
with periods from 345 t0 540 LML ...oc.eiiiiiiiieieeee ettt ettt ettt 70

Figure 3.3 — Scheme of the reaction mechanism with the replacement of the SiOH by the SiF
and the post removal from the SiO, matrix (adapted from [114]). ..cccceeerireieiienierieee e 72

Figure 3.4 — SEM pictures of the fibre surface as fabricated (a) and after etching with a liquid
solution of HF at 48 % concentration (D). .........ccvevierieiieniieiieieesreesieeseeesvesneereesseeseessaessnenenas 73

Figure 3.5 — Etching rate characterization for a silica optical fibre immersed in a liquid solution
of HF at 48 % concentration with different quantities of acid. The solid line corresponds to
few mL of HF solution while the dashed line translates the behaviour with smaller quantities

CLHING SOIULION. ....veiiiiieiieit ettt ettt et e st e st e ssbeesbe e seesstesssessseassaensaessaessaessaesssennsennns 74
Figure 3.6 — Scheme of the deposition system comprising all the components of the electron
beam evaporator Auto 360 from EAWards. ........c.cccevciiiiiiiiinienie e 75
Figure 3.7 — SEM images for calibration of the thickness monitor fitted in the electron beam
evaporator considering three readouts: a) 50 nm, b) 200 nm and ¢) 300 nM. ..........cceevveeereeenenn. 78
Figure 3.8 — Calibration of the thickness monitor fitted in the electron beam evaporator.............. 79

Figure 3.9 — Picture of the silicon wafer coated with a Cr matrix. The dashed circle shows the
xy position of the crucible at z = -15 mm while the dashed square shows the xy position of the
crystal thickness MONItOr at Z = 0 MM .....c.eerieriierieiieiie et see e ereereeseesseessaessnessnennns 79

Xix



Figure 3.10 — Step profile analysis corresponding to the marked profiles of each column (left)

and €ach 1N (TIZNL).....eeiiiiiei et ettt sttt e b e bt s aeesneeenteeneeas 80
Figure 3.11 — Scheme of the home made rotary system for coating optical fibres. ..........c.ccu..... 81
Figure 3.12 — SEM images for calibration of the rotary system to the thickness thin film
considering three readouts at the static position: a) 360 nm, b) 500 nm and ¢) 610 nm. ............... 82
Figure 3.13 — Thin film thickness calibration in the rotation mode compared to the static mode.
........................................................................................................................................................ 82
Figure 3.14 — SEM pictures of two fibres coated with pure Ti: (a) in a static position with
lateral coating, (b) using the rotary system with homogeneous coating around the cylindrical
FIDIE SRAPE. ...neieeiieieee ettt ettt ettt e a e st e et e et et e e nteenteenteentean 83
Figure 3.15 — Step profile of a planar substrate while in rotation for two Ti films. The thickness
measured in the static position was 100 nm and 200 NIM. ........cceeceereieecieeerieciereeeenee e eee e 83
Figure 3.16 — SEM pictures of the surface silicon wafers coated with pure Ti metal (a) and
R4 11 T I (O (o ) TSRS 85
Figure 3.17 — EDS for the TiO; coating produced with the electron beam evaporator.................. 85
Figure 3.18 — Structure model used to interpret the ellipsometry data. On the right side the
thickness of each layer is INAICALEd. ........ccevveriiiriiiiiciieeeeeee e es 87
Figure 3.19 — Ellipsometric parameters I. (circles) and I (squares). The solid lines represent
the data best fit (x*=0.0473) within 500-800 nm. Thickness=132.103 +0.128 nm with
NEELIZIDIC TOUZNNESS ... .cvviiiieiiiicii ettt ettt e b e e e e teestaestaestbeesseesseessaesssesssesssensseasseesses 88
Figure 3.20 — Dispersion curves for all samples extrapolated to higher wavelengths (lines).
The RI was obtained experimentally with the real part (close symbols) and the imaginary part
(OPCIL SYIMDOIS). .1evvieuiieiiesiiiete ettt et e teesteebeeteesbeesbeestaesebessseesseessaesseestaessseasseasseesseesssesssessseassenssens 88
Figure 3.21 — Scheme of the X-rays diffraction ProcCess. .........cceeveereverireerrieseerieriesre e ereeseeeens 92
Figure 4.1 — Representation of a light wave diffraction by a grating [137]. ....ccceeevievivinciieeieens 96
Figure 4.2 — Mode coupling mechanism in fibre Bragg gratings with the propagation constants
of the forward and backward propagating guided modes [12].......cccceevviieciieeniienciieeieeeree e 98
Figure 4.3 — Typical spectra of a FBG inscribed in a hydrogen loaded optical fibre through the
mask technique with an UV laser: (a) reflection mode, (b) transmission mode.............cccceeureneen. 99
Figure 4.4 — Mode coupling mechanism in long period gratings with the propagation constants
of the forward propagating guided Mmodes [12]. ....ccverierierieriiiieeieee e 100
Figure 4.5 — Typical spectrum of a LPFG inscribed in a common optical fibre through the
electric arc technique with 396 LM PEriod. ......ccoviiviieriierieiiecie et e 101
Figure 4.6 — Wavelength shift of a LPFG attenuation band with a period of 400 um in function
of the surrounding RI [145]. . .ottt ettt et e e ta e e sebeeesbaeestaeeesseeenns 102
Figure 4.7 — Scheme of the measuring setup with an optical source, an optical spectrum
analyser and the sensing device magnified on the top. ........cccceveiiriieiieniin e 104
Figure 4.8 — Transmission spectra of a bare LPFG and with a 20 nm thick TiO; film with air
A8 EXLETNAL TNEATUITL ..ottt sttt b ettt et s et e b e 105
Figure 4.9 — Transmission spectra of the LPi4 mode for several SRI values: (a) for a bare
LPFG; (b) LPFG coated with 40 nm 0f TiO2. ..cccveeeviiiieiieiieciecrecreereeee e 106

XX



Figure 4.10 — Transmission spectra of the LP;s mode for several SRI values: (a) for a bare
LPFG, (b) for a LPFG coated with 40 nm of TiO2......cccviiiiiiiiiiiiiiieieecee e 106

Figure 4.11 — Transmission spectra of the LP;s mode for several SRI values: (a) for a bare
LPFG; (b) LPFG coated with 40 nmM Of TiO2. ..c.veecvverieriiiiiieiieieeieeee st sene e 107

Figure 4.12 — Normalized wavelength variation with the SRI for a LPFG without thin film and
for LPFGs over coated with 10 to 80 nm of TiO, for the RI range from 1.300 to 1.460............. 108

Figure 4.13 — Normalized wavelength variation with the SRI for a LPFG without thin film and
for LPFGs over coated with 10 to 80 nm of TiO; for the RI range from 1.420 to 1.640. ............ 108

Figure 4.14 — Wavelength sensitivity as a function of the SRI for a LPG without thin film and
for LPGs over coated with 10 to 80 nm of TiO, for the RI range from 1.28 to 1.46. .................. 109

Figure 4.15 — Wavelength sensitivity as a function of the SRI for a LPG without thin film and
for LPGs over coated with 10 to 80 nm of TiO, for the RI range from 1.420 to 1.640. .............. 110

Figure 4.16 — Comparison of the LP1s mode attenuation of a bare LPFG and LPFG with TiO,
coatings, for several SRI values between 1.300 and 1.600. ...........ccocovvevriereeriieeiieee e, 111

Figure 4.17 — Transmission spectra corresponding to the LPis mode of a LPFG with an 87 nm
thick ZnO coating, for several SRI values between 1.300 and 1.600. ............ccceeevvevreeecieennens 112

Figure 4.18 — Normalized wavelength shift as a function of the SRI for a bare LPFG and for
LPFGs coated with 58 to 145 nm of ZnO in the RI range from 1.300 to 1.460............cccenue..... 113

Figure 4.19 — Normalized wavelength shift as a function of the SRI for a bare LPFG and for
LPFGs coated with 58 to 145 nm of ZnO in the RI range from 1.420 to 1.600...............cc......... 114

Figure 4.20 — Wavelength sensitivity as a function of the SRI for a bare LPFG and for LPFGs
coated with 58 to 145 nm of ZnO in the RI range of 1.300 to 1.460. .......ccceeevveereecriereerieereneen. 114

Figure 4.21 — Wavelength sensitivity as a function of the SRI for a bare LPFG and for LPFGs
coated with 58 to 145 nm of ZnO in the RI range of 1.420 t0 1.600. .........cccvevvrreecrieerieeereenne, 115

Figure 4.22 — Normalized wavelength shift of the dip of the LPFG when the SRI undertakes
SEEP VATTALIONS. .. veeiuvieeiieeeiiieetee ettt estee ettt estteeesbeeestseessseeessaeesssaeassseesssaeassasensseessseeansseensseessseeessens 115

Figure 4.23 — Optical power shift of the LP1s mode for several surrounding RI values in the
range from 1.300 to 1.600 with a comparison of the bare LPFG and LPFGs with ZnO coatings
of 58, 87 and 116 nm thick. The 87 nm thick ZnO coating is with a linear fit in the RI range
oM 1.340 10 1.420. c.eiiiiiiieeee ettt 116

Figure 5.1 — Scheme of the Fabry-Perot interferometer principle...........ccoeevereveevierieeneervennenene. 121

Figure 5.2 — Optical fibre Fabry-Perot cavity created using two ferrules (connectors FC/PC
from a commercial patch cord) and @ SICEVE. .......cccvevieriieriiriiiie e 122

Figure 5.3 — Optical behaviour using different cavity lengths, L;=68.4 um, L.,=126.7 uym and
L3=262.0 um: (a) Spectrum variations of the cavities at 0 and 480 kPa; (b) wavelength

sensitivity to Ny for pressures up t0 480 KPa........coccveeiieriinieiieiieeie e 122
Figure 5.4 — Wavelength sensitivity to 100 % of N», 2 % of CH4 and 50% of CHj for pressures
up to 480 kPa using a cavity with 125.8 pm length. ..........cccovveviiiviiiiiniececcee e, 123

Figure 5.5 — Experimental setup used to characterize the sensor with different gaseous
CIIVITOIIMICIE. 1.ttt ettt ettt sh et e bt e bt et e bt eatesa e sae et e sbeeat et e sbeeste bt esnenaesueensenaeeneennens 124

xxi



Figure 5.6 — (a) Spectrum of the light returned from the sensing device in a 100% CO»
atmosphere at 100 kPa pressure; (b) and (c) corresponds to the Fabry-Perot and the modal
interference COMPONENLS, TESPECLIVELY. ..eivviiiiiiiiiieiiiecitie et esteeette et e ereeesereesbeeeraeeseseeenseeenes 125

Figure 5.7 — Wavelength shift obtained with pressure variation for both interferometers using:
(2) pure Oz and (D) PUIE COn. weeueeiiiieiieieeite ettt ettt ettt ettt e st e st e e ntesabeebeesbeesseeenes 126

Figure 5.8 — Time response of the sensor obtained with a mixture of O, and CO;: (a)
wavelength shift of both cavities spectra for the gases; (b) result for O, detection; (c) result for
(OO N 15 15115 (o) § TP PRURUURRURUPRRNt 128

Figure 5.9 — Scheme of the setup used including a broad band optical source, an optical
spectrum analyser and an optical fibre sensing device. Inset is a SEM picture of the etched

2327 SRS SPR 132
Figure 5.10 — Wavelength shift of the Bragg peak when the H, concentration is increased from
0 to 4% considering different fibre diameters. ...........cecuevierirriiriniinineeieeee e 133

Figure 5.11 — Sensitivity to H, using two different gas concentrations: 1% and 4% H> (v/v)..... 134

Figure 5.12 — Optical spectrum of both FBGs with 50 um diameter, uncoated for temperature
compensation and coated with 100 nm of Pd for H» sensing, for pure N, and for 1 % of Hy;
Inset: temperature calibration 0f both Gratings............cceevevieriiiiiiciienieeesee e 135

Figure 5.13 — a) Stability results in time with a 50 um cladding FBG coated with 100 nm of
Pd with absorption / desorption cycles of 1% of H, in N, up to 70 hours in the H, environment;
b) thermal variation along tIME. ........cccueeevieerieriieriereeseesee e ereebeete et e sebesereesbeesseesaesseesssessneans 135

Figure 5.14 — Theoretical (continuous line) and experimental dependence of Bragg wavelength
shift with the pressure variation for FBGs with 50 um cladding diameter and different Pd
COAING thICKNESSES. ...vvievvieiiieiieiieiteettestte st e ee st e et e e e be e teesebesebeesbeesseessaessaestsessseasseasseenseessennens 137

Figure 5.15 — The effect of humidity in the palladium hydride component: time response before
and after contact with high humidity level for several cycles of 1% H, absorption/desorption.
Inset pictures of the fibre before (left-bottom) and after (right-top) the hydrogen exposition in
the humidity ENVITONMENL. ......eeiiiiiiieitieeieeie ettt ettt et e saeesseeenteebeebeesseesanesnneens 138

Figure 5.16 — EDS spectra of two different surfaces: silica uncoated fibre and the Pd coating.
Inset is the SEM image of the fibre regions considered in the chemical analysis.............c..c....... 139

Figure 5.17 — Scheme of the protective structure of the sensing device to prevent the humidity
JAMAZING. ..ecvvieiieeiiietieie ettt et e et e st e e tbeetbeesbeesbeessaesseessseasseasseassaessaesseesssessseasseasseesseessennsns 139

Figure 5.18 — Sensitivity results of the sensing head to H» a) before the high humidity level
exposition and b) after 72 hours in a high humidity environment with the sensor protected with
TR TON LAPE. ...eveeeiieiieitecte ettt ettt et et e st e st e et eeebeesbeesbe e st esbessbessbeasseesseessaesssasssessseenseesseesseensns 140

Figure 5.19 — Setup for the characterization of the sensor constituted by a glass bottle, valves
and a gas cell placed inside an oven. A broadband source and an optical spectrum analyser are

TIOT SHOWIL. 1.ttt ettt e e e e e e e et e e e e e eeeae e eeeesesaessaeeeeeesesaesrasreeeesesanas 141
Figure 5.20 — Spectra of the LP,, mode of a 290 nm thick ZnO coated LPFG from 1400 to
1500 nm as a function of the ethanol CONCENIIATION. .......c.covveeeueeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeane 143

Figure 5.21 — Normalized curves of the LPFG coated with 290 nm of ZnO, considering the
LP,, mode, in function of the ethanol concentration a) wavelength shift and b) optical power

XXii



Figure 5.22 —Wavelength shift of the dip of a 290 nm thick ZnO coated LPFG when the ethanol
concentration undertakes SteP VArIationS..........cceeruieriieriieriienierie ettt e st e seesaeebeebeeseeesaeesaees 144

Figure 5.23 — Optical Spectra of the LP1s mode with 290 nm thick ZnO coated LPFG from
1400 to 1600 nm as a function of the hexane concentration. Inset is the FBG in transmission
fOr temMPErature COMPENSALION. .......eeitiertiertierieeete et et e bt esttesttesseeeeeeenbeeneeesteesseesaseenseeseesseesneesnees 145

Figure 5.24 —Normalized wavelength shift and attenuation of the coated LPFG LP;c mode. ..... 146

Figure 6.1 — Scheme of the oxidation setup using a furnace and a LPFG working in
transmission comprising a broadband source (BBS), an optical spectrum analyser (OSA) and
the GratiNng SEISOT. ..c.viiiiiiiiiie et eeiee ettt e et e st e e sttt esteeeeteessseeessseessseesnsaeessseesnsaeasseessseenssennns 151

Figure 6.2 — Real time oxidation spectra of the LPis mode from 1400 to 1600 nm of LPFGs
coated with 30 nm of metals annealed with a range of temperatures: (a) Zn from 25 to 498 °C
and (b) Ni from 25 to 654 °C. Also shown, for comparison, the spectrum of the LP;s mode of
abare LPFG (Uncoated) at 25°C.......ccviiiiiiiiieeeiie ettt e ev e e 153

Figure 6.3 — The LP;s mode spectral features of a bare and of a 30 nm thick Zn and Ni coated
LPFG as function of temperature up to 600 °C: (a) and (c) optical power; (b) and (d)
normalized wavelength Shift. .........cccooiiiiiiiiii e 154

Figure 6.4 — Transmission response with temperature variations for LPFGs coated with Cu,
Ti, Al and Cr metal thin films respectively: (a) Optical power shift, (b) Wavelength shift......... 155

Figure 6.5 — SEM photographs with 200 000 X of magnification of a 67.5 nm thick metal film
as deposited: (a) Cu, (b) Zn, (¢) Ni, (d) Ti, (¢) Al and (£) Cr. ..cceeeevvevriiriieciecieee e, 156

Figure 6.6 —SEM photographs with 200 000 X of magnification of 67.5 nm thick metal film
samples after annealing: (a) Cu at 225 °C for 1 hour; and after annealing at 600 °C: (b) Cu, (¢)
Zn, (d) Ni, (€) Ti, (£) A1 and () Cr. c..eeevvieiieiieieetesterte ettt st ste s ve b e ebeesbeeseaesenenenas 157

Figure 6.7 —EDS spectrum of thin film samples as deposited and after annealing in air for 1 h:
(a) Cu at 225 °C and 600 °C, and (b) Zn (c) Ni, (b) Ti, (c¢) Al and (d) Cr at 600 °C. ................... 160

Figure 6.8 —XPS spectrum survey of an Zn thin film sample on silicon wafer after annealing
AL 600 C £OT 1 Nl oottt ettt 161

Figure 6.9 — Binding energy spectrum of 2p electrons obtained by XPS of thin film samples
after annealing in air at 600 °C for 1 hour acquiring specific oxide phases: (a) CuO and Cu,0O,
(b) ZnO, (c) NiO, (d) TiO», (e) Al,O;3 and (f) Cr20s. The grey curves correspond to the baseline.

Figure 6.10 — Binding energy spectrum of O 1s electrons obtained by XPS of thin film samples
as deposited and after annealing in air at 600 °C for 1 hour: (a) CuO and Cu,O (at 225 °C), (b)
ZnO (c) NiO, (d) TiO2, (€) AL2O3 and (£) CraO3. .uevvereeeeieieieeeeeeeeeeee e 164

Figure 6.11 — XRD of thin film samples after annealing in air for 1 hour together with database
values (RRUFF database): (a) CuO at 225 °C, (b) CuO at 600 °C. The symbol (X) corresponds
to the planes of the Cu MEtal. ..........cccveiiiiiiiiii e eaeseaesenas 165

Figure 6.12 —XRD pattern of thin film samples after annealing in air at 600 °C for 1 h together
with the RRUFF database values: (a) ZnO, (b) NiO, (c) TiO, (d) Al,Os3 and (e) Cr,Os. The
symbol (%) corresponds to the planes of the metal...........cccccveviiiiiiiiieiiccieee e 166

Figure 6.13 — Variation of as a function of the oxides RI: (a) wavelength and optical power
shifts before and after the oxide coating and (b) optical power shift before and after the metal
[0) < o -1 5 o) o H OSSOSO U SURURRSRTRRURO 168



Figure 6.14 — Spectral response from 1350 to 1600 nm, corresponding to LP;c mode of LPFGs
coated with Cu after annealing (a) at 225 °C — Cu,0 and (b) 600 °C - CuO. ......ccceecuvervveruiennnnne 168

Figure 6.15 — Transmission spectra, from 1350 to 1600 nm, corresponding to LP16 mode of
LPFGs coated with (a) ZnO, (b) NiO, (c) TiO», (d) ALLO; and (e) Cr203 for SRI values from
1.300 0 1.600. ......cuiiierietieieeit et ettt et ete e et este bt et esseeseeaesseessensesseenseeseansesseessensesseensensenseenes 169

Figure 6.16 — Wavelength shift normalized to the initial state (RI=1.000) from 1350 to
1600 nm, corresponding to LP;s mode of a bare LPFG and of LPFGs coated with (a) Cu,O
and CuO, (b) ZnO, (c) NiO, (b) TiOa, (c) Al,O3 and (d) Cr20; for SRI values from 1.300 to

Figure 6.17 — Wavelength sensitivity as a function of the surrounding refractive index for a
bare LPFG and for LPFGs coated with Cu,O, CuO, ZnO, NiO, TiO;, Al,O3 and Cr,O3 from
(2) 1.300 to 1.500 and (b) 1.425 t0 1.515. c.euioiiiiieicieieeeereceeeetee et 172

Figure 6.18 — Optical power variation of the resonance band corresponding to the LPs mode
of a bare LPFG and of LPFGs coated with (a) Cu,O and CuO, (b) ZnO, (¢) NiO, (d) TiO,, (e)
Al>O3 and (f) Cr20;3 oxides for SRI values from 1.300 to 1.600. .........ccooveieierineieeeeeee 173

Figure 7.1 — Normalized wavelength shift as a function of the surrounding refractive index for
a bare LPFG and for a LPFG with 30 nm thick TiO, film. Data corresponds to the LPi¢

Cladding MOAE. ....c.vieiieiieiecie ettt et ettt st e seb e e sb e e s s e ebaestaesebeerbeesbeerreenreessaenens 179
Figure 7.2 — Scheme of the sensing device and of the measuring set-up. (BBS-broadband
source, OSA-optical spectrum analyser, SMF — single mode fibre.) ........c.ccccoeeviiincieencieeiinns 183
Figure 7.3 — Visible absorption spectra of olive oil samples before heating and after heating at
180 °C. The inset presents the corresponding near infrared absorption spectra. ............cceeunee.e. 184
Figure 7.4 — Integral of the absorption band between 640 and 740 nm as a function of the
heating time for 180 and 225 %C........cccveviieciieiieiiereeree sttt et esseeseesaessaesenessneens 184
Figure 7.5 — Measured refractive index of olive oil as a function of heating time for 180 and
225 PC ettt ettt s a ettt ea e sae 185

Figure 7.6 — (a) Transmission spectra of the LP¢ cladding mode for air and EVOO as external
medium (before heating and after heating for 6, 12, 30, 39 and 57 hours at 225 °C); (b)
Wavelength shift of the long period fibre grating sensor for heating times from 1 to 57 hours
At 180 @NA 225 C. .ottt sttt b e 186

Figure 7.7 — Scheme of the measurement setup including: broadband source - BBS, optical
spectrum analyser - OSA, sensors - SMF1/SMF2, FBGs interrogation unit/OSA — Model
FS2200 (bottom), PMMA flow cell with two channels and six openings, four to pass the fibres
and two to fill and drain liquid SAMPIES (TOP)...eeevrriererieeiriieiiiertie ettt sveeeare e 188

Figure 7.8 — Refractive index of the samples for hexane concentration from 0 to 20 % V/V.
Inset: temperature sensitivities of both LPFG and FBG from 30 to 80 °C........ccccceeiieiiieiieennenne. 189

Figure 7.9 — Spectral features of the LPi¢ band characteristic of the LPFG 1 (SMF 1 sensor),
for air as external medium, pure hexane, olive oil and for mixtures with olive oil and various
heXaANE CONMCENITATIONS. ...eiiiiiiiiiieiiiiieeeetie e ceet ettt e e ettt e e eete e e e eetbeeeeetaeeeeetaeeeeesseeeeesseesessseeeans 190

Figure 7.10 — (a) Wavelength position of the LP ;s band dip of the LPFG 1 (SMF 1 sensor) as
a function of the hexane concentration (and of the RI). The continuous line is a linear fitting
up to 16 % V/V; (b) Wavelength variation of the dip from LPFG 1 (SMF 1 sensor) when the
surrounding medium undertakes step variations of hexane concentration (or RI)..........c........... 191

Xxiv



Figure 7.11 — (a) Dependence of the transmitted optical power shift of the FBG 1 (SMF 1
sensor) on the hexane concentration (and on the RI). The continuous line is a linear fitting up
to 16 % V/V; (b) Variation of the optical power transmitted by FBG 1 (SMF 1 sensor) when
the surrounding medium undertakes step variations of hexane concentration (or RI)................. 192

Figure 7.12 — Spectral features of the LP;s band characteristic of the LPFG 2 (SMF 2 sensor),
for air as external medium, pure water, ethanol, hexane, olive oil and for mixtures with olive
oil and various heXane CONCENtIAtIONS. .........c.eeeevereeiieiiieeteeeeteeeereeeeteeeereeeeteeeereeeereeeeareeereeennns 193

Figure 7.13 — Left axis: dependence of the transmitted and of the reflected optical power shift
of the FBG 2 (SMF 2 sensor) on the hexane concentration (and on the refractive index). Right
axis: FBG 2 wavelength shift during the measurements. ...........cccoeeeveeririereneesienenese e 194

Figure 7.14 —Variation of the optical power transmitted and reflected by FBG 2 (SMF 2
sensor) when the surrounding medium undertakes step variations of hexane concentration (or
FEITACTIVE INAEX). .viiiriiiiiiiieiee ettt ettt ettt e e et e e ete e e tteesatee e teeeeaseeesseeesseeeseeenareeans 195

Figure 8.1 — Schematic representation of the electron charge-density wave propagating along
the metal/dielectric interface of a planar waveguide. .........c.ccvvevrievienienienie e 199

Figure 8.2 — Representation of two dispersion curves corresponding to the surface plasmon
propagation at two different interfaces (adapted from [291]). ..ccveevvierciiieriieeiieee e 200

Figure 8.3 — Excitation of surface plasmon waves in different configurations: (a) Otto and (b)
Kretschmann configurations; (c) the grating coupling; (d) the waveguide coupling. .................. 202

Figure 8.4 — Schematic operation principle of SPR sensors based on: (a) side polished or D-
type shape fibre, (b) tapered fibre, (¢) multimode decladded fibre, (d) U-bent shape fibre, (e)
LPFGs in a single mode fibre and (f) photonic crystal fibre............ccceeveeviiniiiiiiiieieeeee, 203

Figure 8.5 — Reflectance (R) as a function of the incident angle (#). The observed shift
(8Bresonance) 1s due to the change of the RI of the medium. ..........ccooceviiiiiiniiiiii e, 205

Figure 8.6 — Electric and magnetic field vectors of p wave at the first surface of the multilayer

system (adapted fTOm [322]) .occvviciiiiieiieeertert ettt sttt e e s e enseeraens 206
Figure 8.7 — Scheme of the sensing device (top) setup used in transmission mode (bottom)......209
Figure 8.8 — Scheme of the sensing device (top) setup used in reflection mode (bottom)........... 209

Figure 8.9 — SEM picture of the sensing region in the transmission configuration with a
transition between diameters of 125 um to 13 um (30 times magnification). ..........cccceevuverueennee. 210

Figure 8.10 — EDS spectra of the sensing substrate coated with Au and TiO. Inset is the SEM
picture of the centre taper region (the white square shows the limits of the EDS measurement).

Figure 8.11 — Simulated results obtained for different external RI medium from 1.350 to 1.375:
(a) optical spectra; (b) calculated SENSILIVILY. ....cverveeriieriierierierie et eieesee e sneereebeesseeseeesnnes 212

Figure 8.12 — Simulation of the electromagnetic radiation propagated in the fibre structure
shown in Figure 8.7: (a) field amplitude as a function of x and z from z=0 to z=1000 um; (b)
transverse field profile as a function of x and y at Z=500 um; (c) transverse profile at several
positions along the propagation dir€CHION. ..........cevcvercieriireiieriieiesie e ere e eree e e steesenesereesseenns 213

Figure 8.13 — Normalized spectra obtained for different resolution levels in water solution
(RI = 1.335), being also shown the spectra when the environment is air............cceeeverreerrerenennen. 214

XXV



Figure 8.14 — Experimental results of the SPR spectral resonance for surrounding RI in the
range from 1.335 to 1.374 when the sensing device is operating in transmission mode: (a)
optical spectra; (b) calculated SENSILIVILY. ...ccvvvieiiiieiciieiiieerie ettt e e e e teeesreeeeaeenes 214

Figure 8.15 — Study of the stability/repeatability of the sensing device considering different
values for the external R ..........ccooooiiiiiiiii et 215

Figure 8.16 — Dependence of the SPR shift with external RI, in the range 1.3350 to 1.3775, as
obtained by the numerical analysis and the experimental investigation. ..........cceccevereereenenncnne 216

Figure 8.17 — Experimental results of the SPR spectral resonance for the surrounding RI in the
range from 1.300 to 1.360 when the sensing device is operating in the reflection mode: (a)
optical spectra; (b) calculated SENSILIVILY. ....eevveerierieiieiierierie ettt 217

Figure 8.18 — Experimental results to determine the RI resolution of the sensing device
Operating in TETIECTION. ......c.iicvieiieriierie ettt ettt et erb e esbeesteesseessaesssesnseenseenseensns 217

Figure 8.19 — Comparison of results obtained for the sensing structure operating in
transmission and i FEFIECHION. .......cueiiiiiiiriireici ettt 218

Figure 8.20 — Illustration of the sensor multiplexing layout for the case of three sensors in a

ladder CONTIGUIALION. ....cc.viieiiieiiiecieeciee ettt et e et e et e et e e et e e sebeesaseeessseessseeessaeesssaeenseeanes 220
Figure 8.21 — Relative spectral position of the FBG pairs associated to the sensors and the
PlASIMONIC TESOMANCE. ...ccuveiuieeuiieieetiesteeetteeiteetteete et esteesteesateeateeabeenbeeseanseesseesseesnseenseeseesseesasenns 221
Figure 8.22 — Scheme of the SPR sensing device coupled to an FBG. ..........cccccoeevvieiiiinieennnnn. 222
Figure 8.23 — Setup used in transmission mode for characterizing the optical fibre SPR. .......... 222
Figure 8.24 — Transmission spectrum of each SPR sensor for RI of the external medium of
1.00 and 1.36 in a wide wavelength band. ...........cc.oevevieriinieiie e 223
Figure 8.25 — Experimental setup for the characterization of the multiplexing layout with two
SPR/FBG fIDI€ SENSOTS. ....eetiiteieniiriieiinieeitentieitete sttt sttt sbee et st et saeeate b sbeesaenbeeanenaesbeennes 224
Figure 8.26 — Transmission spectra obtained with SPR A when the external medium is air and
liquids with refractive indexes from 1.30 t0 1.38....c.viiiiiiiiiieiieeeeeeece et 224
Figure 8.27 — Transmission spectra obtained with SPR B when the external medium is air and
liquids with refractive indexes from 1.30 t0 1.38......cccooriiiiiiiiiiieieeeeeeee e 225
Figure 8.28 — Variation of the wavelength shift with the external RI (filled symbols) and the
minimum optical power (open symbols) of both SPR devices. ........ccocvvviriciirciienienienieeie s 226

Figure 8.29 — Variation of the reflected output power with the external RI for the FBG 2
combined with SPR B (-0-); optical power level variation increasing the temperature of liquid
water (-®-); optical power level considering the water RI variation when the same temperature
TANEE 1S APPIIEA ()1 eeuieeniieieeie ettt et ettt et e et e et e e bt e s bt e saeeeseeenbeenbeebeesbeesaeesnneens 227

Figure 8.30 — Optical response of both sensing devices in the configuration illustrated in Figure
8.25; sensor A experiences RI changes of the surrounding medium while sensor B is kept in

air (a) and the other way around (D). .......coooueriiiiiiiiiei et 228
Figure 8.31 — Optical power level returned from the FBGs when the associated SPR sensors
are kept in the air and experience liquids with different refractive indexes. .......c..ccccevveerenennene. 229
Figure 8.32 — Variation of the sensor’s signal output when the surrounding medium undertakes
step variations Of their RIL .......cciiviiiiiiiiiiiccicceceeceeee et tr e s e b e esseennes 230
Figure 9.1 — Detailed scheme of the biosensor binding principle. .........cccevvevereiiereereenieenreenenns 236

Xxvi



Figure 9.2 — Scheme of the LPFG-SPR-LPFG configuration (Scheme 1)..........ccccecvevivervennnenen. 237
Figure 9.3 — Schemes of the independent configurations for the thrombin detection: (a) LPFG

(Scheme 2); (b) SPR (SChEmME 3). ..ccviiiiiiiiiiieieeeee ettt sere st e b e esbaesraeneas 238
Figure 9.4 — Transmission spectra of each independent LPFG used in the scheme 1: (a)
SENSOT A (D) SENSOT Bl .oiiiiiiiiiiiiiieciie ettt tte et e et e e sta e e st ee e tbeesabeeessaeesssaeessaeessens 239
Figure 9.5 —Spectra obtained with different SRI from 1.00 to 1.42: (a) sensor A; (b) sensor B.
...................................................................................................................................................... 240
Figure 9.6 — Calibration of the sensors A and B to the SRI changes considering a specific
wavelength: (a) 1530 nm (sensor A) and (b) 1527 nm (sensor B). ......cccccevvvvveivrciiecienieieeeen, 241
Figure 9.7 — Normalized optical power for both sensors at the same specific wavelengths: a)
1530 nm (Sensor A) and b) 1527 nm (SensSor B). .......ccceeviiiiiiieciieiiece et 242

Figure 9.8 — (a) Spectra of the LPFG at different SRIs, the FBG located at higher wavelength
(b) LPFG wavelength shift to SRI between 1.335 and 1.375 with thermal compensation and

with a linear fit up to 1.355. Inset: FBG spectral response due to thermal variations.................. 243
Figure 9.9 — (a) spectra of the SPR at different SRI, (b) SPR wavelength shift to SRI between
1.335 and 1.375 with a linear fit to lower RIS . .......cooiiiiiiiiii e, 244

Figure 9.10 — Results in Tris-HCIl buffer solution after each procedure step (PLL, TBA,
thrombin and hypochlorite) at room temperature with n=5: (a) Spectra of the LPFG coated
with 30 nm of TiO,, (b) Wavelength shift of the LPFG after temperature correction.(c)

Transmission FBG spectra (d) FBG wavelength shift behaviour. .............ccccooiiinniinininnn, 245
Figure 9.11 — Average spectra of the SPR with Au and TiO, at each procedure step. ................ 246
Figure 9.12 — Results of the SPR in buffer solution after each procedure step (PLL, TBA,

thrombin and hypochlorite): (a) wavelength shift; (b) optical power shift. .............ccocceeriennnee. 247

Figure 9.13 — Wavelength shift of the LPFG (filled symbols) and for the SPR (empty symbols)
in Tris buffer solution after the TBA immobilization and after the thrombin concentrations 10,
50 AN 100 DML .oeeiiiiieeee ettt ettt s e e st e s e et e s ettt e s et e e s aaaaees 248

XXvii






List of Tables

Table 2.1 — A brief compilation of sensing structures associated with coated optical fibres and

thEIT MAIN PIOPETTIES. .eiiievieieiieeiieeetee ettt erte et e ette e st eeeteeesebeeessaeessseessseeessaeassasessseesssesensseessseennses 64
Table 3.1 — Properties of the selected materials considering the melting point 7,,, the minimum
evaporation temperature 7,.», the density p and the acoustic impedance Z. ...........cccoceeveeeieennene. 77
Table 6.1 — Average particle diameter observed in the metal samples and the associated oxides
by analysing the SEM IMaGES. ......c.cccerrureriiesiieriierieriestesteeteereeseesseesseessaesssessseesseesseesssesssessees 158
Table 7.1 — Refractive index of common edible 01l ..........cocerceeviriiiiininieniniecncceeee 178

Table 7.2 — Summary of the sensitivity and resolution of SMF 1 and SMF 2 sensors
interrogated in both modes, transmission and reflection. ............ccoceeveerierienireieee e, 195

XXix






Acronyms and Abbreviations

ALD - atomic layer deposition
APTES - (3-aminopropyl)triethoxysilane

ATR - attenuated total reflection

BBS - broadband source

BPM - beam propagation method

BSA - bovine serum albumin

CEMUP - Materials Centre of the University of
Porto

CRI - cladding refractive index
CVD - chemical vapour deposition
D4 polyurethane hydrogel

DDMA - didodecyl-dimethyl-ammonium
hydroxide

DMSI - dimethyl suberimidate
DNA - deoxyribonucleic acid
E. coli - Escherichia coli
EDS - energy dispersive X-ray spectroscopy
EDTA - ethylenediamine tetraacetic acid
EO - edible oil
ESA - electrostatic self-assembly
E-T - Everhart-Thornley

EVOO - extra virgin olive oil

FBG - fibre Bragg grating
fce - faced-centred cubic
FFT - fast Fourier transform
FP - Fabry-Perot
FPI - Fabry-Perot interferometer
FTIR - Fourier transform infrared
FWHM - full width half maximum
GIF - graded index fibre
HEMA - 2-hydroxyethyl methacrylate
HF - hydrofluoric acid
HT - high tension
IPA - isopropyl alcohol
LB - Langmuir-Blodgett
LbL - layer-by-layer
LDPE - low density polyethylene
LMR - lossy mode resonance
LPFG - long period fibre grating
LSPR - localized surface plasmon resonance
LT - low tension
M - modal interference
MI - Michelson interferometer

MIP - molecularly imprinted polymer

XXXi



MMF - multimode fibre
MMI - multimode interferometer
MOF - microstructured optical fibres
MZI - Mach-Zehnder Interferometer
NIR - near infra-red
OPD - optical path length difference
OSA - optical Spectrum analyser
PAA - poly(acrylic acid sodium salt)
PAH - poly(allylamine hydrochloride)
PAM - poly acrylamides
PAN - polyacrylonitriles
PBG - photonic band gap
PBS - phosphate buffered saline
PCF - photonics crystal fibres
PCSC - plastic-clad silica-core
PCT - prism coupling technique

PDDA - poly(diallyldimethylammonium
chloride)

PEG - mixed polyethylene glycol
PLL - poly-L-lysine

Poly - poly(2-hydroxyethyl methacrylate)

Hema
PS - polystyrene
PSS - poly(sodium 4-styrenesulfonate)
PTFE - polytetrafluoroethylene
PVA - polyvinyl alcohol

PVC - plasticized poly(vinyl chloride)

XXXii

PVD - physical vapour deposition

RBS - Rayleigh backscattering spectra
RI - refractive index

RIU - refractive index unit

SELEX - systematic evolution of ligands by

exponential enrichment
SEM - scanning electron microscopy

SERS - surface enhanced Raman

spectroscopy
SI - Sagnac interferometer
SLD - super luminescent diode
SMF - single mode fibre
SMF28e - common single mode fibre, Corning

SMS - single mode — multimode — single

mode
SPR - surface plasmon resonance
SPW - surface plasmon wave
SRI - surround refractive index
SSPE - standard saline phosphate EDTA
TBA - thrombin binding aptamer
UV - ultra violet
VIS - visible
VOC - volatile organic compounds
XPS - X-ray photoelectron microscopy

XRD - X-ray diffraction



Chapter 1

Introduction

1.1 Motivation

The outcome of optical fibres opened new perspectives and possibilities about the way of carrying
information with light which capacity has been increasing exponentially along the last 20 years. In
addition, a wide range of structures have been created to be used as sensing devices benefiting from
the well-known advantages of optical fibres such as small size, insensitivity to electromagnetic fields,
freedom of electric power, long distance covering and intrinsic multiplexing capabilities. Although
optical fibre sensors are being studied and developed from several years, there is still a long path to
follow to acquire the knowledge and the expertise necessary to the widespread application of this
technology in the multi-sensing functionalities required by an increasingly automated world for

which fibre optic sensing shows remarkable characteristics [1].

The work herein presented is grounded on the competences in optical fibre technology and optical
fibre sensing of INESC TEC / Centre for Applied Photonics [2]. Therefore, the PhD programme was
designed to take advantage of in-house technologies to establish know-how and technological
competences in the field of thin film based optical fibre sensing. Indeed, in recent years it became

apparent the addition of specific coatings onto the fibre surface could open new possibilities in fibre
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optic sensing particularly at two levels, namely sensor tailoring and sensor enhancement. Within this
framework, research was performed looking for the development of new guided wave sensors based
on metallic, dielectric and polymeric thin deposition in common fibres, associated with the plasmonic
resonance phenomena as well as when incorporating structures such as fibre gratings, considering in

particular biochemical, biological and environmental sensing applications.

The research program addresses in particular deposition of different materials as sensing layers in
common single mode fibres with built in long-period and Bragg fibre gratings and manipulated to
support surface plasmons. The interrogation and multiplexing of these structures following different
approaches and techniques proved to allow high performance sensing in the C-band of
telecommunications (optical wavelengths in the range 1530-1565 nm) of a variety of mensurands

relevant for chemical and biochemical applications.
This dissertation is based on a set of challenges highlighted in the following:

o Theoretical evaluation of the performance of thin film based sensing devices in standard

optical fibres;

o Fabrication and characterization of dielectric/metallic thin films structures in standard
optical fibres with built—in resonant devices as long period gratings and fibre Bragg

gratings;

o Study of the characteristics of these structures as sensing elements when different light
modulation formats are considered (intensity and wavelength) associated with diverse

optical phenomena, in particular surface plasmon resonance (SPR);

o Study of the conditions to multiplex these sensing structures aiming remote and

distributed sensing in field applications;

o Application of the proposed concepts, methodologies and developed structures and
techniques for measurement of some target parameters, namely hydrogen, thrombin or

contamination of edible oils.

It was the comprehension of the relevance optical sensing will have on the build-up of the highly
technological society of the future, and of the peculiar role the optical fibre will have in this field as
one of the core elements that shall turn possible the development of bio-inspired large-scale sensing
networks, which motivated me to outline the PhD programme along the optical fibre sensing domain.

With this baseground, the perception of the broad and most unexplored field of sensing with coated
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optical fibres, combined with my interests in thin-films devices, naturally led to the decision to tackle

the challenge of studying optical sensing based in fibres with thin-film coatings of different materials.

The outcome of this endeavour is exposed in the chapters of this thesis.

1.2 Scientific Contributions

The research performed on sensing structures based on standard optical fibres incorporating thin

films originated a number of novel scientific contributions here summarized.

The performance of long period fibre gratings (LPFG) produced by the electric arc technique
incorporating thin coating layers of titanium dioxide (TiO;) and zinc oxide (ZnO) has been
studied, revealing an increased sensitivity to the refractive index (RI) of the external medium
(liquid), in particular for index values higher than that of the fibre cladding, which is an

important RI region when analysing the characteristics of mineral and edible oils.

Moreover, LPFGs have been used to monitor the oxidation of thin films of metals into specific
states. The results obtained with this technique compares well with those registered with
standard chemical and morphological techniques, with the advantages of real time monitoring,
which can be remote, as well as the benefits which result from a more amenable measurement

system, including the cost factor.

The thermal deterioration of edible oils was monitored with the enhanced TiO, coated LPFG at
180 and 225°C up to 57 hours, being able to detect changes in the oil optical properties
(refractive index) after cooling. In addition, the same sensing structure was useful to detect
contaminations of edible oils with hexane, a solvent usually used to perform the extraction of

some oils.

Coated fibres with built in structures as LPFGs and fibre Bragg gratings (FBG) were also an
element of study for gas detection. The usage of palladium (Pd) and ZnO thin film coatings
combined with FBG or LPFG devices allow the detection of hydrogen and organic vapours such
as ethanol or hexane, with compensation of the thermal cross sensitivity effects. It was also
investigated the deleterious impact of humidity on the Pd surfaces over silica fibres while in
presence of H,, as well as on LPFGs coated with high surface area and thick ZnO films, and

was proposed a technique to attenuate this problem which proved to be effective.

35



Chapter 1 - Introduction

e Surface plasmon resonance sensing structures based on chemical etched tapered standard optical
fibres were researched. They evidenced high sensitivity to external RI, reaching values over
5000 nm/RIU, an indication of their adequacy for the detection of very small analyte

concentrations (where RIU is refractive index unit).

e Sensing devices based on coated LPFGs and SPR fibre structures were applied to biosensing, in
particular for the detection of thrombin. The higher sensitivity of SPR allows better results for
small analyte concentrations (below 10 nM) in the refractive index range from 1.300 to 1.350,
aregion were coated LPFG does not have the highest sensitivity. On the other hand, the research
performed showed sensing devices based on coated LPFGs have their sensitivity greatly
enhanced when external medium with higher refractive indexes are present, in such cases

turning out to be one of the most effective optical sensing approaches.

1.3 Structure of the Thesis

This thesis addresses the study of coated optical fibres for sensing. It is organized in such a way each
chapter contains the state-of-the-art of the subject dealt with in the chapter, nevertheless
incorporating cross links with the topics developed in the other chapters looking for the build-up of

a coherent document.

The thesis is divided in 10 chapters. Chapter 1 outlines the motivation that led me to carry out
research on optical sensing with coated fibres, elaborates on the potential associated with this sensing

approach and summarizes the main scientific contributions derived from the research performed.

Chapter 2 presents an overview about optical fibre devices using coating layers as sensing elements
or to enhance optical features of fibre structures. The description of the most used coating techniques

and of the different types of principles and configurations employed in this field are presented.

The fabrication processes used to obtain the proposed sensing devices are common to several
chapters, therefore chapter 3 presents the description of each of them, as well as of the most common
characterization techniques. The calibration of the deposition system and of the refractive index

measurement system is achieved through the characterization of titanium dioxide thin films.

The working principles of the most common fibre gratings are described in chapter 4. Long period

fibre gratings coated with titanium dioxide and zinc oxide are used in a systematic study on the effect
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of the coating thickness in the optical transmission spectra. The enhanced characteristics of coated

long period gratings operating as refractometers are also analysed.

In chapter 5, a set of experimental studies aiming the detection of gases is presented. Some gases
could work as standard targets to assess the performance of fibre optic sensing devices for gas
detection, such as those based on Fabry-Perot interferometers. Specific coatings as palladium or zinc
oxide over fibre Bragg gratings and long period fibre gratings are studied aiming the detection of

hydrogen and vapours.

Real time monitoring of the oxidation process in metals thin films using long period fibre gratings is
discussed in chapter 6. A set of metals deposited around long period fibre gratings and oxide by
thermal annealing in air atmospheric pressure is studied using surface analysis techniques and by

mapping the optical transmission response of the gratings during the oxidation process.

In chapter 7 it is reported the experimental results obtained with long period fibre gratings coated
with titanium dioxide when targeting the detection of extra virgin olive oil thermal deterioration, as

well as the monitoring of organic solvents as hexane in edible oils.

Chapter 8 deals with the phenomenon of plasmonic resonance in optical fibres. Experimental results
on the fabrication and characterization of SPR based fibre optic sensing devices operating in the
1500 nm wavelength region are presented considering a sensing structure produced by chemically
etching single mode optical fibres. The multiplexing of these devices is demonstrated based on

wavelength addressing supported by fibre Bragg gratings.

Chapter 9 reports the results obtained when applying the sensing devices described in previous
chapters for the detection of biological parameters. For this purpose the detection of thrombin using
an aptamer based probe is used as a model system for protein detection. Experimental results
involving the detection of Thrombin are delivered when considering optical biosensors based on long

period fibre gratings coated with titanium dioxide and on SPR in optical fibre platforms.

The main conclusions derived from the R&D activity undertook along the PhD path are presented in
chapter 10, where the main scientific achievements are highlighted, being also delivered suggestions

for future work.
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Chapter 2

Optical Fibre Sensors Based on Thin Films

An overview about the state of the art of optical fibre sensors based on thin films is presented.
The basic concepts of the physical processes involved on each configuration along with the

type of coatings and the emerging applications are briefly explored.

2.1 Introduction

One of the most important revolutions in the technology of the 20™ Century was the optical
transmission over glass fibres. This development, combined with the parallel progresses in
microelectronics and informatics, drastically changed the way information is spread all around the
World. Optical fibres consist in a cylindrical core and a surrounding cladding made of glass or plastic.
The refractive index (RI) of the core is slightly higher than the cladding one allowing light

propagation based on the phenomenon of total internal reflection.

The first low-loss optical fibre was produced by Corning Glass at the Bell laboratories in 1970,
showing a loss of 17 dB/km by doping the silica glass with titanium (Ti). Few years later using
germanium oxide instead titanium they have reached a loss value of 4 dB/km, therefore opening the

possibility to be used in communications. Since then telecommunications and networking have been
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engaged in a dramatic development period. Before this phase it is relevant to state plastic optical
fibres have already been considered for sensing, in particular addressing temperature measurement
[3, 4]. Optical fibres sensors appeared only a decade after the introduction of optical fibres in

communications systems.

This sensing functionality of optical fibres has continuously expanded along the years, at a first stage
mostly directed to the measurement of physical parameters such as temperature, mechanical strain,
pressure, current, voltage, acceleration, rotation, vibration, acceleration, bending, torsion,
displacement and others, but soon this sensing platform has been considered for the detection of
chemical and biochemical species. The general basis of this process is that the light is coupled to an
optical fibre and during its path can, at a single point or at a multipoint series, suffer a perturbation

that can be detected with an adequate arrangement.

When compared with other type of sensors, like electric-based, fibre-optic sensors exhibit some
disadvantages as the robustness and the cost of optical components, however a high number of
advantages can be found to support it development. In particular: they can be used over a wide
operating temperature range; they are made of electrically insulating materials which opens the
possibility to be used e.g. in high-voltage environments; immunity to electromagnetic interference
without disturbing the nearby devices; they can be used in explosive environments once there is no
risk of electrical sparks; materials can be chemically passive without be affected by corrosion and
without risk of sample contamination; and, at the top of these favourable characteristics, multiplexing
capabilities allow the interrogation of a single optical fibre with multipoint sensing for one or more

parameters [1].

A particularly useful feature of intrinsic fibre optic sensors is that they can provide distributed sensing

over very large distances using the same signal acquisition setup.

In the early 80s optical fibre sensors with thin film coatings started to be discussed in the scientific
community to analyse the possibility of detecting weak magnetic fields by using magnetostrictive
perturbation of optical fibres [5]. The inclusion of these films adds additional flexibility for the
tailoring of the optical fibre sensing platform, therefore is not surprising the steadily increase over
the years of such combination, with a rather steep growing in recent years accompanying the fast

progresses in Nanosciences and Nanotechnologies.

The evolution of the number of papers published in the field of optical fibre sensing in general and

with thin film coatings is depicted in Figure 2.1.
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Figure 2.1 — Time evolution of the published scientific papers in international journals related to optical fibre sensors
compared to the ones using thin film coating. Source: SCOPUS (Keywords: fibre optic sensor and film or coated or
coating).

The interest on this subject is growing every year and more than 10% of the total papers published
in this field use thin film coatings, in particular applied to the detection of chemical and biological

entities.

2.2 Principles and Configurations for Optical Sensing

In the past twenty years, much effort was focused on miniaturizing fibre optic sensors by the
application of different techniques. Some examples include different coating techniques, different
layouts or different types of fibres that could be plastic, silica, hybrid, or microstructured fibres or
retro-reflected fibres, side polished, D-type, tapered, decladded, U-bent fibres, using in-fibre

gratings, nanoparticle coatings, or interferometric configurations, among many others [6-8].

Over the years tens of different optical fibre configurations for sensing were studied in order to
measure physical parameters as strain, temperature, pressure and other quantities by modifying a
fibre so that the quantity to be measured modulates the intensity, phase, polarization, and the

wavelength of light in the fibre [8].

Some important principles and configurations are presented briefly based on the modulation

approaches evanescent field and plasmonics.
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2.2.1 Modulation Approaches

The optical field propagating in the fibre can be manipulated by several optical mechanisms triggered
in the sensing region by the targeted measurand, inducing different field modulation fingerprints,

such as intensity, wavelength or phase modulation.

- Intensity Modulation

The simplest type of fibre optic sensors is probably provided by intensity measurements based on
the modulation of the losses in a certain light path creating an optical intensity modulation signal [1].
The light could interact with the measurand through several configurations changing the intensity.
For example, two inline fibres separated by some microns proposed by Udd where the amount of
light that reaches the second fibre depends on the alignment between the fibres which is modulated

by the measurand [9].

One of the most used phenomenon in intensity measurements is the total internal reflection. Light is
propagated along the core and reaches the fibre end at an angle that allows the total internal reflection
and through a mirror that forces the light to be collected. When the external refractive index starts to
approach that of the core some light propagates out of the fibre core and is lost which results in an

intensity modulation.

- Wavelength Modulation

Optical fibre gratings are usually inscribed in single mode fibres by introducing a small modulation
in the effective refractive index of the core with a certain periodicity. This modulation creates unique
spectral characteristics in the transmission spectrum. Depending on the period and the modulation
two main types of gratings could be created, e.g., short period fibre Bragg grating (FBG) and long
period fibre grating (LPFG). The Figure 2.2 presents a scheme with both types in the same fibre

section [10].

FBGs are commonly used as sensors to monitor changes in the measurand (e.g., strain or
temperature) by follow the wavelength shift of the reflected Bragg band. The resonance condition of

a Bragg grating is given by the equation (2.1) [11].

Ag =2n4A (2.1
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Where A is the grating period and n; is the effective refractive index of the core. With this device
a narrow spectral band centred at A, is reflected while the rest of the broadband light signal is

transmitted. The bandwidth of the reflected signal depends on several parameters, as the grating

length and the induced refractive index, with typicall values around 0.05 to 0.5 nm.
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Figure 2.2 — Scheme of two in-line fibre gratings: a fibre Bragg grating and a long period fibre grating. On the left,
typical curve of a broadband source as light input and the reflection signal with the Bragg narrow band. On the right, the
transmission signal containing both bands.

LPFGs are a different type of devices and started to be used as lossy filters. They are very attractive
as refractometers since they present high sensitivity to the external medium without any special

treatment.

In a single mode fibre the light is propagated in the fundamental mode LP, with a propagation
constant B, , while the propagation constants of the cladding modes are noted as B)’. The phase

matching condition between the guided mode and the forward propagating cladding modes is given

by equation (2.2) [12].

_gm _2¢

Bu —Bi’ == 2.2)

Where A is the periodicity of the grating that satisfies the coupling condition from the fundamental
mode to the n"-cladding mode. The phase matching vector is short resulting in a grating period of
hundreds of microns. As a result several attenuation bands are generated in the transmission spectrum

of the fibre with a bandwidth of several tens of nm [13]. As the surrounding refractive index changes
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from the unit to near cladding refractive index, the principal effect is a shift of the attenuation bands

to shorter wavelengths [14, 15].

More details considering the theoretical aspects are presented in section 4.2.2.

- Phase Modulation (Interferometric Layouts)

Critical parameters for the evaluation of sensor performance are the sensitivity and resolution with
which the measurement is performed. With respect to these, interferometric sensing is a rather
appellative approach. Fibre optic interferometers can be categorized into four types: Fabry-Perot,

Mach-Zehnder, Michelson, and Sagnac, with some of the basic layouts shown in Figure 2.3.

The Fabry-Perot interferometer (FPI) is in general formed by two parallel mirrors, separated by a
medium, at a certain distance [Figure 2.3-(a)]. The superposition of both reflected and transmitted
beams at the two parallel surfaces results in an interference which depends on the distance and the

medium between the mirrors.
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Figure 2.3 — Scheme of different types of fibre interferometers: a) Fabry-Perot, b) Mach-Zehnder, ¢) Michelson and d)
Sagnac.

The input light spectrum reflected or transmitted in the cavity is modulated mainly by the optical
phase difference between the two reflected or transmitted beams. The phase difference of the FPI is

given by

2
ey :TnnzL (2.3)
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where A is the wavelength of incident light, n is the RI of cavity material or cavity mode, and L is

the physical length of the cavity [16].

Mach-Zehnder interferometers (MZI) can be applied to optical fibres by considering two fibre arms
where the incident light propagates after splitting, with the further recombination creating an
interference pattern according to the optical path length difference (OPD) between the two arms. The
LPFG is in charge to couple part of the light from the core to the cladding of the fibre. In sensing
applications one arm is used for reference and is kept free of perturbations while the other one is
exposed to the external medium and used for sensing. In a single fibre, illustrated in Figure 2.3-(b),
the light is split between the core (reference) and cladding (sensing arm) and then after recombination
interference occurs. In the situation illustrated in Figure 2.3 -(b) the light split/recombination is
performed with a pair of LPFGs, although proved alternatives have been used based on a core
mismatch fusion splice, on a multimode fibre length section, on a smaller core fibre, on a fibre taper
or others [17]. This type of MZIs has the same physical length in both arms, but the optical path
lengths are different due to the lower effective refractive index of the cladding mode when compared

with the one associated to the core mode.

A similar operation principle applies to the Michelson interferometers (MI) where the incident light
is split into two fibre arms, but instead being recombined again the fibre ends are cleaved and coated
with mirrors forcing the light to be reflected back to the same split device and then recombined

[Figure 2.3-(c)].

Sagnac interferometers (SI) consist of an optical fibre loop, along which two beams from a beam

splitter are propagating in counter directions with different polarization states [Figure 2.3-(d)].

If the loop is rotated the light propagates in both directions at different speeds (¢, and c_), originating
a difference in the propagation times, therefore a phase shift, Ap, is introduced given by equation

(2.4) [18]:

252
Ap=STR m;quin[l—[%ﬂ (2.4)
7\.00 T n

The phase shift is proportional to the enclosed area by the loop, A, and to the angular velocity, o,

with n_; the effective RI of the fibre.
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Other type of devices used in optical fibres is the multimode interferometers (MMI) [19] which can
be produced by concatenating a section of a multimode fibre with large core between two single
mode fibres in a single mode — multimode — single mode configuration (SMS). The multimode
interference in the multimode section leads to the formation of a single or multiple images of the
input excitation profile at periodic intervals along the propagation direction, a phenomenon called
self-imaging. At the specific periodic position in the multimode fibre section length the spectrum
shows a pattern of very well defined resonance loss peaks with their wavelength position sensitive

to a set of parameters such as refractive index, curvature, temperature or strain [20].

2.2.2 The Evanescent Field Concept

The guide of light in an optical waveguide has associated the presence of an evanescent field at the
interface between the waveguide core and the surrounding, phenomenon that can be used as a sensing
mechanism for parameters which modulate the refractive index of the waveguide external medium,
which is translated to a modulation of the evanescent optical field, therefore to a modulation of the

optical field that propagates down the waveguide.

Considering the propagation of light in a fibre core with refractive index n, surrounded by the
external medium with lower refractive index n, , the electromagnetic field decreases exponentially

with the radial distance z to the fibre axis, as given by equation (2.5) [1]:

E(z)=E, exp(;—ZJ (2.5)

P

where d, is the penetration depth, which is greater when the difference between n, and n, is smaller.

When the cladding is removed and the evanescent field is high enough to interact with the external
medium the optical response can be used as sensor. Some of the above mentioned configurations use
that concept, although there are other possibilities which can be explored. One way to reach the core
of an optical fibre is by side polishing. Usually the fibre is glued into a silica block and is polished
in one side [21]. When the cladding in the polished region is close to zero a thin film material layer
is deposited interacting with the evanescent field and creating a sensing surface. This kind of

procedure tends to increase the sensing device dimensions.
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The scheme of the evanescent field concept using a single mode fibre core with a lower refractive

index cladding is shown in Figure 2.4.
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Figure 2.4 — Scheme of the evanescent field concept using a single mode fibre core with a lower refractive index
cladding.

The tapered fibres are an alternative to side-polished fibres by reducing the thickness of the fibre in
a symmetric way. The taper is produced by heating (with a gas burner [22], scanning focused CO,
lasers [23] or electric arc [24]) and stretching the fibre with minimum loss. In this process,
longitudinal tension is applied to the optical fibre, elongating the fused region until the desired length
and waist are obtained. Since cladding modes are generated in the taper region, their propagation
characteristics will be strongly influenced by parameters such as fibre bending or the external
medium refractive index. Optically, at the beginning of the taper the fundamental mode propagates
as a core mode. As the fundamental mode enters the taper transition section, it starts to spread out
into the cladding region until the core-cladding waveguide structure vanishes. From this point, the
mode enters the taper waist as a cladding mode. Here, the cladding and the surrounding medium act
as the waveguide structure. The most sensitive region is the taper waist in which the overall diameter
is a minimum and hence the evanescent field intensity is most pronounced. The diameter of the
tapered fibre is controlled by the local heating energy and the pulling force applied. If the geometry
of the taper is perfectly symmetric which is possible with uniform heating distribution typically using
the travelling-burner technique, the intensity of the input light is equal to the one at the output and

the taper is called as adiabatic.

Another way to reduce the fibre diameter is using chemical etching by submersing the silica fibre in
a bath of hydrofluoric acid (HF) [25]. After ~36 minutes of exposure to liquid HF solution at a
concentration of 49.5% the diameter of the fibre is typically reduced from 125 pym down to 9 pm,

and almost all the cladding were removed. Other procedures can be optimized depending on the
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concentration of the HF solution and if it is used vapour or liquid phase. In these type of structures
the core dimensions does not change, but the shape of the mode field exposing the evanescent field

to the outer medium is dependent on the refractive index of this medium.

Fibres with a removed cladding in a small section is probably the most studied configuration due to
the easy way to expose the core of the fibre. Usually the optical fibre used is a multimode plastic-
clad silica-core (PCSC) fibre and the plastic cladding can be easily removed with a chemical solvent.
In a small region without the cladding the evanescent wave is free to interact with the external

medium changing the optical properties of the guided mode.

Another type of optical fibre that can be used for evanescent field devices are the microstructured
optical fibres (MOFs). Some examples are shown in Figure 2.5. The usual optical fibres are made
from two materials with different RI, being the fibre formed by the core and the cladding.
Microstructured optical fibres are designed to have air holes architecture inside and along the entire
length becoming a potential configuration for chemical and biological sensing. With a specific

architecture this type of fibres are also known as photonic crystal fibres (PCFs).

Big air holes Small air holes Big air layers Big air holes

Big air holes

Outer silica cladding Ge doped core Outer silica cladding Small air holes Outer silica cladding

Figure 2.5 — Examples of microstructured optical fibre design configurations from [26, 27].

The PCFs can be classified as the spectral characteristics of the light guided in a solid core or in a
hollow core relying on the modified effective RI distribution or on the existence of photonic band
gaps (PBGs). These characteristics depend of the shape, the size and the position of the holes being
controlled during the fabrication process [28]. In the case of a solid core MOF the modal field is less
confined to the core and more located in the air-holes of the cladding via evanescent field effects.
The direct interaction of the evanescent field with the filling medium gas or liquid opens the
possibility to new sensor designs with long interaction lengths and with small sample quantity. If the
holes are coated with a thin film of a metal, dielectric or a sensitive coating the interaction of these
coatings with the strong evanescent field provides high variation in the modulation signal at the
output, therefore high sensitivity to the measurand [29]. Different kind of geometries can be achieved

with this type of optical fibres [26, 27].
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2.2.3 Plasmonic Effect

The importance of surface plasmon resonance (SPR) fibre optic sensors in the field of chemical,
biological and environmental sensing has notably increased in the last years, and many different
configurations and analyte have been studied in the literature [30]. However, the demanding
requirements of SPR systems impose the necessity of improving the performance beyond that of the
bulk configurations in order to fully exploit the advantages of optical fibres. The optical fibre can be
an almost ideal platform for SPR, which has been proved to be an outstanding basis for chemical and
biological sensors [31]. Optical fibre configurations already demonstrated advantages when
compared with other surface plasmon resonance configurations due to their mechanical stability,

flexibility, and the possibility to transmit optical signals at remote distances.

- Surface Plasmon Resonance

Many optical systems based on SPR have been developed to work as refractometers, chemical
sensors or even to measure the thickness of metal and dielectric thin films. These systems are usually
large, expensive and cannot be used for remote sensing. Optical fibre sensors based on SPR have
been studied with different configurations and applying different geometries to excite the surface
plasmon waves (SPW) at the interface metal/dielectric [32]. The surface plasmon effect will be

explored with more detail in section 8.1.

In optical fibres the angle of light oscillation is usually maintained along the full optical path and the
output signal is measured as a function of the wavelength. When the evanescent field of the guided
mode reaches a suitable metal interface the result is a sharp dip at a resonance wavelength due to the
transferred energy from the incident photons to the surface plasmons which reduces the energy of

the reflected light [33].

When considering nanoparticles instead of a continuous metal thin film this plasmonic effect is
known as localized surface plasmon resonance (LSPR) [34]. It occurs when the frequency of the
incident light matches the one of the conduction electrons of the metal nanoparticles. Depending on
their size and shape, the nanoparticles start to oscillate like a dipole, a quadrupole or higher order
multipole. In the process, absorption of the incident light takes place, originating the typical
signatures of a plasmonic interaction. For a specific nanoparticle, the wavelength corresponding to
the maximum extinction of the incident light (resonance wavelength) is highly dependent on the

surrounding medium refractive index [35].
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Recently, the lossy mode resonance phenomenon (LMR) is being studied by several authors [36-38]
presenting very similar properties to SPR. In optical fibres LMR occurs when the real part of the thin
film permittivity, in opposite to SPR, is positive and higher in magnitude than both its own imaginary
part and that of the material surrounding the thin film. LMRs have been observed with indium tin

oxide, titanium dioxide and indium oxide.

- Surface Enhanced Raman Spectroscopy

The Raman spectroscopy is a well-known phenomenon that can provide information about the
molecular vibrational frequencies and molecular structure unique for each sample, creating a kind of
fingerprint of the molecular structure, therefore becoming very attractive for analytical spectroscopy
[39]. Unfortunately, the inherent low Raman scattering cross section and the high fluorescence signal
limits its applicability. These drawbacks are overcome with surface enhanced Raman spectroscopy
(SERS), discovered in 1974, where the Raman scattering signal from molecules is enhanced by metal
nanostructures due to a plasmonic effect of enhancement of the electrical field [40] .The Raman
scattering intensity from molecules close to the surface of certain finely divided metals is enhanced
by a factor of about 10°. This results from the excitation of localized surface plasmons at rough metal
surfaces, creating an enhanced electric field (E). The incident and the scattered light are influenced
by this field enhancement, resulting in a total enhanced Raman signal proportional to E*. A smaller
contribution to SERS enhancement comes from a charge transfer process for adsorbed molecules
with appropriate acceptor or donor orbitals that interact with the metal substrate. The metals that

exhibit the largest SERS enhancements are silver, gold and copper [41].

The development of optical fibre probes for SERS measurements was firstly demonstrated in 1991
with a multimode fibre [42]. Different configurations were studied later using cleaved [43], angled
[44] or tapered fibres [45], but only with side-polished fibres [46], photonic crystal fibres [47] and

polished or etched fibre tips the sensitivity can be increased due to higher area of contact.
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2.3 Coatings for Guided Optics Sensing Structures

2.3.1 Coating techniques

Numerous coating techniques are usually adopted with optical fibres depending on the type of
coating target. The production of metallic, dielectric or polymeric thin films can be achieved through
a wide range of techniques from physical to chemical [48]. Some physical vapour deposition (PVD)
techniques could be used to produce thin films on optical fibre surfaces like sputtering, thermal
evaporation and electron beam evaporation. The sputtering technique deposition is usually made in
an ionized Argon (Ar) atmosphere, where the Ar" ions are accelerated with enough energy to collide
with the target ejecting few atoms from it. These atoms travel to the direction of the substrate surface
producing the desired film layer by layer at a relative low temperature. In the thermal evaporation
technique the coating element is heated until the temperature reaches the melting point. Then the
material starts to evaporate in high vacuum environment condensing in the substrate, producing a
thin film. In an electron beam evaporator a high-energy electron beam is focused into a small spot of

the coating element. The element is heated then evaporate and condensate in the substrate. [49, 50]

Chemical deposition techniques are also used in thin films production and are mainly divided in two
main groups. The first incorporates the chemical vapour deposition (CVD) and the atomic layer
deposition (ALD) using a gas phase to transport volatile molecules to the substrate [51]. The second
group is based on the Sol-Gel processing [52] using the liquid phase as the mass transfer media which

can be complemented with physical processes like drop, spin and dip coating.

CVD is a technique used to deposit layers of a metal through chemical reactions with a mixture of
gases at high temperature. The interactions with the surface of a substrate, resulting in the
decomposition of some constituents of the gas mixture, allow the formation of a solid film on the
substrate [53]. The ALD is based on the saturation of an individual and sequentially performed
surface reaction between the substrate and precursor molecules. The saturation mechanism makes
the film thickness directly proportional to the number of reaction cycles executed instead of the
reactant concentration or time of growth as in CVD and PVD [54]. Thus, the thin film is grown in a

layer-by-layer process allowing sub-nanometre thickness control with good uniformity.

The Sol-Gel process is a very good process of producing high quality glasses and ceramics. It is

prepared from hydrolysis and condensation polymerization of the alkoxide solution followed by a
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thermal treatment for densification process. The preparation can be adjusted to be used by dip
coating, spin coating or even spray coating [55]. One old process is electroplating which consists on
plating one material onto another by hydrolysis using two electrodes, cathode and anode, and an
external source of current. Electroless plating involves several simultaneous reactions in an aqueous
solution between the reducing agent present in the solution and the metal ions without the use of
external electrical power. The metallic phase appears in the bulk of the solution or as a precipitate in
the form of a thin film around the solid surface [56]. Another useful way to produce thin films is with
the Langmuir-Blodgett (LB) technique [57], which is based on the transference of a monolayer
previous formed in an air-liquid interface to the substrate surface. An inexpensive process for
multilayer production is the layer-by-layer (LbL) assembly, also called as electrostatic self-assembly
(ESA). Here the substrate is cleaned to negative charge the surface and is exposed to a polyon
solution of opposite charge for a short time, producing by adsorption a monolayer of polyons on the
surface. The substrate is then alternately dipped into cationic and anionic polymers creating a
multilayer polyanion-polycation thin film [58, 59]. lon exchange process can be applied to these
coating techniques mostly for doping materials changing its optical properties in which ions of one
substance are replaced by similarly charged ions of another substance [60]. This process is widely

used for doping materials.

The above deposition techniques are the most used to fabricate fibre sensors involving thin film
coatings. Figure 2.6 represents some of the different type of coatings for sensing combined with

configurations using a single mode fibre optic.
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Figure 2.6 — Schematic example of an optical fibre coated with thin film coatings in different sensing configurations.
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Different materials can be used for coating optical fibre devices. The coatings for optical fibre sensing
can be used for enhancement of the physical properties inherent to the sensor, or can be used to detect
a specific target, changing then the optical properties of the film that can be traceable by the in-fibre
optical device. A brief explanation of different coatings with specific deposition techniques will be

performed based on their nature.

2.3.2 Coating Materials

- Polymeric Coatings

Polymers are probably the most used coatings for fibre optic sensing because they are easy to produce
and support wide applications, with the possibility to trap different particles permitting therefore to
be chemically modified to target a specific measurand. Due to these characteristics this type of
materials is widely used for sensing pH, humidity, oxygen and can act as a linker for biological and

chemical applications.

Most of the polymers used for sensing with fibres are polyelectrolytes. They are polymers carrying
ionic charge along the polymer chain. Depending upon the charge, these polymers are anionic or
cationic and can be used in single layers or in combinations with both varying the charge of the

coating surface [37, 61, 62].

Cationic polyelectrolytes allows to selectively attract negatively charged functional groups to the
coated surface to be detected. Some examples are poly(diallyldimethylammonium chloride) (PDDA)
[58, 61, 63] and poly(allylamine hydrochloride) (PAH) [37] which, if used in combination with an
anionic polyelectrolyte, can be utilized to form a layer by layer absorbed film of negatively and

positively charged polymers for biomedical applications, for example cell encapsulation.

Anionic polyelectrolytes selectively attract positively charged functional groups and some examples
are polyvinylamine sulfonated backbone with anthrapyridone chromophore (Poly R-478) [58],
poly(acrylic acid sodium salt) (PAA) [37, 61] and poly(sodium 4-styrenesulfonate) (PSS) [63, 64],
both with the property to absorb water more than 200 times his own volume, therefore changing their

optical properties.

Other natural or synthetic polymers currently used for sensing are for example polyvinyl alcohol

(PVA) [65], poly(2-hydroxyethyl methacrylate) (Poly-HEMA) [66], poly acrylamides (PAM) [67],

55



Chapter 2 - Optical Fibre Sensors Based on Thin Films

polyacrylonitriles (PAN), plasticized poly(vinyl chloride) (PVC) and ethyl cellulose, polystyrene
(PS) [67], poly(1-trimethylsilyl-1-propyne), PS-co-fluoroacrylate and phenyl-trimethoxysilane-co-
tetramethoxysilane ("ormosil"), Damival E 13650 and Araldite DBF [68].

Some polymeric coatings allow the selective ion-exchange between two electrolytes or between an
electrolyte solution and a complex. Typical ion exchangers are resins (polymers), porous structures
providing high surface area. They can be anion or cation exchangers depending if they exchange
negatively or positively charged ions. They can be selective for certain ions or classes of ions, or be
unselective depending on their chemical structure. lon exchange is a reversible process and the ion

exchanger can be regenerated with the original ions by washing any excess of these ions.

Other types of polymeric coatings are in the form of gel structure which can be defined as a system
containing molecules, chains, particles, etc., partially connected to each other in a fluid and
depending of their properties can be distinguished by aerogel, xerogel, cryogel, organogel or

hydrogels [69].

- Metallic and Oxides Coatings

Metals and oxides can be classified according to the physical properties as dielectric constants,
thermal expansion coefficients, magnetic properties and vulnerability to oxidations or oxidation
stability. Metals useful to induce plasmonic effects are aluminium (Al), gold (Au) or silver (Ag), the
latter although being chemically instable, it is the one which presents better sensitivity. Metals could
be used for strain applications due to the high expansion coefficients either due to thermal effects as

copper (Cu) or Al or due to absorption affinity of specific elements as palladium (Pd).

Some metals are ferromagnetic at room temperature as iron (Fe), nickel (Ni) and cobalt (Co)
presenting magnetostriction coefficients of 14, 33 and 50, respectively. This property of
ferromagnetic materials is defined as the change of the length in the direction of the applied field
[70]. In addition, rare earths with 64 <Z <69, alloys of ferromagnetic elements, some alloys of
manganese (Mn), presents ferromagnetism properties [71]. New materials as TbDyFe alloys are
becoming very attractive presenting magnetostriction coefficient over 2000 and have been applied

to magnetic field fibre sensors [72].

Metal oxides are widely used in photovoltaic devices, solar cells, biomedical fields, laser optics as
micro mirrors, anti-reflection coatings, band-pass filters, etc [73]. The most commonly used

materials are silicon dioxide (SiO;) and titanium dioxide (TiO;) both electrically insulating which,
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in some applications, is a drawback. Some other materials as zinc oxide (ZnO) or copper oxide
(Cu0), both semiconductors, are attracting attention due to their intrinsic properties. Indium tin oxide

(ITO) has unique combined properties of transparency to visible light and electrical conductivity.

2.3.3 Nanoparticles

A nanoparticle is a microscopic particle with at least one dimension less than 100 nm. Typically,
metallic, ceramic or polymer nanoparticles [74-76] of about few nanometres diameter can be
synthetized in colloids by laser ablation or with chemical techniques in a variety of solvents. Colloids
stabilize nanoparticles in solution in order to prevent aggregation by the absorption of electrical
charges on the surfaces leading to a repulsion of the nanoparticles. The intrinsic properties of a
nanoparticle are mainly determined by the size, shape, composition, crystallinity, and structure.
Changing one of these parameters enables, in principle, fine-tune optical, electrical, and catalytic

properties of this nanoparticle.

Nanoparticles can be used to improve the efficiency of photodetectors [77], to induce SPR [78, 79]

or to increase the interaction surface of the sensing device for gas sensing [80].

2.4 Applications

The applicability of fibre optic sensors with thin film coatings is very wide and is growing because
of the development of new materials, of fibre structures and of coating processes. The coatings can
be used not only to help the detection of specific target, but also to increase the sensitivity of a
specific sensor. The applications herein presented will be separated in measurement of physical

parameters, measurement of chemical and biological entities and others like gases.

2.4.1 Measurement of Physical Parameters

Since the beginning of optical fibre sensors they have been used to measure physical parameters as
strain, temperature, pressure or magnetic field. The FBG are known to have optimal characteristics
to be used as a strain sensor due to the change of the spectral position with this parameter. In fact,
the majority of the studied configurations uses this capacity to measure other parameters indirectly.

Temperature affects the silica fibre due to the thermal expansion coefficient of silica changing the
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period of the FBG and the spectral position of the narrow grating peak. The same effect is obtained
with LPFGs and in-line Fabry-Perot (FP) cavities. The thermal expansion of the silica changes the
length cavity so the spectral fringes of the optical interference changes according to it. For example,
the typical sensitivity to thermal variations of an FBG inscribed in a common single mode fibre
SMF28e is ~11 pm/°C at room temperature level. This sensitivity can be changed by switching the
material of the silica fibre to one with higher thermal expansion coefficient or by coating the FBG
region. Metals are the materials with higher thermal expansion coefficients so they are commonly
chosen. While the metal expands it will apply an extra strain to the fibre increasing the sensitivity to
thermal variations. This is valid for cryogenic temperatures [81] and to high temperatures [82]
depending on the coating the material. This effect is more pronounced if the fibre cladding is reduced
from the 125 microns standard size. By this way the effect of the metal expansion becomes dominant

over silica.

The silica thermal expansion coefficient becomes negative around 120 K and for cryogenic
temperatures down to 4.2 K (for the liquid helium) the bare FBG is insensitive to thermal variations.
One way to overcome this drawback is by coating it with a thick layer of a metal with thermal
expansion coefficient higher than zero at that temperature range which is still capable to expand or
shrink and transmitting this effect to the silica fibre. Indium was found to be the appropriate metal to

be used, achieving sensitivities around 15 pm/K [81].

On the other extreme, high temperature sensors have been developed with a single crystal sapphire
fibre at the end of a conventional fibre where a thin layer of a blackbody is sputtered to build up a
cavity. The blackbody cavity is created by a thin metallic film coated with aluminium oxide to reduce
oxidation or an opaque oxide film. The radiance emitted from the cavity is detected though the fibre

and is used to measure temperatures up to 2000 °C [82].

Another physical quantity important to be measured is pressure. Pressure sensors have been studied
in particular using mechanical devices coupled to FBGs benefiting from its strain sensitivity or using
FP cavities. One example is a FP cavity at the end of a commercial fibre with a capillary tube and a
multilayer polymer-metal diaphragm to measure in vitro intradiscal pressure in the range of 0-70 kPa,
achieving sensitivities of 0.0206 um/kPa [68]. The thin film coatings will be deformed by the applied
pressure, changing the properties of the reflected optical signal. Pressure can be measured to sense
indirectly other properties as acoustic waves. Hydrophones for underwater acoustic detection were
reported by using FBGs coated with ring shaped polymers like Damival E 13650 and Araldite DBF

with different size and mechanical properties, therefore providing signal amplification due to the
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excited free vibration modes at specific frequencies. In this way, the sensitivity was improved up to

three orders of magnitude when compared with a bare FBG within the range 4-35 kHz [83].

Low loss optical fibres commercially available can be used as magnetic or current sensors by
magnetization or by magnetostriction. The coating of the magnetostrictive material induces
perturbation in the optical signal when a magnetic field is applied either in a bare optical fibre or
following a special configuration as the one referred in section 4.4.2. The optical fibre made of silica
is an insulator immune to electromagnetic interference and does not conduct current, so it can be
used in hazardous conditions as high voltage power stations or fuel tanks. As discussed before, the
detection of weak magnetic fields by considering the magnetostrictive phenomenon in optical fibres
started in the 80’s with a theoretical work by Yariv et al. [5] using a commercial fibre and a Ni jacket
which forced the elongation of the fibre. Experimental work was reported later by Sedlar et al. [84]
using a single mode fibre Mach-Zehnder interferometer with one arm coated with a ceramic thin film
using a modified Sol-Gel method with 2 pm thickness incorporating spinel type ferrites. The coating
was used to transmit strain to the fibre when the magnetic field was applied changing the properties

of the interference signal. A detection limit of 2.5x10~ A/m was achieved.

More recently new materials are being applied to measure magnetic fields with fibre optics. Yang et
al. [72] presented a sensing device based on an FBG coated with 1 um of TbDyFe. The FBG was
chemically etched by emersion on liquid HF to reduce the cladding diameter down to 85 um and in
a 15 mm section the thin film was sputtered. The thin film of TbDyFe has very high magnetostriction
coefficient which can be resumed in a higher strain transmission to the fibre when the magnetic field
is applied; combined with the cladding reduction it was possible to obtain sensitivities of
1.08 pm/mT. The same kind of sensing devices are used to provide an indirect measurement of
electric currents by measuring the magnetic field that is created in the vicinity of the conducting wire
which is the case of the work presented by Ding et al. [85]. Here, the electric current applies strain
in magnetostrictive Fe-Co-V alloy thin film coating on top of standard optical fibres. Random
refractive index fluctuations along the fibre gives place into long FBGs with random periods in the
reflected spectra usually called as Rayleigh backscattering spectra (RBS). When the magnetic field
is applied, strain is transmitted to the fibre and a RBS shift is measured with a minimum current

variation of 0.3 A.
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2.4.2 Measurement of Chemical and Biological Entities

Sensing devices can be grouped in chemical and biosensors. Chemical sensors does not use a
biological component. Biosensors are a combination of transducers (depending on the sensing
configuration) with bio-recognition elements which typically are in or attached to a thin layer linked
to the transducer and sensing the species of interest providing quantitative information. Some

applications with distinct fibre configurations are presented here.

Starting with chemical entities we can find coated optical fibre sensors to measure, for example,

humidity [58], glucose [34, 86], urea [86] or pH sensors [37].

Humidity sensors have been studied based on deposition of sensitive coatings like a combination of
layers of poly R-478 (anthrapyridone chromophore), as proposed by Matias et al. [58], or LUDOX
SM-30 SiO, water colloidal discussed by Viegas et al. [87]. The first with a comparison between
tapers and hollow core fibres while the second produces LPFGs with the same kind of coatings
adding silicon nanospheres. As the anionic electrolyte exhibiting a hydrophilic nature and
poly(allylamine hydrochloride) (PAH) or poly diallyldimethyl ammonium chloride (PDDA) as the
cationic solution with a hydrophobic behaviour, the water molecules are trapped at the surface and
not absorbed by the coating. These kind of sensitive coatings deposited on the surface of fibre
structures, with the evanescent field exposed due to the presence of fibre tapers or LPFGs, generates
a modulation in the transmitted optical signal in the presence of humidity. The two coatings were
used with different purposes by the authors, one was used to detect moisture levels and other was

used to increase the sensitivity.

Rivero et al. [88] proposed a new humidity sensor based on surface plasmon resonance by using
silver nanoparticles embedded in a polymeric coating of cationic polyelectrolyte poly(allylamine
hydrochloride) (PAH) and anionic polyelectrolyte poly(acrylic acid sodium salt) on the multimode
optical fibre core surface built up by using the LbL deposition technique. The variation in the external
humidity originates changes in the thickness and refractive index of the functional polymeric coating
which affects the resonance spectrum as a function of the numbers of bilayers added. The result is a

wavelength shift of the plasmonic resonance in the range of humidity from 20 to 80%

Srivastava et al. [34] presented a blood glucose sensor using LSPR of metal nanoparticles around a
U-shaped fibre optic probe. The probe was prepared by attaching Au nanoparticles to the optical
fibre core with the help of aminosilane self-assembled monolayer giving origin to the LSPR

following the immobilization of functionalized glucose oxidase which will bind to the target. The
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glucose in the vicinity of the sensing region lead to chemical reactions with glucose oxidase,
changing the effective refractive index of the coating proportional to the concentration, therefore
working in an intensity modulation scheme. These changes are reflected in the absorbance of the

LSPR.

A multianalyte sensor using gel entrapment technique in a fluid for biomedical applications was
proposed by Verma and Gupta [86]. By using two different SPR regions in a plastic optical fibre is
possible to proceed to urea and glucose detection simultaneously. The sensing surfaces were prepared
by coating the two small and separated regions with different metals and dielectric over-layers
(silver/silicon and copper/SnO»). The result is a transmission spectrum with two resonances separated
by 200nm. Enzymes urease and glucose oxidase are immobilized over respective surfaces using gel
entrapment method for the sensing of urea and glucose, respectively. The immobilized enzymes
cause changes in the refractive index around the SPR and a blue shift of both resonances is observed
with sensitivities in average of about 47.28 pm/mM and 50.15 nm/mg dI"' for urea and glucose

concentrations, respectively.

The measurement of pH solutions have been described by Zamarreno et al. [37] using lossy-mode
resonances in optical fibre sensors. These resonances were excited by removing the cladding of a
portion of a silica optical fibre with 200 um diameter and coating with ITO with layer by layer
technique. On top of this coating multiple polymeric layers of PAH and PAA were deposited up to
1.2 pm. The pH of the solution is capable to change the thickness of this polymeric coating, therefore
the refractive index. The wavelength position of the resonances in the optical spectrum varies as a
function of the coating thickness and a refractive index sensitivity of 0.027 nm™' was achieved within

the range of pH 3 to pH 6.

The effective control of bio interactions is the key to many biomedical applications, such as cell
culture tools, biosensors and implantable medical devices. The biggest challenges of this type of
coatings are related to their function and transferability between different substrate materials leading

to highly effective control of biomolecule- and cell-surface interactions.

The preparation of optical fibre biosensors, a part of the optical design, requires the immobilization
of bio-receptors on the surface thought specific methods including adsorption, ionic bonding by
layer-by-layer methods or other chemical methods [89]. The specificity of a biosensor depends on
the bioreceptor molecule used. The bioreceptor is a biomolecule that recognizes the target analyte,

as enzymes [90], antibodies [91] or DNA chains [92].
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To perform the immobilization of such molecules in the surface of the fibre, usually it is required the
deposition of a bio-compatible coating prior the immobilization of the bioreceptor. These coatings
are named as linkers and can be proteins (poly-L-lysine - PLL) [63] synthetic molecules (such as (3-
aminopropyl) triethoxysilane - APTES) [93] or polymers (such molecularly imprinted polymers -
MIPs) [94] among others. The deposition of these coatings in the fibre is typically made with drop-

coating and dip-coating.

The optical transduction of these biosensors relies on the change of the optical properties (usually
refractive index) when the target connects to the bioreceptor. The optical configuration of the sensor

must be designed in order to detect changes in the effective refractive index of the propagating light.

Examples of this type of coatings applied to optical fibre sensors are the detection of Thrombin [63],

DNA hybridization and DNA—protein interactions [92] and Escherichia coli (E. coli) [95].

Thrombin is a key protein involved in the blood coagulation cascade. This enzyme facilitates blood
clotting by cleaving the soluble fibrinogen into the insoluble fibrin strands and plays an important
role in thrombosis and haemostasis. The detection can be made by coating the waveguide with PLL
that could support an aptamer capable to bind to the target. A fibre optic sensor with ITO and
PDDA/PSS polymeric coatings to detect Thrombin was reported [63]. The ITO was sputtered onto
the uncladded fibre core surface creating an LMR-based optical fibre refractometer. The attachment
of Thrombin to the aptamer changes the external RI enabling the detection of concentrations down

to 100 nM of thrombin.

A SPR sensor for measuring DNA hybridization and DNA—protein interactions was proposed by
Pollet et al. [92]. To excite the plasmon waves, multimode optical fibre sections with 3 cm length
and 400 pm diameter were sputtered with a 50 nm Au layer on the core surface being then covered
with a protein repulsive self-assembled monolayer of mixed polyethylene glycol (PEG). Streptavidin
was attached to the PEG’s carboxyl groups to serve as a versatile binding element for biotinylated
ssDNA. A similar SPR fibre was functionalized with ssDNA aptamers against human
immunoglobulin E following the same procedure. The attachment of such DNA and proteins on the
Au layer caused a shift on plasmonic resonance due to the RI changes with a limit of detection of

2+1 nM (~0.5 pg/ml).

An evanescent wave fibre optical sensor for the detection of E. coli outer membrane proteins
(ErOMP) discussed by Queiros et al. [95] uses an LPFG as refractometric platform. The LPFG silica

surface was functionalized electrostatic assembly using PLL as cationic polymer and covalent
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binding using (3-aminopropyl)triethoxysilane 97% (APTES) acting as linkers and being activated by
immersion in dimethyl suberimidate (DMSI). The achieved sensitivity for the last one was around
- 0.1597 nm/log(concentration) [EcOMP, M] in the range of 0.1 nM to 10 nM EcOMPs. The

possibility of regeneration was attained under low pH conditions.

2.4.3 Other Type of Sensing Applications

One of the most interesting developments has been in the gas detection field. Some of those gases
are inflammable and with a high explosion risk, therefore not compatible with the traditional electric
sensors. Optical fibres are suitable to overlap this constrain due to its intrinsic immunity to electric
discharges; in addition, remote operation and sensor multiplexing became readily accessible with the
fibre optic approach. Considering this, several gases have been detected with optical fibres namely
ethanol, hydrogen, carbon dioxide or ammonia. Some of the coated fibre optic sensing structures are
briefly presented in Table 2.1 along with their main properties as the configuration, the coating, the
physical effect and the sensitivity to the correspondent target.Ethanol vapour detection was proposed
by Konstantaki et al. [96] based on a LPFG coated with ZnO nanorods by two-step procedure
involving a pulsed laser deposition of a zinc (Zn) layer onto the optical fibre, followed by aqueous
chemical growth of ZnO nanostructures. A notch extinction ratio of more than 4dB was recorded for
the LPFG with 6.67 kPa of ethanol vapour concentration. The adsorption of the ethanol vapour
causes a variation in the ZnO coating properties as refractive index and density which is reflected in

the LPFG transmission spectrum.

Hydrogen detection at low concentrations with optical fibre sensors usually uses palladium as active
medium [97]. Palladium is capable to absorb hydrogen up to 900 times its own volume due to the
high and selective affinity. Because of this property the thin films of Pd can be used to detect H, by
changing the coating reflectivity or by applying strain into the fibre. A very simple design of an
hydrogen sensor is a micro mirror of palladium at the end of a fibre [98]. In this case the end of a
multimode fibre was coated with 10 nm of Pd by thermal evaporation. The reflectivity changes with
the conversion of the pure Pd into Pd hydride due to the hydrogen adsorption. The optical power
detected with a single photodetector can measure the hydrogen concentration in the medium. The

same concept was studied by Villatoro et al. [99] but using a taper instead.
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Table 2.1 — A brief compilation of sensing structures associated with coated optical fibres and their main properties.

. . Purpose / Physical . Sensitivity /
M d Ref. fig. ti t 1 ting t
easuran e Config Coating material effect Coating type detection limit
FPI/ D4 /4-
CO: [100] LPFG Nitrophenol Sensing / RI changes Dip-coating -
DDMA
-0.1597+-0.004
Act as link i ESA
E. coli [95] | LPFG PLL, APTES ctas linkers / sensing | ES nm/log(concentr
/ RI changes Polymer .
ation)
. [84] FBG spinel type ferrites | Sensing / Strain, Sol-gel 2.5x10-3 A/m
Magnetic field - - -
[72] MZI1 TbDyFe Sensing / Strain, Sputtering 1.08 pm/mT
Bulk material with
Current [85] RBS Fe-Co-V alloy Sensing / Strain v material i 03A
Epoxy
Mechanical
Damival E 13650 H d 1d
Acoustic waves | [83] | FBG amiva amplification / omemade mo / 10 mPa/Hz'?
Araldite DBF o Melting
Vibration
Mechanical
i Polymi hemical
Intradiscal [68] FPI (? yr.mde deformation / Length ¢ emwf’ 0.0206 pm/kPa
pressure Ni/Ti Sputtering
changes
High Sensing / .
8 [82] FPIL Blackbody en.s m.g . Sputtering -
temperatures Emission of radiance
i Mechanical Vaporizati
Cryogenic 811 | FBG Al, Cu, Pb, In ecnanica . aporization 15 p/K
temperatures amplification / Strain Electro-Deposition
Taper /
PDDA/Poly R- .
[58] | Hollow 478 o Sensing / Rl changes | ESA 0.885 dB/%RH
core fibre
PDDA/Poly R-
Humidi 478/LUDOC SM- | Amplificati i
umidity [87] LPFG mplification, sensing | oo, 45178 pm/%RH
30 / RI changes
SiO, nanospheres
PAH/PAA-A
[88] SPR . & Sensing / RI changes LbL 20 to 80%
nanoparticles
Au Npt / with
[34] LSPR u AP /W.l Sensing / RI changes Self-assembled -
Glucose glucose oxidase
Cu/Sn02/Gl . .
[86] SPR u " reose Sensing / RI changes Thermal evaporation | 47.28 pm/mM
oxidase
SPR/ . . . 1
Urea [86] PCSC Ag/Silicon/Urease | Sensing/RI changes Thermal evaporation | 50.15 nm/mg dl
[97] Taper / Cr. Pd Adhesion, Sensing / Thermal evaporation | 80 pm/%v/v H,
FBG ’ Strain (E-Beam) at (53 kPa)
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. . Adhesion, sensing / Thermal evaporation
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LbL 0.027 pH units/
pH [37] LMR PAH/PAA Sensing / RI changes pH uniisin
ESA m
DNA protein Sensing / . 2+1 nM
92 PR Au/PE tt,
interactions 2] 1S u/PEG Amplification Sputtering (~0.5 pg/ml)
. [63] ITO Amplification, Sensing | Sputering
LMR ~1 M
Thrombin PDDA/PSS / RI changes LbL 00n
PLD (Zn)
Ethanol vapor [96] LPFG ZnO nanorods Sensing / RI changes Chemical growth of | -0.08 dB/torr

ZnO nanostructures.
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In a transmission configuration, the evanescent wave of a multimode tapered fibre interacts with the
Pd coating which is converted into Pd hydride in the presence of hydrogen concentrations up to 4%.
The guided light suffers attenuation changes with time response of about 30s which are monitored at
the end. The Pd expansion property have been also exploited by using an optical fibre with an FBG
[101]. The FBG is intrinsically sensitive to strain but in this case it was inscribed in a taper region
with 50 um of diameter in order to improve the sensitivity. The sensitive region was coated with
150 nm of Pd by an electron beam evaporator and was capable to detect hydrogen up to 1% with

high sensitivity.

To detect CO; a sensitive polymer membrane was produced by Sol-Gel technique with a solution of
polyurethane hydrogel (D4), p-nitrophenol and and didodecyl-dimethyl-ammonium hydroxide
(DDMA) and reported by Gouveia et al. [100]. The membrane was produced at the end of a fibre
creating a FP cavity and around an LPFG. In the presence of CO, the refractive index of the

membrane changes leading to variations in the optical response.

An ammonia gas sensor was demonstrated by Wang et al. [61] using an LPFG coated with a thin
film of PDDA/PAA by the electrostatic self-assembly technique. PAA acts as a selective receptor
for ammonia binding, inducing changes in the optical properties of the film which alters the effective
refractive index through the thickness and the density and the wavelength position of the attenuation

band with sensitivities up to 0.35 nm/ppm.

2.5 Conclusions

In the sensing field, the use of coatings in fibre optics, either continuous or incorporating
nanoparticles, is nowadays an active research domain following two decades of progresses which
have been translated into an increasingly number of applications associated with high measurement
performance. From the simple configurations for monitoring some physical parameters as
temperature or pressure, to more complex structures using new coating materials and fabrication
techniques for chemical and biosensing, this type of sensing devices are becoming increasingly

important.

Small variations in the optical properties of a medium derived from the changes of a specific
measurand can be detected with advanced sensing structures, such as those associated with SPR and

interferometric phenomenology. Plasmonic devices are widely used in bulk systems but, when
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combined, the number of applications is increasing with a high variety of fibre configurations and
the possibility to fine tuning the sensing device to a specific analyte by using the appropriate coating,

all converging to turn out this sensing approach rather appellative.

In general, the substantial improvement of sensing performance of devices, such as fibre Bragg
gratings and long period gratings, when coated compared with the bare option is a strong factor
towards the research and development of this fibre optic sensing approach, particularly when
chemical and biochemical entities are targeted. As such, it is foreseeable a continuous progress of
this field, with the consideration of new types of coatings and of better processes to incorporate them
into fibre structures, all pointing out to a consistently increase of the relevance of this optical sensing
path with optical fibres, enabling substantial advantages, particularly at the level of achievable

performance.
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Chapter 3

Fabrication and Characterization Techniques

This chapter describes the materials and methods that were used along the work, starting
with the fabrication of sensing structures such as optical fibre gratings and fibre etching or
thin films deposition with physical vapour deposition system (PVD). The structure analysis
of the thin films produced is also considered by using different methods namely, optical
microscopy, ellipsometry, scanning electron microscopy (SEM), energy dispersive X-ray

spectroscopy (EDS), X-ray photoelectron microscopy (XPS) and X-ray diffraction (XRD).

3.1 Fabrication Processes

One of the objectives of this work is to take advantage of the background acquired during the years
by the research group in optic devices and sensors in optical fibres and join that with the outstanding
facilities for micro and nanofabrication that in time have emerged. From this synergy the production
of devices in optical fibre for sensing using coatings has grown, in special by using specific

equipment for the production of gratings, for etching and for metallic based coatings.
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3.1.1 Optical Fibre Gratings

In this work optical fibre gratings were used as sensing devices with and without coatings. Fibre
gratings can be easily described as a periodic modulation of the effective refractive index (RI) of the
fibre core with low periods (hundreds of nm) which corresponds to the fibre Bragg gratings (FBGs)
[102] or with long periods (from tens to hundreds of pm) corresponding to long period fibre gratings
(LPFG) [13]. In this chapter the main properties, the fabrication processes and the theoretical aspects
of this type of fibre gratings are presented.

- Fibre Bragg gratings

Several techniques are used to the FBGs fabrication using ultraviolet laser sources and are described
in literature [102, 103]. The three main approaches used are interference, phase mask and direct
write. Taking advantage of the background and the existent facilities at INESC TEC and in
collaboration with HBM FiberSensing, SA, all the FBGs were produced using the phase mask

technique whose details are described below.

The technique is based on RI modifications at the single mode fibre core by using a phase mask and
an ultraviolet KrF excimer laser emitting at 248 nm with energy of 400 mJ cm™ at 20 Hz. Those
modifications were inscribed in standard telecommunications single mode fibres with germanium
doped core (SMF28e, Corning, Inc.) which are not sensitive to the UV radiation. One way to
overcome this issue is by using the hydrogen (H,) loading technique [104]. In this process the silica
fibres are placed in high pressure chambers with pure H, (over 10 MPa) at room temperature for
several days or weeks. This leads to a diffusion of the H, molecules into the fibre until an equilibrium
state is achieved. In H» loaded fibres the exposure to UV radiation causes the dissociation of the
molecule and the formation of Si-OH or Ge-OH bonds at the core. The formation of Ge oxygen
deficient centres leads to a RI change. The remaining H, molecules can be removed from the fibre
by applying heat while the exposed regions with UV keep the same structure and the inscription of
the Bragg grating is completed.

The scheme of the setup used to the production of the FBGs by using the phase mask technique is
presented in Figure 3.1. First, the polymer protective jacket of the fibre is removed with a stripper
and fixed between two clamps in a configuration aligned and parallel to the phase mask. The laser
beam is then expanded through a cylindrical lens and directed through a slit in a perpendicular

direction to the mask where it is diffracted. The radiation is split into m=-1,0,+1 orders and the
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interference pattern of two beams with orders +1 at the fibre has a period A, which is half of the

mask period A [102]. This interference pattern reaches the H, loaded core causing RI changes at

pm
the constructive interference spots. The expected reflectivity of the FBG is determined by the RI
change which depends on the number of laser pulses, while the size of the slit gives the length of the
modulated region which defines the full width half maximum (FWHM) of the grating spectral
signature. The production process is monitored and controlled in real time performing measurements
of the transmission spectrum in an optical spectrum analyser (OSA) (ANDO AQ 6315B) and

controlled with Labview™ software.
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Figure 3.1 — Scheme of the top view of the setup to produce fibre Bragg gratings using the phase mask technique.

This technique applied to the fabrication of FBGs has several advantages, it is fast, reliable and
reproducible. The main disadvantages are related to the need of use photosensitive or H, loaded
optical fibres and the limitation of a mask to a specific period. The masks are usually expensive and
to produce gratings with different periods different mask design is needed. Although, a single mask
can be used to inscribe FBGs with periods slightly lower than the mask by stretching the fibre while
the exposure takes place, this process produces a modulation which corresponds to the mask phase
but, when the fibre relaxes, the modulation period is reduced affecting the wavelength position of

the peak resonance in the order of few nm.

- Long Period Fibre Gratings

As the FBGs, the LPFGs can also be produced with different types of techniques described in
literature [13, 105]. The RI modulation can be achieved by mechanical deformation [106], electric

arc discharges [107] or with laser radiation (UV [108], CO [109] or femtosecond lasers [110]).
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The fabrication of the LPFGs along this work was performed at INESC TEC and is based on the
induced electric arc technique [111] which consists on point-to-point short time discharges in
uncoated common telecommunications single mode fibres (SMF28e Corning). This procedure is
intended to increase the temperature of the silica high enough to become soft in order to produce the
wanted modulation by, simultaneously, changing the local effective RI of the core and producing a
micro taper at each discharge. In order to fabricate the LPFGs with this technique the procedure
follows the scheme in Figure 3.2. The polymer protective jacket of the fibre is removed in a 10 to
15 cm length, depending on the grating type, and is cleaned with acetone to remove any remaining
polymer. This is important because any impurity at the fibre surface will interact with the electric
discharge changing its properties and contaminating the electrodes. The clean fibre is positioned
between two electrodes within a space around 1 mm, clamped in one end on top of a motorized linear
translational stage and stretched in the other end with a mass of about 5 g to keep the same tension
and produce similar tapering regions. The electric arc is produced with a modified fusion splicer

machine by applying to the electrodes a current of 9 mA with a time duration of 1 s.
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Figure 3.2 — Scheme of the electric arc technique used to produce the long period fibre gratings with periods from 345 to
540 pm.

These parameters were optimized by Rego et al. [111] for this type of fibre. The translational stage
and the fusion splicer is controlled by a computer within the LabView™ software and is programed
to apply a discharge and move the fibre 387 um with a precision of 0.1 um. The process is repeated

until the attenuation band of the LPFG reaches the maximum value (>20 dB).

The heat transfer along the fibre limits the grating period and to overcame this drawback new type

of fibres are being used to reduce the grating period as single mode fibre doped with boron and
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germanium [112]. Although, the work herein presented uses only standard Ge-doped single mode

optical fibre.

3.1.2 Fibre Optic Etching Process

The cladding of the glass optical fibres are typically made of pure silica and for several sensing
configurations the evanescent field of the core modes have to be reached. To accomplish this usually
the cladding is reduced. There are two ways that stand out from others to reduce the diameter, by
mechanical polishing [113] or by chemical etching [114]. The mechanical polishing technique, when
applied to the fragile silica fibres tend to be a hard and time consuming process due to the difficulty
in controlling the cladding reduction. The fibres are usually glued to a silica block and the entire
block is polished with a small grain size. The chemical etching is a straightforward process with
more controlled steps. Generally, it is implemented using a solution of hydrogen fluoride in water as
etchant (Hydrofluoric Acid - HF). The chemical etching using HF can be performed in liquid phase,
obtaining a fast reaction, or in the gaseous phase where the speed of the chemical reaction is much

slower.

In this work the etching process was adopted to reach the evanescent field located at a few microns
from the core. After removing a 10 mm section of the protection coating a solution of 48% w/w HF
(from Panreac Quimica S.L.U., Spain) in water was used to react with the silica reducing the cladding
diameter at a rate that is dependent of the liquid quantity, the temperature and humidity. During this

process the HF reacts with the silica according to the following chemical reactions [25]:
Si0, +4HF — SiF, + 2H,0 (3.1
SiO, + 6HF — H,SiF, +2H,0 3.2)

In the present work the first dominates the reaction while the second is dominating for the high acid

concentration situations.

The reaction of the HF with the silica fibre is limited by the surface area of contact with a slow
diffusion into the lattice. The dissolution of the silica structure can be determined mathematically in
equation (3.3) by considering a dissolution constant k, the surface area and the concentration of the

acid [25].
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d| DL p
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Where D, is the diameter of the fibre waist, L is the length of the fibre exposed to the etchant, p

is the silica density, t is the reaction time, and C,; is the HF concentration.

The equation (3.3) can be simplified in the form

d({D, _
a{EJ— K (3.4)

where D, is the initial fibre waist and the constantK is equal to 2kC,,. /D,p .

The etching process can occurs when the HF molecule react directly with the SiO, surface to cause
Si-O bond breaking by association of F with Si and H with O [115] However, the first step in the
etching process may occurs when the H reacts with the O in SiO, forming hydroxyl groups and

causing the Si-O bond breakage though two possible ways.

The results reported by Knotter [114] indicate that the reaction of HF with SiO; is not concluded
with a single substitution reaction. There are more than one equilibrium reaction with a proton on
the surface as can be seen in Figure 3.3. At the surface a SiOH group is bound to three oxygen atoms

from the SiO, matrix.

o‘ O‘H OTZ
Si > Si —¥ 5i o
o/\(IDH+o/\CI)H+o/\I
N o o
/
on & “H,0 £ F 7E TN
S"i 0 HFy H,F, s‘u/ H* // _l,u F\}
S W S ,/o/\/o/H
| & | 0 ‘ N
S ~ | Si-

Figure 3.3 — Scheme of the reaction mechanism with the replacement of the SiOH by the SiF and the post removal from
the SiO2 matrix (adapted from [114]).
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The first reaction is the elimination of the OH™ or H,O from the surface giving place to a reactive
intermediate group that can react mostly with two different nucleophiles, H>F, and HF, resulting the
SiF bound. Other nucleophilic substitution reactions cause the removing of the SiF group out of the
Si0, matrix exposing the new surface and restarting the reaction to sequentially until the etching
process is completed. The HF reacts with the SiO, by breaking the bounding between Si and oxygen

atoms giving rise to the SiF4 molecule either in liquid or gas phase.

Due to the surface tension of the solution the meniscus height around the silica changes with the
etching time. However, due to the acid in the vapour phase, the transition from the thicker region to
the thinner region is not abrupt so the core guided mode can adjust to the new situation. The new
surface created has enough roughness to improve the stability of the deposits and the general
performance of the sensors [116]. The surface was analysed using an electron microscope (SEM) as
described in in section 3.2.2. Figure 3.4 shows the very smooth surface of the optical fibre before (a)
and after (b) chemical etching with a liquid solution of HF at 48 % concentration during 20 min. An

increase of the roughness due to the etching reactions is clearly visible.

x9.0k  10pum x9.0k  10pum

Figure 3.4 — SEM pictures of the fibre surface as fabricated (a) and after etching with a liquid solution of HF at 48 %
concentration (b).

The etching rate depends on the temperature and on the humidity but most important depends on the
acid concentration. The quantity of acid used plays an important role in the process. When using a
large volume of acid (>20 mL) the total HF consumed in the reaction according to Haddock [25] is
less than 0.5%. Therefore, a constant concentration and a linear etching rate can be assumed.
Although the evaporation phenomena, the squared symbols in Figure 3.5 were fitted to a linear curve
(R?=0.9976) and an etching rate of ~2.97 um/min was measured. When the volume is low the
percentage of HF consumed by the dissolution reaction increases and plays an important role in the

process, reducing its concentration and increasing the reaction products in the solution. Hence the
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etching rate is affected and the linear behaviour is lost. The circular symbols show the nonlinear
curve of the etching rate when using few pL of acid. When the fibre diameter approaches low values

the rate becomes smaller which allows a better control of the final thickness.
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Figure 3.5 — Etching rate characterization for a silica optical fibre immersed in a liquid solution of HF at 48 %
concentration with different quantities of acid. The solid line corresponds to few mL of HF solution while the dashed line
translates the behaviour with smaller quantities ething solution.

All the etching processes were conducted at room temperature with humidity between 60 to 65% and

a pH from 1.5 and 2.

When the fibre diameter achieved the desire value the etching process was stopped by pipetting out
the etchant as quickly as possible and wash the fibre several times with water to stop the reaction.

The fibre surface is now ready to be coated.

3.1.3 Deposition System

In the previous chapter several types of techniques to deposit thin films were presented depending
on the final goal. The PVD method has in general good chemical stability, it is compatible with
optical fibres and is easy to handle being the chosen method to fabricate the fibre coatings. All the
depositions were completed with a thermal evaporation system model Auto 306 e-beam source
(Edwards, UK) from INESC TEC and CEMUP. It is a versatile high vacuum electron beam

evaporation system giving the possibility to produce a wide range of metals and dielectrics. The
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system shown in Figure 3.4 gathers a high vacuum chamber, an electron beam source and a thickness

monitor crystal.
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Figure 3.6 — Scheme of the deposition system comprising all the components of the electron beam evaporator Auto 360
from Edwards.

The vacuum chamber is connected to a mechanical rotary pump (model E2MS5, Edwards, UK) for
rough pumping down to 10~ mbar and the high vacuum is achieved with one diffusion pump (model
E04/160K) with a pumping speed of 600 Is”'. The vacuum pressure is measured by one pirani gauge
(model PRL10K, Edwards, UK) capable to measure down to 10 mbar and with a penning gauge
(model CP25EK, Edwards, UK) capable of down to 107 mbar. This system is equipped with an
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automatic pumping mode being possible to switch to a manual mode for specific operations as

depositions of metals in gaseous atmosphere.

A low tension (LT) power supply is connected to a circular shape filament which is heated due to the

Joule effect to the point where thermionic emission takes place giving rise to an electron beam [117].

This concept follows the Richardson’s law that gives the current density J, [A / mz] of the escaped

electrons in the perpendicular direction of the heated metal given by equation (3.5):

J= AT exp(—%j (3.5)

where A, =1.2x10°A/m’K* is the Richardson’s constant, A, is the correction factor from the

material and W, is the minimum amount of energy necessary for each electron leave the metal.

When the filament is heated the free electrons at the metal surface gain enough thermal energy to
overcome the energy barrier. This is a property of all metals but only few survive very long time at
temperatures high enough to fulfil the requirements. Tungsten (W) is a material with high melting

temperature (3414 °C) [118] and usually used to electron beam sources.

When a high tension (HT) of more than 4 kV is applied to the filament the potential difference
between it and the crucible is high enough to accelerate the electrons towards to the crucible
transferring its energy directly to the target material. This beam of electrons have a conic shape and
the target material should be moved to reach the highest energetic point where the concentration of

electrons is maximum. These electrons creates a leakage current that is measured at the power source.

The target material will be negatively charged and needs to discharge by the crucible holder through
the crucible which must be conductive. Depending on the target to be deposited the crucible material
could be changed. Graphite can be used for the majority of the target materials due to the high melting
point (3650 °C) [118]. However the graphite is very brittle and it could release some carbon powder
that will contaminate the target material being evaporated together with it. This type of crucibles
were used to produce thin films of metals like chromium (Cr), titanium (T1), nickel (Ni) and titanium
dioxide (TiO»), which are hard materials with high melting points, while intermetallic and alumina
crucibles will be used for soft materials like silver (Ag), gold (Au), aluminium (Al) and copper (Cu).
Both are very clean and very hard but in the case of alumina, because it is an insulator gives rise to
charge build up and electrons generated at the filament do not acquire enough energy to hit the

crucible. A small cut on the side of the crucible by a diamond coated saw was enough to connect a
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thin tungsten wire from the bottom of the crucible to the graphite holder. This way the high potential
between the filament and the crucible is recovered and the emission takes place draining the current

to the ground through the thin wire.

The thin film thickness was monitored in real time with an quartz crystal microbalance (Edwards,
UK), constituted by water cooled crystal holders, quartz crystals and oscillator units that also enables
direct read-out of the deposition rate with resolution of 0.1 nm. The oscillating frequency of the
quartz crystal changes according to the mass of the thin film growing on its surface. Deposition of

different materials can be monitored by simply changing the density p and acoustic impedance Z,

unique properties of each material. The density parameter provides the film thickness while the
acoustic impedance is used to accurately establish the sensor scale factor when the crystal is heavily
loaded. A resume of the above mentioned properties of the materials used in this work together with

the melting point ( T, ) and the minimum evaporation temperature (T, ) is presented in Table 3.1.

Table 3.1 — Properties of the selected materials considering the melting point 7, the minimum evaporation temperature
Tmin, the density p and the acoustic impedance Z.

Material T["if)s?) at P=1T(')”’;’ l((OPCa) [119] p ([%.fg? ?) (x10° g.Zcmz.s'l)
[120]
Aluminium Al 660 1010 2.70 8.20
Chromium Cr 1907 1157 7.15 29.00
Copper Cu 1085 1017 8.96 20.30
Gold Au 1064 1132 19.30 23.20
Nickel Ni 1455 1262 8.90 26.70
Palladium Pd 1555 - 12.00 24.70
Silver Ag 962 *- 10.50 16.70
Titanium Ti 1670 1453 4.50 14.10
Titanium (IV) Oxide  TiO; 1825* - 4.17 22.10
Tungsten W 3414 2757 19.30 54.30
Zinc Zn 420 250 7.14 17.20

*[121]

The chamber can be accessed from outside either to change the distance from the filament to crucible

or to rotate a six crucible turret, which allows sequential evaporations. In case of silicon dioxide
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substrates and optical fibres the adhesion to a significant set of materials is very low which forces
the introduction of an intermediate thin layer of Ti or Cr to avoid the coating to be peeled off from
the substrate. The multilayer fabrication capability is then a very important characteristic of this

setup.

- Electron Beam Thickness Analysis Calibration

The deposition system was initially calibrated to the thickness measured with the thickness monitor.
To verify the thin film homogeneity in the entire deposition area a large area grid was produced and
analysed, as shown in Figure 3.6. To accomplish this analysis, first a set of thin films of Ti was
produced over silicon wafers substrate at a rate of 0.02 nm/s with thicknesses of 50, 200 and 300 nm
measured by the thickness monitor. The coated substrates were then cleaved with a diamond cleaver
and the cross section was analysed by a scanning electron microscope (SEM) that will be further

described in section 3.2.2.

The images of this analysis are shown in Figure 3.7. For small thickness the resolution is very small

and the image is not very clear but it is enough to extract thickness values to be compared with the

ones achieved by the thickness monitor.

Figure 3.7 — SEM images for calibration of the thickness monitor fitted in the electron beam evaporator considering three
readouts: a) 50 nm, b) 200 nm and ¢) 300 nm.

The calibration curve presented in Figure 3.8 shows a factor of 1.06 which proofs that the thickness

monitor measurements are in good agreement with the real values.
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Figure 3.8 — Calibration of the thickness monitor fitted in the electron beam evaporator.

In order to estimate the homogeneity of the thermal deposition system at the working point level a
250 nm thick thin film of pure Cr metal was deposited on top of a silicon wafer with a mask of silicon
stripes forming a 9x10 grid. After the deposition the mask was removed and the step profile was
measured by a surface profiler model DektakXT (Bruker Co., U.S.A.). The measurements were done
in the yy direction and repeated at a number of times in the xy direction until the entire area is covered.

Figure 3.9 shows the aspect of the wafer after the Cr coating.

Figure 3.9 — Picture of the silicon wafer coated with a Cr matrix. The dashed circle shows the xy position of the crucible
at z=-15 mm while the dashed square shows the xy position of the crystal thickness monitor at z = 0 mm.
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The dashed circle shows the xy position of the crucible at z=-15 mm while the dashed square shows
the xy position of the crystal thickness monitor at z=0 mm. It is possible to observe a different
colour at the square coating edges which indicates a thickness variation at the edges although it was
not visible in the profile measurements. The grid was labelled in the x and y direction with lines from
1 to 9 (y axis) and the columns from A to I (x axis). The lines and columns were marked as red and
blue respectively, and the Figure 3.10 shows the step profile analysis corresponding to the marked

profiles of each column (left) and each line (right).
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Figure 3.10 — Step profile analysis corresponding to the marked profiles of each column (left) and each line (right).

It is possible to observe that despite the large deposition area, the thickness variation is not significant
being the average thickness of 254.9 nm with a standard deviation of 20.5 nm. This is important
when the substrate is not at the same position in every deposition procedure which happens when
more than one substrate is used or when a rotary system is used.

Rotary System

The growth of homogeneous thin film coatings around optical fibres is difficult due to its intrinsic

cylindrical shape. The most used technique is the sol-gel dip coating which is not dependent of the
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substrate shape but has limitations to the type of coatings pretended. Another way to produce
homogeneous coatings on a cylindrical optical devices is by forcing a constant rotation movement
of the substrate during deposition. This method has been proved with the majority of coating
techniques discussed in the previous chapter. For this purpose a rotation device was designed and
fitted to the electron beam vacuum chamber (Figure 3.11). With this device is possible to produce

coatings on optical fibres with a good homogeneity level.

Coating fibre  Metal piece

Fibre holder ——— Holding magnet
Connection ~g y_ -
to the DC - e ———— ¥ W%
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Figure 3.11 — Scheme of the home made rotary system for coating optical fibres.

The fibres are stretched and fixed at both sides with square magnets and metallic cylinders and then
the spare fibre is rolled around the polytetrafluoroethylene (PTFE) rotary support and locked with
the fibre holder The system is able to support 6 fibres if those are to work in transmission mode or
12 if the deposition in focused on a tip. The drive shafts is connected to a DC motor with a gearbox
located outside the chamber through a combination of angle gears and a special rotary feedthrough

for high vacuum chambers.

The calibration of the system aiming to determine the film thickness in the cylindrical shape substrate
was performed by using the same procedure as before. A set of thin films was produced over silica
fibres substrate at a rate of 0.02 nm/s with a rotation speed of 5 rpm. Thin films of different
thicknesses (380, 500 and 610 nm, measured by the thickness monitor) were produced around the
optical fibres using the rotary system. After cleaving those fibres were analysed by SEM. The images
of this analysis are shown in Figure 3.12. The optical fibres are mainly constituted by SiO, which is

an insulator and prevents the correct discharge of electrons that are hitting the sample. This leads to
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the formation of bright spots in the silica substrate region. Although the measurement of the thickness

is possible and can be compared with the thickness monitor in the static position.

Figure 3.12 — SEM images for calibration of the rotary system to the thickness thin film considering three readouts at the
static position: a) 360 nm, b) 500 nm and c¢) 610 nm.

The calibration curve presented in Figure 3.13 shows a ratio of 2.23+0.1 between the static and
dynamic measurements. This value will be used in this work to produce all the thin film coatings

over optical fibres.
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Figure 3.13 — Thin film thickness calibration in the rotation mode compared to the static mode.

The importance of using this rotary system can be found in Figure 3.14 showing an optical fibre
coated with Ti in a static position close to the thickness monitor a), and in a dynamic position placed
in the rotary system b). The static position produces thin films over optical fibres with high
inhomogeneity while rotating the cylindrical shape substrate reduces abruptly this morphological

characteristic.
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Figure 3.14 — SEM pictures of two fibres coated with pure Ti: (a) in a static position with lateral coating, (b) using the
rotary system with homogeneous coating around the cylindrical fibre shape.

Another way to measure this ratio was through a narrow planar silicon substrate with a mask on top
and attached to rotary system. A set of thin films of Ti was fabricated with the same rotation velocity
and evaporation rate of the fibre coating. The thickness measured in the thickness monitor was 100
and 200 nm respectively. Figure 3.15 shows the step profile of the coating in rotation obtained with

the profilometer.
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Figure 3.15 — Step profile of a planar substrate while in rotation for two Ti films. The thickness measured in the static
position was 100 nm and 200 nm.

The results show high roughness but even though they are in good agreement with the SEM

measurements, with a rate between static and dynamic measurements of 2.02+0.1.
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- Titanium Dioxide Deposition and Characterization

The melting point of Ti is ~1650 °C [118] at 101.325 kPa and evaporates at 1300 °C with a vapour
pressure around 107 kPa [119] which makes it an excellent element to be evaporated with e-beam
technique. In spite of the good results with Ti evaporation, the TiO» thin film fabrication is not so
trivial. The deposition of TiO, through e-beam evaporator has been tried using several forms of the
starting material from single crystal to powder or sheets, although without success. When those forms
are heated in vacuum with the electron beam two main processes occur. First, the reduction reaction
by releasing oxygen atoms. The rutile crystal decomposes at 1870 °C [122] and becomes metallic
due to the excess of Ti atoms in the crystal composition. When in powder or even in small pieces
other process takes place. Each light weight particle receives negative charge from the highly
energetic electron beam with low draining efficiency. Before the energy transferred to the particle is
high enough to rise the temperature until melting point the repulsive electric forces due to charge
build up causes a snowing effect inside the vacuum chamber. This second process depends on the
material density and it occurs also with metals when in small pieces or powder. When the size is

increased this effect is not an issue for higher dense materials.

To avoid these problems the evaporation of a single rutile crystal in the same e-beam chamber was
attempted by adding a pure oxygen atmosphere. Although the pressure was maintained in low levels,
below the limit of the working point of the diffusion pump (~102mbar) and to avoid electric arc
discharges to the nearby metal pieces. Even though the quantity of oxygen inside the chamber was

not enough to compensate the reduction reaction of the rutile crystal.

The process of growing TiO; thin films was achieved through thermal oxidation of Ti while the
evaporation of pure metal takes place. Pure Ti metal wire with 1.5 mm diameter and a purity of
99.6% (Goodfellow Cambridge Ltd. UK) was used, and a controlled flux of oxygen with 99.999%
purity (Linde Portugal, Lda., Portugal) was maintained at a constant pressure of ~1.1x10 ~* mbar
inside the vacuum chamber. This pressure was found to be high enough to oxidize the metal and low
enough to maintain the high vacuum pump working properly. After the Ti metal reaches a
temperature in the order of 1000 °C [123] it starts to react with the oxygen molecules and in few
minutes the top layer of the target is oxidized and the evaporation process takes place producing a
thin film in the form of TiO, at the substrate. The low deposition rate (~0.01 nm/s) and the continuous

oxygen pressure allow the formation of a thin oxide film at the substrate.
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Two different sets of coatings were produced on top of silicon wafers, one of pure Ti metal and the
other with TiO, both with 100 nm of thickness. The result can be observed in the SEM images on
Figure 3.16. It shows pure Ti (a) and TiO; (b) thin film samples when produced inside the vacuum
chamber with 200 000x magnification. It’s visible high uniformity in both samples with a smoother
surface in the oxide film sample. It suggests the existence of a high homogeneous thin film without

chunks of material.

Figure 3.16 — SEM pictures of the surface silicon wafers coated with pure Ti metal (a) and with TiO2 (b).

After the morphological analysis was accomplished by the SEM images the TiO, sample was object
of chemical analysis with the energy dispersive X-ray spectroscopy module described in section 3.2.2

(Figure 3.17).
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Figure 3.17 — EDS for the TiO2 coating produced with the electron beam evaporator.
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From the Figure 3.17 can be observed the very clean coating layer for energies up to 9 keV where
only a carbon contamination (line C Ka)) and the substrate (band Si K) are present. The Ti L band is
convoluted with the O Ka line. The spectral position of the lines are in good agreement with the

literature [124].

3.2 Structure Analysis

The coatings produced along this work were analysed with some techniques, namely ellipsometry,
scanning electron microscopy, energy dispersive X-ray spectroscopy, X-ray photo electron

microscopy and X-ray diffraction. A brief description of each technique is described next.

3.2.1 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a surface sensitive, non-destructive, non-intrusive optical technique
used to measure the thickness and the optical constants of thin films. It was used in this work to

estimate the RI profile of several samples of TiO, coatings.

Ellipsometry [125, 126] is based on the measurement of the change of the light polarization state

upon reflection on a sample. The fundamental equation is given by equation (3.6)

e tanw:r—pzp (3.6)
I

S

which relates the signal phase shift, A=35 -3, with 8 being the phase angle, and the change in the
relative amplitude of the parallel (p) and perpendicular (s ) components of the reflected electric

field, tany = |rp|/

r,|, where r, and r, are the complex Fresnel reflection coefficients. Modern phase-

modulated ellipsometers measure the parameter values designated as I, and I. , being v and A

calculated using the appropriate formulation:
I, =sin(2y)sin(A) 3.7

I. =sin(2y)cos(A) (3.8)

The characterization involved an initial measurement on the substrate region, not covered by the

film, in order to determine the native silica thickness covering the silicon substrate, assuming a two
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layers structure model. The obtained values for the silica layer thickness were used in the models for
the TiO,.The optical constants for the TiO, films were calculated using the Lorentz model.
(8, —2.)x @
e=g +————
N (coé —(02)+il"w (3.9)
The spectroscopic ellipsometry measurements were made using an AutoSE ellipsometer (HORIBA
Scientific ) with a total of 218 points in the wavelength interval 500-800 nm, an incidence angle

( 6, )of69.8 °, an acquisition time of 40 ms per point and an average of 20 measurements per point,

resulting in a signal to noise ratio of 20. A measurement spot area of 250x250 um? was used. The

surface of the samples was mapped, in order to select a region with a low relative amount of defects.

The RI values of the films were calculated in collaboration with CICECO and Instituto de
Telecomunicagdes (IT) from University of Aveiro assuming a four layers structure model as
illustrated in Figure 3.18. The data were minimised using the simplex algorithm [127] for three

different samples.
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Figure 3.18 — Structure model used to interpret the ellipsometry data. On the right side the thickness of each layer is
indicated.

Figure 3.19 exemplifies the behaviour of the ellipsometric parameters and the data best fit for the
measurements acquired for sample 1. The thickness of the three samples was estimated by the method

with 100.53 £ 0.61 nm, 129.87 = 1.38 nm and 132.10 £ 0.13 nm respectively
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Figure 3.19 — Ellipsometric parameters I (circles) and Ig (squares). The solid lines represent the data best fit

(%?=0.0473) within 500-800 nm. Thickness=132.103 + 0.128 nm with negligible roughness

From the fit described in the previous section, the material dispersion curves were estimated for the

three samples, as shown in Figure 3.20.
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Figure 3.20 — Dispersion curves for all samples extrapolated to higher wavelengths (lines). The RI was obtained
experimentally with the real part (close symbols) and the imaginary part (open symbols).

The ellipsometer is limited to the 500 to 800 nm range and the extrapolation to higher wavelengths

of the real part of RI was provided by the implementation of the Sel/meier equation:
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BA' | B BW

(W) =1
O e R e

(3.10)

where n is the RI, A is the wavelength, B, and C, for i=1,2,3 are the Se//meier coefficients.

From these data is possible to assume that the material is oxidized with a real RI component around
2.2+40.1. From the literature the Ti metal RI real and imaginary components are n = 3.6799 and
k =4.5327 respectively at 1550 nm [128]. Given that the imaginary component of the RI is less than

40.02 it may be assumed that these thin films are not metal.

Each sample was measured in three different locations with low RI variations, suggesting high

homogeneity.

3.2.2 Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy

Scanning electron microscopy is a very useful technique to obtain high resolution and focus images
of coating surfaces or micro and nanostructures. It consist on focusing accelerate electrons onto the
sample with high energy and collect the diffracted electrons, due to the electron sample interaction,
on a detector and construct the image that corresponds to the sample profile. Typically a SEM system
have an electron gun to produce electrons and accelerate them in the sample direction with energies
in the range 1-40 keV being focused in a spot that can be less than 10 nm with a set of electron lenses.
The interaction between the incident electrons with the sample originate several effects as emission
of secondary electrons, backscattered electrons, diffracted backscattered electrons, transmitted

electrons, bremsstrahlung X-rays, visible light (cathodluminescence) and heat [129].

In this work, besides the secondary electrons that produce the SEM images, the backscattered
electrons that were used to detect contrast between areas with different chemical compositions and

the X-rays were used for elemental analysis.

These emissions can be detected with different type of detectors. The secondary electrons are
collected by a scintillator-photomultiplier system known as the Everhart-Thornley (E-T) electron
detector [130]. The secondary electrons hit a scintillator which emits photons which upon incidence
on a photocathode give rise to electrons that are accelerated onto the photomultiplier by applying a

positive bias voltage, increasing the collection efficiency. The backscattered electrons can also be
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detected with the E-T detector however only the electrons that travel along the direct line towards
the detector which reduces the efficiency. The collection efficiency of the backscattered electrons is
improved by increasing the number of detectors, either scintillators or solid-state based with high
solid angle of collection. The volume of interaction follows a drop shape and depending on the energy
of the incident electrons the penetration depth can be from 1-5 pm and the spatial resolution is around

1.2 nm.

The acquisition is accomplished in high vacuum regime, <10~ mbar and the samples tend to become
electrically charged which is an issue in the case of insulator samples. Usually the surface is sputter-
coated with a thin layer of Au in order to facilitate the discharge of the sample. In the case of samples
that could not be coated with a metal, the pressure inside the chamber can be slightly increased and

the discharge is made through the gas, affecting the spatial resolution.

The SEM images of metals and oxides presented in this work were obtained by the model Quanta
400FEG ESEM (FEI corporate headquarters, USA) at the Materials Centre of the University of Porto
(CEMUP). The FEI Quanta 400FEG ESEM equipment is fitted with the model EDAX Genesis X4M
which allows detection of X-rays emission, bring the possibility to identify the chemistry of the

sample (Energy dispersive X-ray spectroscopy - EDS analysis).

The thin film coatings studied along this work and analysed by SEM were the metals nickel (Ni),
copper (Cu), titanium (T1i), zinc (Zn), aluminium (Al), palladium (Pd) and the oxides were silicon
dioxide (Si02), nickel oxide (NiO), copper oxide (CuO and Cu,0), titanium dioxide (TiO,),

aluminium oxide (Al,O3) and zinc oxide (Zn).

3.2.3 X-ray Photoelectron Spectroscopy

Surface analysis can be accomplished by irradiating a sample with mono-energetic soft X-rays and
analysing the energy of the emitted electrons, this technique is called X-ray photoelectron

spectroscopy (XPS) [131], also known electron spectroscopy for chemical analysis (ESCA) [132].

Electromagnetic radiation with energy from 200 eV to 1 MeV falls in the X-rays band and are usually
produced in vacuum by bombarding a metallic anode with high energy electrons emitted by an
electron gun. The energy and the intensity of the emitted X-rays depends on the electrons energy and
on the anode material which typically is magnesium (Mg) or aluminium (Al). Usually is used as X-

rays source the Ka transition of Mg (1253.6 eV), Al or monochromatic Al (1486.7 eV) [131, 133].
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These photons have limited penetrating depth in a solid substrate in the order of 1-10 um. They
interact with atoms in the top layer of the sample and electrons are emitted due to photoelectric effect

[132]. The equation (3.11) returns the measured kinetic energies of the emitted electrons [131].

KE =hv-BE - ¢, (3.11)

where hv is the energy of the incoming photon (X-ray), BE is the binding energy of the atomic

orbital from which the electron originates and ¢, is the spectrometer work function, i.e. the energy

necessary for the electron escape from the material. The chemical state of an atom changes the BE
of a photoelectron. Because each element has a unique set of binding energies the XPS can be used

to identify and quantify the concentration of the elements in the surface of the sample [134].

The equipment used to perform the XPS analysis was the Kratos Axis Ultra HSA (Kratos Analytical
Ltd, UK) at CEMUP which operates in ultra-high vacuum regime, <10® mBar. Photoelectrons
generated are collected with high efficiency using combined magnetic and electrostatic lenses. They
are counted by the delay line detector which provides >100 energy channels which are used to acquire

high resolution spectrum or wide scan or survey spectrum.

The thin film coatings studied along this work and analysed by XPS are the oxides CuO, Cu,0, ZnO,
NiO, Ti02 and A1203.

3.2.4 X-ray Diffraction

The X-ray diffraction (XRD) [135] is based on the interaction of a monochromatic X-rays beam;
with a target material. In this case the incident beam hit the parallel structure planes at an angle and
is reflected at the same angle. The process of diffraction occurs in materials with regular structure
(i.e. crystalline) and the scattered X-rays interfere constructively and destructively forming a specific
diffraction pattern used to identify and characterize all the compound of the lattice. In case of a non-
regular structure, e. g., polycrystalline, aggregate or powder, all possible diffraction peaks from the
powder will be detected because the experimental angle is systematically changed. The scheme of

the XRD process is described in

Figure 3.21.
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Figure 3.21 — Scheme of the X-rays diffraction process.

The blue spheres represent the atoms in the reciprocal lattice where d is the distance between the
planes of the sample formed by the atoms which orientation is defined by the so-called Miller indices
h, kand 1 [136]. The incident X-ray beam is reflected out of the sample and may go through several
slits (collimator and filter) before entering into a detector which registers the intensity at an angle 26
with respect to the sample plane. When an incident beam angle is equal to the angle of reflection, the
beams reflected are in phase with each other; which means that they have path difference proportional
to an integer number of wavelengths. This condition is referred to as the Bragg diffraction condition

described by the Bragg’s Law with the equation (3.12):

nA = 2dsin 6 (3.12)

where n is a positive integer and A is the wavelength of the incident wave, d is the distance between
the lattice planes and 0 is the scattering angle. For specific angles each material satisfies the Bragg
diffraction condition and the interference will be detected with a peak intensity giving origin to a
unique diffraction pattern intensity as a function of 26. Each peak position corresponds to an

orientation of the planes in the lattice defined by the Miller indices.

The X-ray diffraction analysis will be presented and discussed for samples with thin films of CuO,
Cu,0, ZnO, NiO, TiO,, Al,03 and Cr,O3 on top of Si wafers and performed with the XRD model
X’Pert Pro (PANalytical, Netherlands) at the University of Tras-os-Montes e alto Douro, Portugal.

This is equipped with an X-rays source from Cu Ka.
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3.3 - Conclusions

3.3 Conclusions

This chapter was focused on the identification and characterization of different techniques used to
the fabrication of fibre structures as on the morphological and chemical analysis of the coating

surface. The procedures here presented will be applied on the structures studied in the next chapters.
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Chapter 4

Optical Spectroscopy for Sensing Using
Coated Long Period Fibre Gratings

The sensitivity to the external medium and the range of operation are some of the major
characteristics of the fibre optic devices when applied to the sensing field. Structures as long
period gratings present intrinsically good performance which is substantially increased
when specific coatings are attached to the surface. In this chapter a study about the sensing
performance of the deposition of different layers of titanium oxide and zinc oxide over the

gratings is presented.

4.1 Introduction

Optical fibre gratings were briefly introduced in previous sections as wavelength modulation devices
with the correspondent fabrication techniques described in section 3.1.1. In this chapter the detailed
properties of optical structures as fibre Bragg gratings and long period fibre gratings are presented.
Optical fibre gratings, also called band-rejection filters, have a wide range of interesting properties
such as, immunity to electromagnetic radiation, small dimensions and low weight, flexibility, high

melting temperature, high sensitivity and bandwidth, ability to monitor several parameters
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simultaneously, multiplexing (several sensors can be written in the same fibre which allows
measurements spatially distributed), long-distance transmission, possibility of real-time monitoring
and low reactivity of silica. In this chapter the focus is on LPFG sensing devices working as
refractometers which are exploited for a wide range of refractive index (RI) samples. As discussed
before, the bare LPFG has been extensively studied, however is still possible to improve the
sensitivity and accuracy to external mediums either by excitation of higher order modes or by coating
the LPFG surface with thin films of oxides with high RI. In this section LPFGs coated with layers of
titanium dioxide (TiO») and zinc oxide (ZnO) were experimentally characterized to variations of the

surrounding refractive index (SRI) greater and smaller than the cladding refractive index (CRI).

4.2 Gratings in Optical Fibres

A fibre grating can be defined as an optical diffraction grating and its effect upon a light wave

incident on the grating at an angle 6, can be described with the equation:

nsin0, =nsin91+m% “4.n

where 60, is the angle of the diffracted wave, m is the integer that determines the diffraction order

and nis the fibre RI. This equation predicts the directions on which the constructive interference

may occur for specific angle 6, and wavelength A at which a fibre couples light between two modes

efficiently. Figure 4.1 represents the diffraction of a light wave by a grating with period A

Figure 4.1 — Representation of a light wave diffraction by a grating [137].
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Fibre gratings can be classified in two types, Bragg gratings or long period gratings. The former is
related with the coupling between modes propagating in opposite directions while the latter

corresponds to the coupling between modes propagating in the same direction.

4.2.1 Fibre Bragg Gratings

A fibre Bragg grating is produced by inducing small RI changes creating localized mirrors for a
specific wavelength. By combining a set of these mirrors spaced by a period A a modulation is
created as a sinusoidal variation along the core fibre [102]. Typically, the grating period is in the
order of few hundred nanometers. The RI profile along the fibre axis z can be represented as equation

4.2):

n(z) =n,, +on [1 +cos [%H 4.2)

where n_, is the core RI, dn is the applied RI amplitude modulation due to the exposition to UV

radiation and z the length along the fibre. The modulation induced is known as grating planes and

corresponds to the selective mirrors above mentioned.

When light is launched into this structure, part of it is diffracted to the next grating planes and can,
under specific conditions, interfere constructively in the backward direction. This phenomenon

occurs when phase matching between the forward and backward propagation LP,, guided modes is

present. From the mode coupling mechanism the forward propagating fundamental guided mode has

a propagation constant given by

2TCI] eff

B = N

(4.3)

where n; is the effective RI and n,the cladding RI with n_, <n <n_. . The mode coupling

core *

mechanism in FBGs is represented in Figure 4.2. The small dark regions represents the forward and

backward core propagation mode. Obviously, a large AB requires a small grating period.

97



Chapter 4 - Optical Spectroscopy for Sensing Using Coated Long Period Fibre Gratings
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Figure 4.2 — Mode coupling mechanism in fibre Bragg gratings with the propagation constants of the forward and
backward propagating guided modes [12].

Considering that 6, =-6, and combining equations (4.1) and (4.3) the phase matching condition

assume the form:

Ap=p, P =" (44

where B, and B, are the propagation constants of the forward and the backward propagation modes

and AP is the difference in the propagation constants of those two modes.

From equations (4.4) and considering that B, =8, and B, =-f, the phase matching condition is

given by equation (4.5) which is a different way to write the Bragg’s law from equation (3.12):

Ay =20 A (4.5)

where A, is denominated Bragg wavelength. The result is a narrow reflected peak at the reflected

spectrum with a reflectivity calculated by using equation (4.6):

B k’*senh*(SL) . -
RM= 5Bsenh?(SL)+ cosh(SL) S=vk'-3p (4.6)

where L is the length of the grating, k is the coupling constant, A is the grating period,
8B =B, —m/A, is the detuning parameter, B, =2mn_ /A is the propagation constant of the guided

mode with n_; the effective RI of the core and A is the radiation wavelength.

The reflectivity is maximum when 83 =0 is verified:

R, =R(,)=tgh’ (kL) 4.7)

98



4.2 - Gratings in Optical Fibres

The remaining broadband light signal is transmitted with a transmittance given by (considering an

ideal situation):

T(hy) =1-R(hy) (4.8)

The optical spectra of a generic FBG is shown in Figure 4.3 in both reflection (a) and transmission

(b) modes.
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Figure 4.3 — Typical spectra of a FBG inscribed in a hydrogen loaded optical fibre through the mask technique with an
UV laser: (a) reflection mode, (b) transmission mode.

The reflected signal was adjusted to a Gaussian curve showing a very narrow band with a full with
half maximum (FWHM) of 0.51 nm which makes the interrogation easier and allow the possibility
of implement a series of FBGs in a limited spectral window. In addition, the transmitted spectrum

presents the full transmitted signal without the reflected narrow band.

The FBG modulation is applied to the core fibre and the light is not coupled to the cladding which
makes it insensitive to the SRI medium. The applications in the sensing field are very wide [11, 138]
but the main efforts are based on the high sensitivity of strain and temperature sensors [81]. When
the section of the fibre grating is stretched the grating period A changes leading to a wavelength
shift in the spectrum of the resonant peak. The same effect occurs with temperature, due to the
thermal expansion coefficient of the silica reaching a wavelength shift higher than 10 pm/K, and with

changes in the refractive index of the core/cladding materials.

The FBGs can be used also as refractometric sensing devices. As an example, the silica cladding can
be replaced by the measurand medium changing the effective Rl which can be achieved with some
geometrical changes, as polishing or etching until the core is exposed, or even produce them in certain

microstructured fibres [139]. Up to now only the RI modulations produced perpendicular to the
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propagation direction were being considered but they can be produced by introduced a modulation
oriented with a specific angle producing tilted FBGs [140]. With a tilt angle besides the mode
coupling between forward and counter propagating modes, typical for the common FBGs, the mode
coupling between forward propagating core mode and counter propagating cladding mode or the

mode coupling between the forward propagation core mode and the radiation mode may also occur.

4.2.2 Long Period Fibre Gratings

Like the FBGs, LPFGs are obtained by introducing a periodic modulation in the RI of the fibre core
along the z axis [12]. In general, the RI modulation period is in the range 100 um to 1000 um and

has a length of a few centimetres.

This kind of structures can be considered as a different type of FBG in which the period of the RI
modulation is such that a phase matching condition between the fundamental core mode and a

forward propagating cladding mode of an optical fibre exists.

The mode coupling mechanism in LPGs is represented in Figure 4.4.

AP=27/A
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Figure 4.4 — Mode coupling mechanism in long period gratings with the propagation constants of the forward
propagating guided modes [12].

The small dark region represents the forward radiation modes at the cladding and the smaller AB

requires a higher grating period.

From equations (4.3) and (4.4) and considering that B, =B, and B, =B" the phase matching

condition assumes then the resonance condition of a long period grating given by equation (4.9):

h=[ng(1)-ni, (1) ]A (4.9)
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4.2 - Gratings in Optical Fibres

where n_ (1) is the effective RI of the propagating core mode at wavelength A, n! (1) is the

effective RI of the i" cladding mode and A is the period of the LPFG. As a result, several attenuation
bands are generated in the transmission spectrum of the fibre [13]. Each of these attenuation bands
are a result of a portion of light that is coupled from the core to a specific cladding mode which

corresponds to a minimum of transmission T, and calculated by the equation:

1

T, =1-sin’(k,L) (4.10)

where L is the length of the LPFG and k, is the coupling coefficient for the i" cladding mode. An

example of the LPFG transmission spectrum is shown in Figure 4.5 produced by the electric arc

technique with a period of 396 um.

FWHM 13.4 nm
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Figure 4.5 — Typical spectrum of a LPFG inscribed in a common optical fibre through the electric arc technique with
396 um period.

Each attenuation band corresponds to a specific coupled cladding mode. Compared to the FBG the
bands are much wider with FWHM around 13.4 nm. Therefore, the attenuation bands are not

reflected back so they are typically used in transmission mode.

The wavelength position of this attenuation band depends on the SRI by changing the effective RI
of the i" cladding mode. The sensitivity to the SRI depends on which cladding mode is being
considered and in general it increases with the order mode until reaches the so-called turning point
were the sensitivity is maximum [141]. At this point each grating period presents two resonance

wavelengths at each cladding mode where the phase matching condition is satisfied. The difference
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in wavelength of those two resonances at a specific mode provides higher sensitivity than the
common LPFGs. Higher order modes can be achieved with lower grating periods until the turning

point is reached, which is true for periods less than 300 um [15] at 1.5 pm.

The sensitivity to SRI at the grating region is the key feature of an LPFG enabling the use as a sensing
element device in chemical and biochemical analytical measurements [16], for the detection of
organic aromatic compounds [142] or as biosensor [143]. Nevertheless, this kind of structures have

also been used as strain, bending and temperature sensors [107].

As the SRI changes from a RI of ~1, in air, to near CRI with liquid solutions, the main effect is a
shift to shorter wavelengths of the attenuation bands, which increases for higher order modes. It has
been demonstrated [144] for this kind of structures, the highest wavelength and transmission
sensitivity to the external medium occurs for SRI values slightly lower that the CRI, above that value
the sensitivity is negligible, as can be seen in Figure 4.6, which illustrates the wavelength shift of a

bare LPFG for a wide RI range [14]. A higher sensitivity for the higher order modes is expected.
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Figure 4.6 — Wavelength shift of a LPFG attenuation band with a period of 400 pm in function of the surrounding RI
[145].

When the SRI is higher than the CRI all the attenuation bands show a considerable reduction in
wavelength and transmission sensitivity [146]. This drawback can be overlapped by coating the
LPFG with a material that has a RI higher than the CRI. The coating of LPFGs with Langmuir-
Blodgett nanolayers was first proposed by Tatam et al. [147]. Comprehensive theoretical and

numerical investigations with experimental demonstrations have shown that high RI layers induce
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strong changes on standard LPFG spectral properties by favouring the transition between cladding
guided modes to overlay guided modes, through the change of the wavelength and the minimum
transmission value of the attenuation band [148-152]. According to the theory of LPFGs described
previously, there is a dependence between the spectral positions of the attenuation bands with the
effective refractive index of the cladding modes, which in turn, depends on the refractive index of

the external medium.

For instance, the deposition of a TiO, or ZnO thin film on the LPFG sensor induces a re-distribution
of the cladding modes that leads to a wavelength and amplitude shift of the attenuation bands. A
systematic study of LPFGs coating with TiO, and ZnO over layers with different thicknesses and for
SRI from 1.000 to 1.600 is presented next section.

4.3 Enhanced RI Sensing Characteristics of LPFGs with Over
Layer Coatings

The LPFG sensing device working as refractometer is exploited in this section for a wide range of
RI samples. As discussed before the bare LPFG has been extensively studied, however is still
possible to improve the sensitivity and accuracy to the external mediums either by excitation of
higher order modes or by coating the LPFG surface with thin films of oxides with high RI, as TiO2
or ZnO.

Two sets of LPFGs were produced by using the electric arc technique as described in section 3.1.1,

coupling the core mode to the LP, cladding modes, which corresponds to an antisymmetric

perturbation, according to Ivanov and Rego [153]. Well defined attenuation bands are formed with
periods of 396 um and 387 um at 1550 nm and 1480 nm respectively, corresponding to the

antisymmetric 6" order cladding mode, in standard single mode fibre (SMF28, Corning, Inc.).

In general, the grating attenuation band value was reached with a sensor length of 45+5 mm. The
LPFGs were then coated with metal oxides. The first set was coated with TiO, and the second set
with ZnO. The procedure to overcoat both sets was based on the e-beam thermal evaporation as
described in section 3.1.3. While the TiO, was produced during the deposition from pure titanium
oxygen atmosphere, the ZnO was produced from pure zinc with post thermal oxidation. The
improvement of the adhesion between the silica fibre and the Zn metal coating was accomplished

with a 3 nm layer of chromium (Cr).
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All the LPFGs were optical characterized using the setup is illustrated in Figure 4.7 where the LPFGs
were placed in a transmission configuration with a light source and an optical spectrum analyser
(OSA). One end of the fibre was clamped with a magnet and the other end was fixed with a mass of
5 gin order to guarantee the fibre is stretched at a constant tension and with the same opto-mechanical

characteristics.

LPFG Oxide coating

Fibre cladding Light OUT

Light IN

).‘

Liquid sample

V groove

Light OUT

Sensing region / {f-_

Mass

Light IN

Figure 4.7 — Scheme of the measuring setup with an optical source, an optical spectrum analyser and the sensing device
magnified on the top.

The studies were performed by measuring the transmission spectral characteristics of each coated
LPFG when the SRI at the sensing device was changed from 1.300 to 1.640 at 589.3 nm using a set
of RI calibrated oils (Cargille-Sacher Laboratories Inc., NJ. U.S.A.). The oil sample to be tested was
placed in a glass V groove aligned with the sensing region in the fibre covering the entire LPFG
length. After each measurement both fibre and the V groove were flushed with acetone to avoid

contamination to the next oil sample.

4.3.1 LPFGs Coated with Titanium Dioxide Thin Films.

Titanium dioxide is probably the most studied material in the surface science of metal oxides [154].
TiO; is nontoxic, biocompatible, corrosion free and low cost material which during the past decades

was applied to emerging areas as photovoltaics, photocatalysis and sensors [155].
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—  Materials and Methods

The first set of LPFGs was coated with TiO, with thicknesses of 10, 20, 30, 40, 50, 60 and 80 nm
with an RI estimated to be 2.2 £ 0.1 by the ellipsometric characterization described in section 3.2.1.
The sensing device was characterized using the setup shown in Figure 4.7 with a white light optical
source as the input optical signal to the OSA (model ANDO AQ 6315B). The broad band source
chosen is useful to work in a wide wavelength range allowing the characterization of several cladding

modes in the same spectra acquisition.

- Experimental Results and Discussion

Figure 4.8 shows the transmission spectra from 1200 to 1600 nm of a bare LPFG and with a 20 nm
thick TiO, film with air as external medium. The inset is the magnification of the LP;s cladding
mode. A blue-shift of all bands was expected [148], and is consistent with the results presented for a
LPFG coated with a Langmuir-Blodgett thin film [146]. A shift to shorter wavelengths of about
3.0 nm for the LP;s was measured. Also, it was observed a decrease of the amplitude of all bands,

more pronounced for the higher LP;s cladding mode.
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Figure 4.8 — Transmission spectra of a bare LPFG and with a 20 nm thick TiOz film with air as external medium.

Figure 4.9, Figure 4.10 and Figure 4.11 present the measured transmission spectra corresponding to
LP14, LP;s and LP;s modes, respectively, and for several SRI values between 1.300 and 1.600. The
behaviour of a bare LPFG is shown in Figure 4.9-(a), Figure 4.10-(a) and Figure 4.11-(a), while the
dependence of a LPFG with 40 nm of TiO, with RI changes is presented in Figure 4.9-(b), Figure
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4.10-(b) and Figure 4.11-(b). A blue-shift of both LP4, LP;5 and LP¢ bands is observed until the
value of the SRI is comparable to the CRI (1.457) of the fibre. For SRI higher than CRI a shift for
higher wavelengths is observed together with a substantial reduction in the attenuation of the bands.
Although this behaviour is similar for both types of LPFG, the wavelength and attenuation shifts
with variation of the SRI are more stressed for the coated LPFG due to the higher effective SRI.
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Figure 4.9 — Transmission spectra of the LP14 mode for several SRI values: (a) for a bare LPFG; (b) LPFG coated with
40 nm of TiO».
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Figure 4.10 — Transmission spectra of the LP1s mode for several SRI values: (a) for a bare LPFG, (b) for a LPFG coated
with 40 nm of TiOx.

Modes LP4 and LP;s of the bare LPFG have low wavelength sensitivity for the all range of SRI

values, Figure 4.9-(a) and Figure 4.10-(a). On the other hand, for a coated LPFG (40 nm TiO,), from

Figure 4.9-(b) and Figure 4.10-(b) an increase in sensitivity, albeit small, can easily be noticed. The

wavelength sensitivity to variations in the SRI increases with the order of the cladding modes [12],

as it can be verified comparing the data here presented.
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Figure 4.11 — Transmission spectra of the LP1s mode for several SRI values: (a) for a bare LPFG; (b) LPFG coated with
40 nm of TiOx.

The mode LPs presents higher wavelength shift than the LP4 and LP;s, either for the bare or for the
coated LPFG. From the Figure 4.11 (LP;s mode), it is obvious an increased sensitivity of the coated
(a) over the bare (b) LPFG for SRI values from 1.300 to 1.400. According to Vengsarkar et al. [12],
bare LPFGs are not sensitive to wavelength and have low attenuation sensitivity for SRI above the
CRI. However, for SRI higher than the CRI the coated sensor presents a large wavelength shift, while

the bare LPFG sensitivity is insignificant.

The normalized wavelength shift to the initial state (at RI = 1.000) as a function of the SRI, from
1.300 to 1.640, is shown below for the LP ;s mode for a LPFG without thin film and for LPFGs with
several values of TiO; film thickness between 10 and 80 nm. The Figure 4.12 shows the wavelength
shift for SRI up to 1.460 where the attenuation mode is no longer visible while the Figure 4.13 shows

the same for SRI higher than 1.420.

For SRI values smaller than the CRI, in particular from 1.300 to 1.400, the wavelength shift increased
for all the film thicknesses considered. This region is quite interesting due to the characteristic of
many biological materials, although a bare LPFG is virtually useless. For example, in the 1.340 to
1.360 RI region, the average wavelength shift indicates a sensitivity of 100 nm/RIU for the bare
LPFG and 215 nm/RIU for a 40 nm TiO; coated LPFG. Also, the corresponding value is 330 nm/RIU

for a 60 nm coated sensor.

It can be seen, in the region of SRI smaller than the CRI, the well-known LPFG high wavelength
sensitivity feature moves to shorter wavelength as the thin film thickness increases. As the coating
thickness increases the range of refractive indices analysed is reduced because the attenuation band

corresponding to the LPis mode disappears. The introduction of an over layer changes the coupling
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condition of the LPFG increasing the effective RI of the external medium leading to higher

sensitivities in a wider RI range.
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Figure 4.12 — Normalized wavelength variation with the SRI for a LPFG without thin film and for LPFGs over coated
with 10 to 80 nm of TiOz for the RI range from 1.300 to 1.460.
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Figure 4.13 — Normalized wavelength variation with the SRI for a LPFG without thin film and for LPFGs over coated
with 10 to 80 nm of TiO:z for the RI range from 1.420 to 1.640.

For SRI higher than the CRI, a steady increase of the wavelength shift with the thin film thickness
was observed, whereas the bare LPFG presents any shift in wavelength. In particular, for the LPFG
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coated with 40 nm, the average sensitivity is about 825 nm/RIU in the RI region between 1.460 and
1.480.

A close observation of Figure 4.13 reveals that values of the SRI in the range 1.420 to 1.460 can lead
to different positions in the wavelength spectrum (in the right or left side of the initial state)
depending on the value of the thin film thickness. Assuming a linear approximation, from Figure
4.13, a negative average wavelength sensitivity above 5250 nm/RIU was calculated in the RI range
from 1.444 to 1.456 for a 50 nm thick film. However, there is a small difference in the wavelength
shift for different film thicknesses in the flat region of RI above 1.480 (about 20 nm for TiO;

thicknesses from 10 to 80 nm).

The Figure 4.14 and Figure 4.15 presents the 1% derivative of the data plotted in Figure 4.13. It can
be easily observed that the sensitivity increases with the TiO, coating being possible to choose the
correct film thickness depending on the SRI that needs to be measured. When the RI approaches the
CRI the sensitivity to the SRI is considerable increased up to 2000 nm/RIU. In spite of the extinction
of the band occurs for lower RIs when the thickness of the TiO, coating is increased the sensitivity

is in general improved.
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Figure 4.14 — Wavelength sensitivity as a function of the SRI for a LPG without thin film and for LPGs over coated with
10 to 80 nm of TiOz for the RI range from 1.28 to 1.46.

From the Figure 4.15 the sensitivity to the SRI reaches values over 10 000 nm/RIU by using a coating
layer of TiO, with 40 nm of thickness. In addition the RI range of operation with improved sensitivity

is wider allowing to be used with analytes for which bare LPFGs are useless.
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Figure 4.15 — Wavelength sensitivity as a function of the SRI for a LPG without thin film and for LPGs over coated with
10 to 80 nm of TiOxz for the RI range from 1.420 to 1.640.

Without any coating, only the surrounding medium influences the effective index of the cladding
mode. Increasing the film thickness both, film and external medium, influence the cladding mode
because the external average RI increases. Above a certain thickness the average RI is equal to that
of cladding and no guided modes are supported by the cladding and no attenuation bands are observed
[147] For higher film thicknesses the attenuation bands can be explained by the existence of leaky
modes due to the RI profile. Increasing de SRI the leaky mode become better confined with additional

attenuation [14].

The variation in the attenuation was also studied for the mode LP;s when the SRI is changed from
1.300 to 1.640 and considering the same coating thicknesses as before. From Figure 4.16 the
attenuation shift for SRI higher than the CRI is not relevant for sensing capabilities but for the SRI

lower than the CRI the result is very interesting.

The dependence of the attenuation with the coating thickness when considering the the same RI is
notorious and this effect can be used to apply the highest attenuation sensitivity to the RI working

range when required.
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Figure 4.16 — Comparison of the LP16 mode attenuation of a bare LPFG and LPFG with TiOz coatings, for several SRI
values between 1.300 and 1.600.

4.3.2 LPFGs Coated with Zinc Oxide

ZnO is an advantageous material for the implementation of chemical sensors [156], because of its
optical and electrical properties and the variety of methods available for its synthesis [157], and the

multiplicity of geometries that can be produced [158].

The RI of ZnO is smaller than the TiO,, around 1.929 at 1450 nm [159], but higher than the pure

silica which would still increase the sensitivity of the LPFGs.

—  Materials and Methods

A set of metal Zn thin films was deposited around the LPFGs in the range from 10 to 100 nm of
thickness for optical characterization. They were then oxidized by thermal annealing in air at 400 °C
for 1 hour with ZnO oxidation state. The detailed oxidation process and the morphological analysis
will be discussed in detail in the Chapter 6. At this point is important to retain that the final oxide
thin film is ZnO with a thickness higher with a factor of 2.9 in relation to the as deposited metal

coating,

The LPFGs coated with ZnO were characterized using the same setup (Figure 4.7) although with the
input light from a super luminescent diode source (SLD) model SSFC1550S-A2 (Benchtop SLD —
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Throlabs, Germany) and the detection from an optical spectrum analyzer model Yokogawa AQ

6370D.

- Optical Characterization of ZnO Coated LPFG

Transmission spectra, from 1350 to 1600 nm, are presented in Figure 4.17 showing the curves
corresponding to LPis mode of a LPFG with an 87 nm thick ZnO coating, for several SRI values
between 1.300 and 1.600.
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Figure 4.17 — Transmission spectra corresponding to the LP1s mode of a LPFG with an 87 nm thick ZnO coating, for
several SRI values between 1.300 and 1.600.

A blue-shift of the resonance band is observed until the value of the SRI is comparable to the CRI
(1.457) of the fibre.

For SRI higher than the CRI a shift for higher wavelengths is observed together with a substantial
reduction in the attenuation bands. In spite of this behaviour being present on both bare and coated
LPFGs, the wavelength shift and the attenuation variation with the SRI are more marked for the

coated LPFG due to the higher effective SRI.

The normalized wavelength shift to the initial state (corresponding to the RI=1.00) as a function of
the SRI, from 1.300 to 1.600, is shown in Figure 4.18 and Figure 4.19 for a LPFG without coating
and for LPFGs with several values of ZnO thickness between 58 and 145 nm. For instance, in the
1.320 to 1.360 region, the average wavelength shift indicates a sensitivity of 56.3 nm/RIU for the
bare LPFG and 806.3 nm/RIU for a 145 nm thick ZnO coated LPFG. It is important to emphasise
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that when the SRI is smaller than the CRI of the LPFG the high wavelength sensitivity feature moves

left to smaller RI values as the ZnO thickness increases, Figure 4.18.

With the increasing of the coating thickness the range of SRI decreases since the attenuation band
disappears. This can be explained by an eventual complex RI of the ZnO coatings that would give

rise to vanishing of modes, as it was observed previously, experimental and theoretically [152, 160].
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Figure 4.18 — Normalized wavelength shift as a function of the SRI for a bare LPFG and for LPFGs coated with 58 to
145 nm of ZnO in the RI range from 1.300 to 1.460.

For SRI higher than the CRI an increase of the wavelength shift with the thin film thickness was
measured, while for the bare LPFG there is no wavelength shift. For instance, in the RI region
between 1.450 and 1.470, characteristic of most mineral and edible oils for example, the average
sensitivity is about 3433 nm/RIU, for a 58 nm thick film. Assuming a linear approximation, from
Figure 4.19 an average wavelength shift sensitivity of 5925 nm/RIU was calculated in a broad range

of RI values, from 1.440 to 1.460, for a 116 nm thick film.

The sensitivity level for all the ZnO coating thickness was estimated in the RI range from 1.300 to
1.600 applying the 1* derivative function to the data plotted in Figure 4.18 and Figure 4.19. The
results are shown in Figure 4.20 and Figure 4.21. It can be easily observed that the sensitivity
increases with the ZnO coating, as was obtained with TiO coated LPFGs. The same possibility to
choose the correct film thickness according to the SRI that needs to be measured was found. The
sensitivity can be as high as ~1400 nm/RIU at an RI of 1.360, a region characteristic of volatile

organic compounds (VOC) such as ethanol and acetone.
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Figure 4.19 — Normalized wavelength shift as a function of the SRI for a bare LPFG and for LPFGs coated with 58 to
145 nm of ZnO in the RI range from 1.420 to 1.600.

The Figure 4.20 shows a considerable improvement in the sensitivity to the external RI and a better
performance is achieved in comparison to the same obtained using the TiO, coated LPFGs. In the
Figure 4.21 the wider range of RI with high sensitivity need to be highlighted, in particular for lower
values than the CRI. Moreover, the combination of several LPFGs with different coatings can lead
to cover a full RI range with high sensitivity, in particular from 1.43 to 1.48 where the bare LPFG
has a discontinuity. To check the stability/repeatability of the process, several acquisitions were

obtained, confirming the effectiveness of this sensing structure.
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Figure 4.20 — Wavelength sensitivity as a function of the SRI for a bare LPFG and for LPFGs coated with 58 to 145 nm
of ZnO in the RI range of 1.300 to 1.460.
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Figure 4.21 — Wavelength sensitivity as a function of the SRI for a bare LPFG and for LPFGs coated with 58 to 145 nm
of ZnO in the RI range of 1.420 to 1.600.

The spectral resolution R is calculated considering the values obtained from two measurement

associated with two different values of the external RI, obtained from the following expression [161]:

c on

< "5 4.11)
RI

where 8n is the RI difference, S,, is the sensitivity to RI variations, 8 is the difference in the

wavelength resonant dip and o is the highest standard deviation of two steps.
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Figure 4.22 — Normalized wavelength shift of the dip of the LPFG when the SRI undertakes step variations.
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From the data shown in Figure 4.22 a spectral resolution better than 2.4x10™ was calculated in the

RI range of 1.452 to 1.456.

The sensitivity to the SRI manifests also as a change in the minimum of the transmission value of

the attenuation band, as can be seen in Figure 4.23 for ZnO films with thicknesses from 0 to 116 nm.
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Figure 4.23 — Optical power shift of the LP1s mode for several surrounding RI values in the range from 1.300 to 1.600
with a comparison of the bare LPFG and LPFGs with ZnO coatings of 58, 87 and 116 nm thick. The 87 nm thick ZnO
coating is with a linear fit in the RI range from 1.340 to 1.420.

The behaviour is similar to the same with TiO, coatings in Figure 4.16. For the particular case of
87 nm coated LPFG the attenuation variation with RI lower than the CRI presents a good linear
behaviour. Therefore, this coated LPFG could be used as an intensity sensor in a wide range of RI,
from 1.340 to 1.420, with high sensitivity, 216.4 dB/RIU, and linearity (R*=0.994). As intensity

sensor a RI resolution better than 1.55x107 was calculated.

4.4 Conclusion

Optical fibre sensors based on coated long period fibre gratings were studied and enhanced results
were achieved improving the sensitivity and the range of RI operation. Two distinct metal oxides,
TiO, and ZnO with different fabrication methods were discussed in this section with high sensitivity

to the external medium covering a wide range of refractive indices.

The study to optimize the wavelength sensitivity to the external medium of TiO; coated LPFGs was

performed by varying the thickness of the films between 10 and 80 nm. The systematic measurement
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of the transmission spectrum allowed the calculation of the wavelength sensitivity as a function of
the film thickness and of the SRI medium in the 1.300 to 1.600 RI range. The TiO; coated LPFGs
presents an improved wavelength sensitivity in the 1.300 to 1.400 RI range, thus adding an extra
degree of freedom to design LPFG sensors able to analyse aqueous and organic samples or to monitor
biological processes. In the region above the CRI, in particular in the 1.460 to 1.480 RI region, the
TiO, coating also enables LPFG to be used as refractometer of liquid mixtures, for example of

mineral or edible oils.

Measurement of the transmission spectrum of LPGFs coated with ZnO allowed the calculation of the
wavelength and attenuation sensitivity as a function of the film thickness (from 29 to 145 nm) and
of the SRI medium in the 1.300 to 1.600 RI range. An improved wavelength and attenuation
sensitivities in the 1.320 to 1.360 and in the 1.350 to 1.420 RI ranges, respectively, was achieved,
thus adding an extra degree of freedom to design LPFG sensors able to analyse liquid organic
compounds. In the region above the CRI, in particular from 1.450 to 1.470 RI, the ZnO coating

enables LPFGs to be used as refractometer of liquid mixtures, for example mineral or edible oils.

These two works provide a detailed and systematic experimental results about coated LPFG with two
king of materials which opens the possibility of tuning the optical response of LPFGs to be used in

a wide range of possibilities in external mediums with RI.

In both cases the sensitivity to SRI values from 1.300 to 1.400 was considerable improved, a region
typical of certain chemical and biological systems where a bare LPFG is useless. This study is

important for further development of new applications.
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Chapter 5

Gas Sensing Spectroscopy

The detection of gases (and vapours) is a rather important topic in human health and in the
safety of people and property. The typical electric sensing devices are simple and robust but
in high temperature environments or where high risk of explosion exists they cannot be used.
Fibre optic sensing devices could be an alternative. This chapter intends to introduce a study

with a set of sensing devices to measure the concentration of different gases.

5.1 Introduction

One of the most effective ways to optically detect gases (and vapours) is by using its optical
absorption characteristics. Gases and vapours have well defined optical absorption spectral bands
which can be used as a fingertip for their identification. These absorption bands can be used to
identify and quantify the components of the gas medium with high resolution through the direct
light/analyte interaction. The need of high power lasers at specific wavelengths make these systems
expensive. In addition, the length of interaction should be large enough to improve the signal-to-
noise ratio to a value compatible with the desirable performance, but this approach causes alignment

issues even when optical fibres are used.
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Simple methods can be applied to the detection of gases and vapours, in spite of lower resolutions
and in some cases, low selectivity. Some solutions are presented in this chapter using small and
reliable devices in optical fibres. In following sections are presented three different configurations
based on: 1) a single Fabry-Perot interferometer (FPI), ii) a fibre Bragg grating (FBG) and iii) a long
period fibre grating (LPFG). In single Fabry-Perot interferometers the light interacts directly with
the gas medium changing the spectral characteristics. In the FBG configuration, a metal coating
absorbs hydrogen, which induces strain to the fibre, therefore changing the Bragg wavelength peak
position. The LPFG configuration consist on the change of the evanescent field spectral properties

when the LPFG covered with a specific coating is in contact with the gas.

5.2 Fabry-Perot Based Interferometry Applied to Gas
Detection

5.2.1 The Working Principle

Fabry-Perot interferometer is commonly used as a high-resolution optical spectrometer [162]. It is
based on the interference of multiple Fresnel reflection of plane waves at two separated highly
parallel mirrors as described in Figure 5.1. The interface between two different mediums can act as
a partly transparent mirror and reflecting a small amount of the incident light at each interaction.
With appropriate configurations they can be applied to optical fibre sensing devices [17]. In this case,
typical FPIs can be classified in two types: extrinsic when the cavity is external to the fibre and
intrinsic when the cavity is embedded within the fibre. The medium between the mirrors can be air
[163], polymers [164] or water [165] depending on the application. Low finesse fibre FPI are
commonly used as optical sensors for measurements of physical parameters such as strain,

temperature, refractive index or pressure [166-168].

The output optical signal is given by the interference of the transmitted and reflected components,

T, and R, , respectively.
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Figure 5.1 — Scheme of the Fabry-Perot interferometer principle.

The transmitted and reflected power that comes out from the FPI can be obtained by assuming that

none of the incident energy is absorbed. In this case the flux density of the incoming wave I, should
be equal to the sum of the flux density reflected (I, ) and transmitted (I,) from the cavity. So
I, =1, +1, and the total power reflectivity R, and transmissivity T,, of the FPI are given by equation

(5.1) and equation (5.2), respectively [169, 170];

1, Fsin’(¢/2)
"L 1+Fsin® (¢/2) (-1

i

| I S
T L 1+Fsin®(¢/2)

1

(5.2)

where ¢=2n0P/A is the phase delay, caused by the internal reflections in the cavity, OP is the

optical path length difference within the cavity given by OP =nlcos0 and F is the finesse coefficient

of the interferometric channelled spectrum:

2
F- [lzf{%j (5.3)
— Brp

The length L of the FP cavity can be obtained by analysing the output spectrum when the refractive

index of the medium is constant [171].
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th

where A, and A _, are the peak wavelengths corresponding to the maximum of the m" adjacent

fringes of the FPI and n,, is the refractive index of the cavity.

5.2.2 Extrinsic Fabry-Perot Cavity

One simple way to illustrate the FPI with single mode optical fibres is to use a cavity between two

aligned fibre connectors through a sleeve as shown in Figure 5.2.

Ferrule

Optical fibre Cavity | ;'_

connector

Figure 5.2 — Optical fibre Fabry-Perot cavity created using two ferrules (connectors FC/PC from a commercial patch
cord) and a sleeve.

The Figure 5.3-(a) shows the reflected spectra for three low finesse FP cavities with different lengths
obtained in a sealed chamber in vacuum (continuous lines) and at 100 kPa of nitrogen (N, ) (dashed
lines). The number of fringes in the same wavelength interval depends on the length L which can be
calculated using equation (5.4) with the values L; = 68 um, L= 126 um and L3 =262 pum assuming
the refractive index of 1.000. Smaller the length higher the fringe period and amplitude as expected.

One fringe of each spectra was monitored while the N, pressure was increased up to 480 kPa and

the wavelength sensitivity is shown in Figure 5.3-(b).

25 T T T T T T 24 T T T T T
-0 ::; (a) Slope R2 (b)
= B L1 3.11E-03 0.9998
R Vacuum e L 4
ol L3 Vacu . 1207 2 416E03 09097
s = £ L3 4.22E-03 0.9988
=
= . e 16 N T
5 15F 480 kPa N, = I 2
= £
3 S 12F &
= 5
e T 08f y e
o 2 e A
//
04 &/ e 4 L1
o L2
0 e L3
0.0 Nz 1 I L ! L i = 0.0 I I ! 1 1
1550 1555 1560 1565 1570 1575 1580 1585 0 100 200 300 400 500
Wavelength (nm) Pressure (kPa)

Figure 5.3 — Optical behaviour using different cavity lengths, Li=68.4 pm, L>=126.7 um and L3=262.0 um: (a) Spectrum
variations of the cavities at 0 and 480 kPa; (b) wavelength sensitivity to N2 for pressures up to 480 kPa.
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The sensitivity depends on the optical path and for the smaller cavity length the sensitivity is lower
as observed. The effect of the gas pressure on the cavity length should be very small and can be
neglected. On the other side the refractive index of the cavity changes and affects the spectral

response. This is one of the processes that can be used to measure the refractive index of gases [172].

The same structure was applied to different gas mixtures using a cavity with 125.8 um length and

the results are depicted in Figure 5.4.
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Figure 5.4 — Wavelength sensitivity to 100 % of N2, 2 % of CH4 and 50% of CHa for pressures up to 480 kPa using a
cavity with 125.8 um length.

Despite the sensitivity of the FP to the refractive index is constant, the sensitivity to the pressure
depends on the gas and, in theory, can be used to estimate the gas refractive index at each pressure
value. It is known that the gaseous RI is dependent of the pressure, temperature and composition
[173]. From the experimental data and for the same applied pressure the wavelength shift is slightly
higher when 2% of methane (CH, ) is added to the final N, composition. A more evident situation
is when the concentrations of CH, and N, are 50%. The sensitivity changes from 4.15 nm/MPa with

N, atmosphere to 5.20 nm/MPa by adding 50% of CH, . This is in agreement with the RI values for

N, (1.0002911 at 546 nm) and CH, (1.0004478 at 529 nm) [174].
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5.2.3 Simultaneous Measurement of Partial Pressure of O and CO; with

a Hybrid Interferometer

Low finesse fibre FP interferometers are commonly used as optical sensors for measurements of
physical parameters such as strain, temperature, refractive index, pressure, and others [166-168].
Several authors have applied the chemical etching technique to create optical fibre sensors based on
FP cavities to measure refractive index in liquids with temperature displacement [167], as well as
strain and temperature [168]. Simultaneous measurements of the partial pressures in a mixture of two

gases, oxygen (O,) and carbon dioxide (CO,), is reported in this section based on hybrid

interferometer which consists of a low finesse intrinsic FP cavity and a modal interferometer (M).

- Experimental Setup

The intrinsic FP cavity was created by splicing an SMF with a graded index multimode fibre (GIF)
section with 62.5 pm core diameter (GIF625) that is approximately 150 pm long. The fibre tip was
then chemically etched by immersion in a solution of hydrofluoric acid (HF) at 48 % during 8 min,
creating a ~83 pm long concavity in the GIF section. The fibre with the concavity was then spliced
to a cleaved silica tube section 125 pm in diameter and 1.3 mm in length, and a centred hole with
20 um of diameter. This last fusion was done with the splicing machine on a manual mode by a
controlled arc discharge (1=32mA, t=550ms) being monitored in real time with an optical
spectrum analyser (OSA). The experimental setup used for characterization of the sensor is shown
in Figure 5.5 together with the image of the described sensing device obtained by an optical

microscope.
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Figure 5.5 — Experimental setup used to characterize the sensor with different gaseous environment.
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The experimental setup consisted of an optical broadband source (C+L bands) centred at 1550 nm
wavelength with a bandwidth of 100 nm. The optical circulator was used to redirect the reflected
spectrum towards the OSA (ADVANTEST Q8384) with a resolution of 10 pm to observe the spectral
response of the sensing tip. The FP interference is produced with the two waves indicated by the

arrows in Figure 5.5.

All the tests were performed in a stainless steel vacuum chamber where two different gases can be
mixed to allow variation of the concentration by changing the partial pressures of O, and CO, (Linde
Portugal, Lda) both with purity levels of 99.995 % which were monitored with a pressure gauge
(model KELLY ECO 1). The chamber is connected to a primary vacuum pump to remove the air
inside, clean all the pipes in the system, maintaining the purity of the atmosphere. The fibres were
placed inside the chamber with a feedthrough that is used to isolate the sensing device from

atmosphere medium.

- Results and Discussion

The spectrum obtained when the sensor is placed in CO, environment at the atmospheric pressure is

depicted in Figure 5.6-(a).
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Figure 5.6 — (a) Spectrum of the light returned from the sensing device in a 100% COz atmosphere at 100 kPa pressure;
(b) and (c) corresponds to the Fabry-Perot and the modal interference components, respectively.
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The result is a superposition of two different interferometric components, one created in the FP cavity
(b) and the other in the silica tube (c). The low finesse FP cavity spectrum was obtained by adjusting
the original spectrum to a sine function while the mode interference spectrum was obtained by
subtracting the original curve to the sine function which appears to be very stable along time for

different pressure measurements

The sensing tip was then characterized inside a pressure chamber with two different gases, O, and

COa,. For each one the pressure was changed from 0 to 600 kPa with steps of 100 kPa.

The results are presented in Figure 5.7-(a) and Figure 5.7-(b) considering both gases studied and the
two interference patterns generated at the sensing tip, showing that in both cases a wavelength shift
arises as function of the gas pressure. Figure 5.7-(a) shows the results obtained with O,, while Figure
5.7-(b) shows the results obtained with CO,. The wavelength shift observed when the gas pressure
increases is due to the change of the refractive index, which depends on the gas density and the
compressibility factor of each gas considering the same wavelength. The error bars corresponds to
the same size of the symbols and are not shown. From the literature, the refractive index value at
atmospheric pressures for O, is 1.000274 (at 502 nm) while for CO,is 1.000452 (at 509 nm) [174].
The wavelength shift AL was obtained by measuring the centre of the FWHM of the same fringe at

1550 nm for each induced pressure.
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Figure 5.7 — Wavelength shift obtained with pressure variation for both interferometers using: (a) pure Oz and (b) pure
COa.

Since the sensing tip was characterized for each gas independently, and due to the distinct linear

behaviour of the spectral shifts observed for the different pressures applied, it is possible to use this
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5.2 - Fabry-Perot Based Interferometry Applied to Gas Detection

sensing device for simultaneous measurements of the two gases. Therefore, the matrix method can

be applied regarding the discrimination of the two parameters [175, 176].

In the specific case of the gas sensor with two different partial pressures of O, and CO, the associated

wavelength variations can be written as
AL, =K, AO, + K, ACO,;i=FP,M (5.5)

where K, and K, are the sensitivity coefficients to O, and CO,for the i interferometer,

respectively. The ideal situation occurs when each wavelength depends only of one parameter, O,
or CO, . Since this is not the case, the non-ideal situation takes form through the equation (5.6) where

both wavelengths depend on the two measurands.

APco2 _l Kg; _ng |:AKM:| (5.:6)
APOz D| k. Kzoz Al '

o,

The K; are the sensitivities achieved for both interferometers, considering i =FP,M and j=0,,Co,
,and D= (K;Z Kzoz )—(K?O2 Kg) is the matrix determinant. Introducing the above parameters the

equation (5.7) is obtained.

AP, 1 [ 639 -1.80]Axr,
= (5.7)
AP, | 2.05-3.58 133 |[AL,,
The concept was applied with the sensor inserted in an environment of O, and CO, mixture and the

concentration, AC,, of each gas in the mixture was changed from 0 to 100 % v/v with a constant

pressure of 480 kPa. The concentration of O, and CO, in the mixture is given by equations (5.8).

AP, AP
ACcgy =— 52100 AC,, =—=2%x100 (5.8)
T T

The results corresponding to the wavelength shift observed for the different concentrations are

represented in Figure 5.8-(a) in function of time. The concentration of O, was changed and monitored
in the first period of 50 minutes, while the concentration of CO, was changed and monitored in the

second period of 50 minutes.
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The matrix method was applied to monitor the concentration in the mixture with equation (5.9) by

using the K values of the pure gases (Figure 5.7).

ACeo, | 1 [639 —1.807[ Aky,c 5o
AC,, | 205358 1.33 || Ahpc (5.9)
The wavelength variations observed with both interferometers for the mixture is presented in Figure

5.8-(a).
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Figure 5.8 — Time response of the sensor obtained with a mixture of Oz and COz: (a) wavelength shift of both cavities
spectra for the gases; (b) result for Oz detection; (c¢) result for CO2 detection.

Each gas can be monitored independently in the same mixture with the same sensing device, as
demonstrated with the results given in Figure 5.8-(b) and Figure 5.8-(c), obtained from equation (5.9).

In Figure 5.8-(b), the presence of O, is monitored in the first period where the signal grows with the
concentration of O, , while in the second period, the signal is close to zero. Figure 5.8-(c) shows the

opposite behaviour, in the first period the signal is close to zero, while in the second period the signal

grows with the concentration of CO,. The performance of this simultaneous measurement
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configuration was experimentally determined by undertaking O, (or CO, ) partial pressure variations
in a range from 0 to 600 kPa at a fixed CO, (or O, ) partial pressure (300 kPa). The partial pressure
measurement deviation achieved with O, and CO, were found to be 20.1 Pa and 48.7 Pa,

respectively.

5.3 Fibre Optic Hydrogen Sensor based on an Etched FBG
Coated with Palladium

One of the most wanted energy sources is based on pure hydrogen ( H, ) because when it burns in air

reacts with oxygen releasing only energy and water making it green fuel, unlike the fossil fuels giving

off mostly hydrocarbons and carbon dioxide, thus contributing to the global warming.

Besides the well-known fuel cells, H, has been used in many chemical processes in a wide range of

fields such as aerospace, aircraft and automotive industries. It can be produced from water by
splitting the molecule into hydrogen and oxygen mostly by electrolytic or thermochemical processes.
Other methods include biomass gasification or photo biological using microorganisms such as green

microalgae.

5.3.1 Hydrogen Properties

Hydrogen in the liquid state is extremely volatile and flammable and can be explosive in a wide range
of gaseous concentrations at room temperature and pressure [97] from 4 % v/v (lower explosive
limit) to 75 % v/v (higher explosive limit).

Therefore, H, detection is extremely important and hard to implement in hazard environments where

the usual electrical sensing devices are impossible to be used due to the risk of explosion.

Hydrogen fibre sensors can overcome this drawback allowing remote sensing in locations where the
risk of a leak is an issue, e.g. the containers and pipelines. Several distinct working principles have
been developed, such as interferometric [177], intensity [178] and grating-based systems [179],

which became a growing researching area [180].

One of the best ways to detect H, with high selectivity is by using palladium (Pd) as an active

medium. It is capable to absorb H, up to 900 times its own volume due to the high and selective
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affinity [181]. When Pd is exposed to H, , its molecules are dissociated into two hydrogen atoms in

the Pd surface with a high efficiency rate. The hydrogen atoms are rapidly diffused into the Pd thin
film, converting it into palladium hydride (Pd _H,_ ). The hydration of Pd leads to crystallographic

modifications giving rise to an increment of the lattice parameters, changing the mechanical,

electrical and optical properties [182].

The Pd metal becomes saturated with H, when the H/Pd atomic ratio is about 0.6 commonly
represented by PdH,, depending on the temperature and the gas pressure. In this range the faced-
centred cubic (fcc) lattice changes between two distinct phases o and B of the phase diagram or
assuming both phases o+ [183]. The a—f transition on pure Pd in the presence of H, leads to

fatal fractures on the thin film coating. The number of fractures increase with high levels of humidity

at the surface due to the higher hydrogen concentration at the Pd surface.

Up to now, some attempts to avoid this issue have been studied mostly by alloying Pd with other
metals as Ni [180] which affects the sensitivity. Recent advances have been developed using the
highly sensitive plasmonic effect [184], in particular using nanowire waveguides [185], with Mach—

Zehnder interferometers [186] or using microfibre knots [187].

The H, sensor in this work has interesting properties and characteristics thought is fabricated in

theoretical and experimentally well know material and techniques. It is based on a robust and reliable
strain sensor coated with pure Pd, and is protected against moisture by a cheap, robust and chemical

inert Teflon over coat.

Recent works have been reported using Pd and Pd alloys. Microfibre Bragg gratings with diameter
of 3.3 um coated with Pd layers [188] could reach sensitivities of 216 pm/%v/v, approximately 10
times higher than the obtained in the present work due to the different in the fibre diameter. However,
the fragility of such structure would make it difficult to handle. Several configurations of fibre optic
based H, sensors using either Pd-alloys have been reported recently showing a reduction in the
sensitivity compared to the Pd [189]. The works proposed by Lee [190] or by Dai [191] have shown
that the Pd-Ni alloys can improve the sensitivity to H for very low concentrations around 0.01% but
for higher concentrations pure Pd coatings still present better performance even when using an FBG
with 17 um diameter. Nanocomposites of Pd/SiO, and AuPd/SiO, have been reported as a solution
for H, sensing using the well-known interaction with the fibre evanescent field were the H»

adsorption leads to spectral modifications of the silica matrix [192].
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The sensing concept here studied is based on monitoring the optical response of FBGs due to the
mechanical forces applied in the fibre during the physical expansion. FBGs are very sensitive to
strain variations which changes the grating period and the peak position, consequently is sensitive to
temperature variations due to the thermal expansion of the silica. When the FBG is coated with a Pd

layer a red shift is observed when the hydrogen adsorption process occurs.

The sensing scheme consists of two inline FBGs separated by 1 cm, working in reflection. The
cladding around the two FBGs was reduced by chemical etching being one coated with a palladium
layer using an electron beam evaporator in order to sense hydrogen bellow the lower explosive limit.
This configuration was explored with the objective to eliminate temperature cross-sensitivity.
Furthermore, specific design on the sensing device has been developed in order to reduce the level
of degradation of the Pd film. A thorough analysis is performed regarding the changes in specific

parameters in order to optimize the sensitivity to H, . Studies concerning the humidity effect on the

palladium hydride structure are presented as a cheap solution to minimize this drawback.

5.3.2 Experimental Procedures

The sensing device is based on two in-line FBGs with 60% reflectivity centred at the standard C-
band telecom window (1530nm-1565nm) inscribed in a hydrogenated standard communication
single mode fibre (SMF28e, Corning), following the procedure described in section 3.1.1 with a UV
laser and a phase mask both with the same length and separation of 10 mm. Since the gratings have
a well-known sensitivity to thermal variations of ~11 pm/°C, the two in line FBGs were placed in a
system, one for sensing and the other for calibration. In two different systems the fibre cladding was
reduced down to 80 um and 50 pm, at 55 % humidity and 22 °C during 24 and 34 minutes
respectively, following the etching process described in section 3.1.2. The FBG used for temperature
compensation was kept uncoated, using a single mask, while the other was coated with 5 nm of
titanium (Ti), to improve the adhesion, and with a thick layer of a palladium, both performed with
the electron beam evaporator described in section 3.1.3. The sensing structure and the configuration
setup are depicted in Figure 5.9 (the inset is a SEM of the etched FBG showing the reduced diameter

transition).
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Figure 5.9 — Scheme of the setup used including a broad band optical source, an optical spectrum analyser and an optical

fibre sensing device. Inset is a SEM picture of the etched FBG.

The sensing device operates in a reflection configuration and only the bands corresponding to A, and

X, , due to the Bragg interferometry at FBG 1 and FBG 2 respectively, should be reflected so the

fibre tip is damaged to avoid the Fresnel reflection.

The sensors were interrogated in a reflection using a very stable broadband light source (BBS) to

illuminate the sensing device in the telecommunication C-band, an optical circulator and an optical

spectrum analyser - OSA (Model ANDO AQ6315A) to measure the reflected signal. For long time

stability tests a Braggmeter FS2200 SA (HBM FiberSensing S.A., Portugal) was used providing fast

acquisition and processing the FBGs signals in real time.

The reflected signal containing A, and A,, was collected by the OSA and the wavelength shift of

FBG 1 was utilized to monitor temperature variations so the wavelength shift of FBG 2

corresponding to the Pd expansion can be compensated to the effects of this parameter.
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5.3.3 Results and Discussion

- Effect of the Cladding Diameter on the Sensor Sensitivity

A study of the effect of the cladding thickness on the sensitivity of the sensor was performed. Figure
5.10 shows the results for FBGs with different cladding diameter coated with a 350 nm thick Pd film

for a H, concentration up to 4% in N, . For the thickness of the Pd film the value of 350 nm was

chosen because it is known to provide improved sensitivity [193].

It is visible that the small cladding diameter presents the highest shift in the presence of H,.
However, above 2% of H, the thin film coating becomes damaged and the fibre loses some strain.
This behaviour was observed for the fibre diameters considered. High concentrations of H, lead to
the a—p transition with high expansion of the film in the cylindrical geometry which will lead to
the formation of cracks in the thin film. Up to 2% of H, the sensor sensitivity for the FBG with

cladding diameter of 50 um is much higher than the sensitivity for ticker claddings.
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Figure 5.10 — Wavelength shift of the Bragg peak when the H2 concentration is increased from 0 to 4% considering
different fibre diameters.

The cladding reduction improves the sensitivity to H, by allowing the silica fibre to expand with

less constrains. The 50 pm diameter keeps the shape of the FBG and provides a robust physical

structure. Thinner fibre diameters would give better sensitivity results, although a trade must be set
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because thinner cladding may lead to the destruction of the coupling conditions affecting the FBG

resonance shape .

Figure 5.11 shows the wavelength shift of a FBG sensing device with 50 pm diameter and coated

with 10 nm of Ti and 100 nm of Pd at 300 kPa of pressure in contact with different H, concentrations
using two different sets of gas mixtures (1% H, while the other with 4% of H, in N, ). The pressure

was raised to reduce the concentration deviation. The sensing device presents the same linear

behaviour up to 1% H, using the two distinct H, mixtures while above this value it became saturated
for a constant thickness of Pd, meaning that the working point is at the higher limit of the linear a.—f3

phase from the phase diagram [183]. When both quantity of Pd and the gas pressure are maintained

the transition between the phases is dependent of the H, concentration. The same behaviour can be

observed in Figure 5.10 for different conditions.
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Figure 5.11 — Sensitivity to Hz using two different gas concentrations: 1% and 4% Haz (v/v).

- Stability Tests

Several stability tests were performed with cycles between pure N, and 1% of H, in N, with a
pressure of 100 kPa to avoid variations along time by changes with the external medium. Two FBGs
were inscribed in the same optical fibre as close as possible to allow a better temperature
compensation, both etched until 50 pm cladding diameter, one without any coating for temperature

measurements and another with 100 nm of Pd. The optical spectrum of both the FBGs are represented
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in Figure 5.12 and is visible the wavelength shift on the FBG 2 due to the H, atmosphere while the
FBG 1 kept the same position. The inset is the temperature calibration of each FBG with and without
Pd coating. In spite of the linear thermal expansion coefficient o be 11.6x10°°C™" for Pd and

0.55x10°° °C™" for fused silica [194], the small thickness of the Pd layer on the FBG is not high enough

to overlap the silica expansion.
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Figure 5.12 — Optical spectrum of both FBGs with 50 um diameter, uncoated for temperature compensation and coated
with 100 nm of Pd for Ha sensing, for pure N2 and for 1 % of Ha; Inset: temperature calibration of both gratings.

Figure 5.13-(a) presents absorption/desorption cycles. During the first two hours the FBG peak shifts

~8 pm with a relatively fast response.
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Figure 5.13 — a) Stability results in time with a 50 pm cladding FBG coated with 100 nm of Pd with
absorption / desorption cycles of 1% of Hz in N2, up to 70 hours in the H> environment; b) thermal variation along time.
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The sensor was then kept in hydrogen atmosphere during 60 hours. After this time it was subjected
to new absorption / desorption cycles and the same shift of 8 pm is observed which is a sign of a
good integrity of the film. The FBGs wavelength variation along 14 hours is shown in Figure 5.13-
(b) while the external temperature drops. As expected the temperature variation affects both FBGs

in the same way.

According to the study provided by Johansson [183] the partial pressure adsorption of H, by the Pd
layer depends exponentially on the temperature. At 200 °C the influence of the temperature variation
is visibly high while at low temperatures it is much smaller. In addition, temperature variations up to

2°C around 22°C have low influence on the phase transition.

- Simulation of Hydrogen Sensing with Palladium Coating

Theoretical simulations of the wavelength shift of the FBG by increasing the H, pressure and for

several values of the Pd thickness were performed in order to be compared with the experimental
results. The model was proposed by Butler et al. in 1988 [181], and define the Bragg wavelength

shift as a function of the H, partial pressure for specific fibre characteristics:

- (5.10)

NS [ B, (b —a") z}o,ms

A, = 0,026 x ~—x EM.(bZ 7a1)+Er.a

where a is the fibre diameter (~50 um), b—a is the coating thickness (from 50 to 200 nm),
E, =72GPa [195] and E,, =121GPa [196] are the Young modulus of the silica fibre and the

palladium, respectively.

The theoretical and experimental results are plotted in Figure 5.14, considering the same parameters.
Four sensors are compared with 50 pm cladding diameter FBGs and Pd coating thicknesses from 50

to 200 nm, for pressures from 0 to 700 kPa of 1 % H, in N,.

As expected, high dependence on the fibre diameter and the Pd thickness was found. The
experimental results follow the theoretical data with good agreement. Small differences in the

chemical etching rate and in the metal coating thickness could originate different sensitivities.

The sensitivity to H, increases with the Pd thickness until reaches a breaking point. It is possible to

observe that the FBG with 200 nm presents a blue shift after 400 kPa indicating a destruction of the
fibre coating. From the experimental results the FBG with 150 nm of Pd presents the highest
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sensitivity without coating degradation. For this structure the experimental results indicate that the

maximum sensitivity is reached with 150 nm of Pd without the coating degradation.
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Figure 5.14 — Theoretical (continuous line) and experimental dependence of Bragg wavelength shift with the pressure
variation for FBGs with 50 um cladding diameter and different Pd coating thicknesses.

- Effect of Humidity in the Hydride Component

The humidity issue is one of the most challenging topics addressed in Pd based H, sensors. The

effect of moisture on the Pd thin film was studied by placing the sensing device coated with 100 nm
of Pd inside the vacuum chamber on top of a glass petri-dish full of water 1 mm above the surface in

the presence of hydrogen with concentration of 1% in N, at atmospheric pressure. This way a high

humidity level was created inside the chamber and surrounding the palladium hydride film.

Figure 5.15 shows the results of the tests along time for air and H, environment steps. During the
first two hours the sensor responds to the H, with an environmental low humidity level. The inset

in the left side is a picture of the sensor taken after these first cycles showing a pristine coated surface.
Afterwards, moisture level was increased due to the presence of water inside the chamber. The coated

FBGs were maintained in the same conditions with humidity and 1% of H, for the next 70 hours.
After that time the atmosphere in the chamber was again subjected to cycles of H,, air and vacuum
and the sensitivity to H, was measured. During this last period the water was removed and after the

environment was totally dried the same cycles were performed and the results were the same. The
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growing insensitivity of the sensor to H, was due to the degradation of the Pd film occurred after

the hydride formation in high humidity level environment. The inset on the right side is a picture of
the surface after being subjected to high level of moisture. At this point the thin film of Pd became

fractured and detached from the silica substrate.
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Figure 5.15 — The effect of humidity in the palladium hydride component: time response before and after contact with
high humidity level for several cycles of 1% Hz absorption/desorption. Inset pictures of the fibre before (left-bottom) and
after (right-top) the hydrogen exposition in the humidity environment.

To verify the quality of the thin film, the surface of a similar sensing device was analysed by Energy-
dispersive X-ray spectroscopy (EDS) technique after the degradation has started. Figure 5.16
presents the energy spectra considering two different regions of the fibre, while the inset is a SEM
image of the surface containing those two regions (A and B). Region A is an undamaged coating
section (red curve) while region B is a damaged coating section (black curve). From the spectra it
can be conclude that region B is totally uncoated, with the lines corresponding to '*Si and *O well
defined. The spectra of region A possesses four lines indicating the presence of *°Pd along with the

14Si and ®0 lines.

In order to address the moisture constrain the coated sensing device was protected between two thin
polytetrafluoroethylene (PTFE, known as Teflon) membranes with 20 um thickness fixed by two
metal plates to avoid leaks (Figure 5.17). The Teflon layer was used to decrease the effect of H,O on
the Pd coating layer allowing the diffusion of H, to the Pd surface. It was choose from a set of other
materials as polydimethylsiloxane (PDMS) and Low Density Polyethylene (LDPE) due to its

permeability coefficient P, which is low for water vapor (33.3 Barrer) while is maintained reasonable
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high for H, (9.3 Barrer) (Goodfellow, Inc), as well as due to its mechanical strength, chemical

properties and easiness to manipulate (1 Barrer = 107'° (cm® (STP) cm) / (cm? s cmHg)).
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Figure 5.16 — EDS spectra of two different surfaces: silica uncoated fibre and the Pd coating. Inset is the SEM image of
the fibre regions considered in the chemical analysis.

The sensor to be tested was coated with 150 nm of Pd and designed with an overall cladding diameter

of 50 um. The H, sensitivity of ~20 pm/%v/v achieved with this sensing device at 100 kPa of
pressure is in agreement with the prediction from simulations and previous measurements (Figure

5.14).
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Figure 5.17 — Scheme of the protective structure of the sensing device to prevent the humidity damaging.

Figure 5.18-(a) shows several cycles between pure N, and 1% H, before the high humidity level

exposition. The sensing device was then protected with the Teflon layers and placed in the same high
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humidity level as before during 70 hours. The results after this process are presented in Figure 5.18-
(b). Initially, the chamber was filled with air and after 10 minutes it was flushed with pure N, which
has slightly lowered the temperature and it was observed until 20 minutes. After this the atmosphere
was changed between pure N, and 1% H, at an atmospheric pressure. The temperature was reduced
when the N, expanded which cool down the whole chamber but after this point expected variations

are observed and match the temperature of the entrance of the gases.
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Figure 5.18 — Sensitivity results of the sensing head to Hz a) before the high humidity level exposition and b) after 72
hours in a high humidity environment with the sensor protected with Teflon tape.

The time response of the sensing device related to the H, absorption process by the Pd coating is

around 2 minutes from Figure 5.18-(a). When using Teflon it is observed in Fig. 10-b) that the time
response rises up to 10 minutes which can be justified by the low diffusion coefficient of the

hydrogen molecules through Teflon. Although this drawback, the sensitivity to 1% of H, did not

change, Teflon only introduces a delay in the time response.

5.4 Vapour Sensing of Ethanol and Hexane

The fabrication of sensors for the detection of volatile organic compounds is of significant interest
in monitoring industrial, environmental and physiological processes, like detection of explosive or
pollution gases, and medical breath analysis. An ethanol vapor detection probe [96], a gas sensor of
amine [197] toluene and benzene odors [198] and a toluene sensor for use with water contamination
[199] were demonstrated using LPFGs functionalized with a polyelectrolyte multilayer, calixarenes

thin films and metal oxide nanoparticles. Zinc oxide (ZnO) is an interesting material for the

140



5.4 - Vapour Sensing of Ethanol and Hexane

implementation of chemical sensors [200]. Conductivity changes induced on ZnO surface due to
adsorption of organic vapours or active gases, such as ozone, gasoline, toluene and ethanol, has led
to electrically interrogated sensors [157]. Optical interrogation based on ZnO thin films,
nanoparticles and nanorods were demonstrated for ethanol, methanol and isopropanol vapour sensing

using surface plasmon resonance, micro-ring resonators and LPFGs schemes [96, 158, 201].

In this work an LPFG sensor coated with 290 nm thick ZnO layer was fabricated and optically

interrogated at the C-band for the detection of volatile organic compounds, ethanol and hexane.

5.4.1 Materials and Methods

The measurement of the vapour sensitivity of the LPFGs sensors was accomplished using the
arrangement illustrated in Figure 5.19. The set, comprising a glass bottle, valves and a gas cell, was
placed inside an oven, whose temperature was controlled within 0.1 °C, and has an opening for the
fibres and the vacuum tube. Before being positioned inside the chamber, the sensors were hold under

tension by clamping both ends to a 10 cm long glass slide with epoxy.

Zn0 coating Gas cell

; OUTVaIve V2

Liquid Oven
Sample

Figure 5.19 — Setup for the characterization of the sensor constituted by a glass bottle, valves and a gas cell placed inside
an oven. A broadband source and an optical spectrum analyser are not shown.

Initially, the temperate of the oven was set to 25 °C and left to stabilize while, with valves V1 and
V2 open, both the glass bottle and the gas cell were pumped down to 10™ mbar and at that time both
valves were closed. Then a volume of 100 mL of liquid of one of the volatile organic compounds

was injected into the glass bottle and temperature was left to stabilize again. When the valve V1 is
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open the ethanol vapour moves into gas cell and, simultaneously, the liquid ethanol evaporates until

vapour pressure, given by Antoine equation (5.11) [202], is reached:

log,,p=A—- (5.11)

C+T

where p is the vapour pressure, T is the temperature and A, B and C are constants obtained from

the Dortmund Data Bank [203]. From the values of the vapour pressure and the volume, the
calculation of the vapour concentration in the gas cell is straight forward. An increase in the
temperature of the oven led to an increase in the vapour pressure, and therefore a wide range of

vapour concentration may be attained.

The LPFGs along with the FBGs were characterized in transmission mode with the OSA (ANDO,
model AQ 6315B) by coupling light from a super luminescent diode source (SLD) model
S5FC1550S-A2 (Benchtop SLD — Thorlabs, Inc., Germany).

5.4.2 Experimental Results and Discussion

- Sensitivity of the Sensors to Ethanol

The ZnO overlaid LPFGs sensors were first tested for their ethanol sensitivity. After a sensor has
been placed inside the gas cell, the set glass bottle/gas cell was pumped down and the oven was set
to 25 °C and left to stabilize for 20 minutes. Afterwards several reference transmission spectra were

recorded at constant time intervals.

After the liquid ethanol is in thermal equilibrium with the set glass bottle/gas cell the temperature of
the oven was risen in 0.5 °C steps and for each vapour pressure value (or concentration) the LPFG
spectrum was again recorded at constant time intervals. The increase in ethanol concentration in the
gas cell gives rise to wavelength shift and attenuation variation of the resonant bands of the LPFG,
as is illustrated in Figure 5.20 for the LPi¢ mode of a 290 nm thick ZnO coated LPFG for ethanol

vapour concentration from 0 to 174 gm>.
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Figure 5.20 — Spectra of the LP,, mode of a 290 nm thick ZnO coated LPFG from 1400 to 1500 nm as a function of the

ethanol concentration.

The correspondent wavelength shift and the optical power shift of the attenuation band as a function
of the ethanol concentration are presented in Figure 5.21. From Figure 5.21-(a) an average sensitivity
of 0.99 nm/g.m™ for the wavelength shift was calculated from the linear fit (R*=0.95) and a
nonlinear trend was found for the variation of the optical power with the concentration. The
combination of the optical power and wavelength shifts of the attenuation band for a given ethanol

concentration have returned the nonlinear trend shown in Figure 5.21-(b), characteristic of the

ethanol.
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Figure 5.21 — Normalized curves of the LPFG coated with 290 nm of ZnO, considering the LP,; mode, in function of the

ethanol concentration a) wavelength shift and b) optical power shift.
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When a metal oxide such as ZnO is left unprotected, oxygen from air is absorbed on the surface
transferring negative charge to the oxygen and leaving a positively charge surface barrier to electron
flow at each grain boundary in the metal oxide [204]. When the ZnO thin film are exposed to reducing
gases such as ethanol, they will react with the adsorbed oxygen ions, leading to the release of the
trapped electrons to the conduction band and an increase of the carrier concentration [205]. The
ethanol induced electronic mobility in the ZnO thin film results in conductivity change, related to the
concentration and chemical composition of the reducing gas, which in sequence is directly associated

with optical absorption and refractive index changes [96].

Additionally, it was found that ethanol adsorption on ZnO results in shorter Zn-O bounds, which can
be correlated with strain induced refractive index changes [206]. Consequently, the adsorption of
ethanol onto ZnO thin film structures induces both electronic and structural modifications which
leads to refractive index and optical absorption variations. While the ZnO refractive index is
modified, affecting both visibility and spectral position of the LPFG attenuation band, optical
absorption will mainly induce variation on the attenuation visibility. This may be a reasonable

explanation for the change of the LPFG band intensity and wavelength shift presented in Figure 5.20.

Commercial available optical spectrum analyser with 2 pm resolution would make feasible the
detection of an ethanol concentration of ~0.002 g.m‘3. However, the spectral resolution has to be
taken into account. From the data shown in Figure 5.22-(a) spectral resolution better than 3.2 g.m™

was calculated [161].
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Figure 5.22 —~Wavelength shift of the dip of a 290 nm thick ZnO coated LPFG when the ethanol concentration undertakes
step variations.
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- Sensitivity of the Sensors to Hexane

A preliminary investigation of the selectivity of the sensor was carried out using hexane following
the same procedure as detailed above. The saturated vapour pressure of hexane curve for Figure 5.23
illustrates the wavelength shift and optical power variation of the attenuation band minimum of the

LPFG for increasing hexane concentration up to 1989 g.m”.
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Figure 5.23 — Optical Spectra of the LP16 mode with 290 nm thick ZnO coated LPFG from 1400 to 1600 nm as a function
of the hexane concentration. Inset is the FBG in transmission for temperature compensation.

The inset of Figure 5.23 shows the transmission spectrum of the FBG in series with the LPFG used

to calibrate the system to the temperature.

The analysis of the attenuation band according to the wavelength and optical power shifts for hexane

concentrations from 0 to 1989 g.m” is presented in Figure 5.24. From Figure 5.24-(a) while there is

a noticeable decrease of the dip of the resonance band with increasing hexane concentration the
corresponding wavelength only shifts slightly for low hexane concentration. The wavelength
sensitivity for hexane considering concentrations up to 1780 g.m™ is 0.003 nm / g.m™, a value much
smaller than the corresponding for ethanol (0.99 nm / g.m™). Although, the optical power shift shows
a good linearity up to the same concentration. The optical power of the attenuation minimum as a
function of the wavelength shift for the range of hexane concentration follow a similar curve shape,

although non-overlapping, comparing to the ethanol as shown in Figure 5.24-(b).
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Figure 5.24 —Normalized wavelength shift and attenuation of the coated LPFG LP1s mode.

Although the increasing in the temperature was very slow and monitored with the FBG there are
always fluctuations from the different thermal conductivities in the system, which introduce
deviations in the concentration calculation. This is reflected in the spectral resolution calculated

around 220 g.m>.

5.5 Conclusions

Studies using three different configurations as hybrid FP/modal interferometers, FBGs, and LPFGs

to the detection of gases and volatile compounds were presented and discussed.

The hybrid interferometer was used for simultaneous measurement of the partial pressures of O, and
CO, which consists on the combination of an FP cavity and a modal configuration. The intrinsic FP

structure was created by splicing an SMF to a GIF section that was later subjected to chemical
etching, creating an air FP cavity. The modal interferometer is based on a splice of silica tube in series
with the FP. Due to the design and distinct gas compressibility factors, different sensitivities were
achieved, enabling the discrimination of the partial pressures of the gases. The resolutions were found

to be 48.7 and 20.1 Pa for P CO, and P O, measurements, respectively.

A thorough study using FBG coated with palladium for hydrogen detection for concentrations below
lower explosion limit was presented. A sensitivity of ~20 pm/%(v/v) was attained due to an
optimized design associated with a reduction of the fibre cladding from 125 um to 50 um by
chemical etching process and Pd coating with 150 nm thin film. The study of high level humidity in

the palladium hydride transition for long time operations had shown irreversible damage in the
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coating causing a decrease of the sensor performance. It was demonstrated that the approach of using

protective Teflon layers is a good solution to prevent the coating damaging.

A room temperature vapour sensing probe for ethanol and hexane was presented employing a ZnO
thin film as a chemosorptive material overlaid onto LPFGs. When working in the wavelength shift
mode of operation the sensitivity of 0.99 nm/g.m™ and a spectral resolution better than 3.2 g.m™ was
measured. From the highest visibility of the attenuation band to it’s extinguish the response for both
gases allow to cover different concentrations showing a superior wavelength sensitivity toward

ethanol when compared to hexane.
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Chapter 6

Fabrication and Characterization of Metal

Oxide Coated Long Period Fibre Gratings

Real time monitoring of metals oxidation is performed for a set of metals deposited over long
period fibre gratings and annealed up to 600 °C in air with a small furnace. The new sensing
structures have improved sensitivity to the external refractive index which depends on the

thickness and the morphology of the coating material.

6.1 Introduction

Transition metal oxides are widely used in laser optics as micro mirrors, anti-reflection coatings,
band pass filters, etc. The most commonly used materials are silicon dioxide (SiO,) and titanium
dioxide (TiO,), which are both electrically insulators that in some applications might be a drawback.
Some other materials as zinc oxide (ZnO) or copper oxide (CuO / Cu,0), both semiconductors, are
attracting attentions due to their intrinsic properties. Furthermore, metal oxides in general are
interesting high RI coating materials due the available range of RI values, the robustness in the thin

film geometry and the variety of growth techniques. In addition, a few metal oxides undertake
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variations of their physical properties upon chemical adsorption, thus making themselves interesting

solutions for chemical and biochemical sensing applications [96, 207].

Zinc oxide (ZnO - zincite) is a transparent, wide-bandgap semiconductor oxide. It has several
promising properties depending on its dimension, morphology and crystallinity, including good
transparency, high electron mobility, and strong room-temperature luminescence [208, 209]. Copper
oxides can be classified into two well-known structures, tenorite (CuO) and cuprite (Cu20) [210]. At
200 °C the formation of Cu,O occurs while at 350 °C in air may exist a total conversion of CuO to
CuO [211]. Nickel (Ni) is a ferromagnetic transition metal and it is known that it oxides to the
chemically stable nickel oxide (NiO - bunsenite) [212]. Titanium dioxide (TiO; - rutile/anatase) have
been used in several types of fibre sensors as in surface plasmon resonance devices to allow the
working spectrum position to higher wavelengths (Chapter 8) or to enhance the sensitivity of LPFGs
(Section 4.3.1) which happens when the refractive index of the coating layer is higher than that of
the cladding. Aluminium oxide (Al,O3 - corundum) is the most well-known oxide ceramic material
with a set of particular properties as very efficient electrical insulation, bio-inert, food compatible
and low density. A very thin alumina layer is always formed on the top of an aluminium metal surface
acting as a protecting layer against corrosion. Moreover, the low refractive index couple with high
optical transparency (>80%) in a wide range of wavelengths, therefore it is often used to improve the
efficiency in solar cells [213]. Other oxides have great importance due to its features as, for example,

chromium oxide (Cr2Os - eskolaite).

The real time monitoring of the oxidation process of a set of metals is presented using coated long
period fibre gratings (LPFGs) placed in an furnace with controlled temperatures up to 600 °C, below
the melting point of pure silica. LPFGs coated with thin films of Cu, Zn, Ni, Ti, Al and Cr were
annealed together with planar silicon (Si) samples coated with the same metals for further analysis
using Scanning Electron Microscope (SEM), Energy Dispersive X-ray Spectroscopy (EDS), X-ray
Photoelectron Spectroscopy (XPS) and X-ray diffraction (XRD) techniques. After the oxidation
process the attenuation band of the coated LPFG was monitored in terms of their optical properties
(wavelength position and optical power) by varying the surround refractive index (SRI) from 1.300

to 1.640.
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6.2 Materials and Methods

The sensing devices were produced in single mode fibre for optical communications (SMF28e,
Corning, Inc.) where LPFGs were inscribed and coated with a set of metals following the procedures
described in sections 3.1.1 and 3.1.3 respectively. Simultaneously, the same metals were deposited
on Si substrates for further morphological, chemical state and optical properties analysis. Each LPFG
was produced with a period of 387 um and a length of 45+5 mm, to provide an attenuation band with
peak attenuation above -20 dB, corresponding to the antisymmetric 6™ order cladding mode around

1480 nm [153].

The coated fibres with a 30 nm thick metal film were then positioned in the central section of a 20 cm
long, 520 W furnace (Termolab, Portugal), being clamped in one end while at the other end the fibre
was kept stretched at a constant tension with a 5 g weight, therefore avoiding bending effects. Figure

6.1 shows the scheme of the oxidation process.
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Figure 6.1 — Scheme of the oxidation setup using a furnace and a LPFG working in transmission comprising a broadband
source (BBS), an optical spectrum analyser (OSA) and the grating sensor.

To monitor the oxidation process each fibre was illuminated with a super luminescent diode source
(Benchtop SLD model SS5FC1550S-A2 — Thorlabs, Inc., Germany) and the LPFG attenuation band
was record in transmission mode with an optical spectrum analyser (OSA) model Yokogawa AQ
6370D. The temperature was controlled with a thermocouple located in the middle of the heating
section close to the thin film coating. The oxidation takes place by thermal annealing process in air

up to 600 °C for 1h, following the procedure described in [214]. Heating and cooling were
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maintained at an approximate rate of about ~4 °C per minute. As the furnace had both ends open, the
metal oxidation took place in an air atmosphere. The Si substrates coated with the same metals and
thickness were placed simultaneously in the furnace, which were then measured with the surface
profiler model DektakXT (Bruker Co., U.S.A.) in order to determine the final oxide thickness. The
step profile of thin films on Si substrates was measured with the surface profiler model DektakXT

(Bruker Co., U.S.A)).

The methods already described in section 3.2 were used, namely: SEM/EDS (model models
QUANTA 400 FEG, FEI, U.S.A./ Pegasus X4M, EDAX, U.S.A.); XPS (model AXIS Ultra HAS,
KRATOS, U.K) using the Al ko, transition at 1.486 keV; and XRD (model X’Pert Pro, PANalytical,
Netherlands) equipped with Cu Ka radiation. In addition, each LPFG coated with oxide metal was
placed in the setup presented in section 4.3 (Figure 4.7) for optical characterization with a set of
refractive index calibrated oils (Cargille-Sacher Laboratories Inc., NJ. U.S.A.) and a V groove as

described in section 4.3.

The oxidation process can be monitored by following the attenuation band of the LPFG while the
temperature rises. There are structural modifications on the coatings which lead to variations in the

optical response.

The surface analysis returns a significant amount of data which needs to be presented for its
importance to the final conclusions. The results for each method of analysis are presented for all the

metal samples of Cu, Zn, Ni, Ti, Al and Cr as deposited and after thermal annealing.

The optical response of all the LPFGs coated with the final oxides to the external refractive index

are also presented and compared.

6.2.1 Real Time Monitoring Oxidation of Metals with Long Period Fibre
Gratings

The thermal process leading to oxidation of the metal thin films gives rise to wavelength shift and
intensity variation of the attenuation bands of the LPFG as illustrated in Figure 6.2 for the LPi¢
cladding mode where, for example, two LPFGs were coated with 30 nm of Zn (a) and Ni (b)
respectively. The red dashed curves are related to the bare LPFGs while the red solid curve shows
the same after the metal coating indicating a considerably reduction in the intensity of the attenuation

band of the LPFG.
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Figure 6.2 — Real time oxidation spectra of the LP1¢ mode from 1400 to 1600 nm of LPFGs coated with 30 nm of metals
annealed with a range of temperatures: (a) Zn from 25 to 498 °C and (b) Ni from 25 to 654 °C. Also shown, for
comparison, the spectrum of the LP1s mode of a bare LPFG (uncoated) at 25°C.

The metal coating becomes a mirror to the evanescent field causing light to be coupled back to the

fibre core mode. With heating, the band shifts to higher wavelengths, as expected due to the intrinsic

thermal sensitivity of LPFGs, but the attenuation maintains approximately the same optical power

level. For temperatures above 350 °C the intensity of the attenuation band starts to increase, an

indicator of the oxidation process, with a decrease in the coating reflectivity, until reaches the level

of the starting point at room temperature. Increasing even more the temperature a red shift is observed
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while the minimum of the attenuation band maintains the same optical power level. This level of
attenuation is maintained when the room temperature is reached, after the cooling process, with a
slight shift in wavelength which was expected due to the change of the effective refractive index in

the fibre boundary.

In order to illustrate how the coated LPFG spectral features changes when the temperature rises and
oxidation takes place the minimum of the attenuation band was monitored and is presented in Figure
6.3 for the Zn in terms of optical power (a) and wavelength position (b). The red round symbols are

related to the bare LPFG and compared to the metal coated LPFG with the blue squared symbols.
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Figure 6.3 — The LP1s mode spectral features of a bare and of a 30 nm thick Zn and Ni coated LPFG as function of
temperature up to 600 °C: (a) and (c) optical power; (b) and (d) normalized wavelength shift.

After de metal coating there is a small shift in wavelength position but a huge reduction in the optical
power of the band is observed due to less light being coupled to the high order cladding modes. The
oxidation process is evident around 400 °C were the attenuation band visibility increased more than

18 dB. In addition, the wavelength shift behaviour is maintained with the same slope as with the bare
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LPFG for the same temperature range up to 500 °C. The oxidation process causes a translation effect
in the wavelength shift curve around 400 °C due to the refractive index changes but the thin coating
is unable to change substantially the thermal sensitivity of the LPFG. At ~498 °C a red-shift of
resonance band is established again at a rate similar to the bare LPFG. It is reasonable to assume that

this final red-shift is only temperature driven and the Zn thin film is completely oxidized.

During cooling the LPFG coated with Ni oxide moves to shorter wavelengths showing ~4 dB
reduction in intensity and ~5 nm blue-shift relatively to the initial position of the bare LPFG at the
same conditions. A blue-shift and a decrease of the attenuation were predictable [148]. The resonance
wavelength depends on the effective RI of the cladding modes which, in turn, depends on the SRI,
being higher sensitive as the SRI approaches the cladding refractive index (CRI). The formation of
a metal oxide thin film on the LPFG induces a re-distribution of the cladding modes that leads to

wavelength and amplitude shifts of the attenuation bands.

The same methodology was applied to the oxidation of the other metal coatings as Cu, Ti, Al, and

Cr and presented in Figure 6.4.
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Figure 6.4 — Transmission response with temperature variations for LPFGs coated with Cu, Ti, Al and Cr metal thin films
respectively: (a) Optical power shift, (b) Wavelength shift.

The intensity variations of the attenuation band for each metal coating is depicted in Figure 6.4-(a)

where at a certain temperature level the attenuation increases suggesting oxidation reaction. It can be
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observed that the different metals show oxidation at distinct temperatures. The sensitivity to
temperature is shown in Figure 6.4-(b), in average have the same nonlinear behaviour of the bare
LPFG. Nevertheless, is possible to identify a small negative shift when the oxidation occurs. The
optical power shift curve of Cu shows two steps I and II at 200 and 350 °C, characteristic

temperatures of the Cu oxidation states CuO and Cu,O as discussed above.

6.2.2 Chemical and Morphological Characterization of Metals and Oxide

Samples

- Scanning electron microscopy coupled with energy dispersive X-ray spectroscopy

SEM photographs with magnification of 200 000 of 67.5 nm thick metal samples before and after

annealing are presented in Figure 6.5 and Figure 6.6, respectively.

Figure 6.5 — SEM photographs with 200 000 X of magnification of a 67.5 nm thick metal film as deposited: (a) Cu, (b)
Zn, (c) Ni, (d) Ti, (e) Al and (f) Cr.
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Figure 6.6 —SEM photographs with 200 000 X of magnification of 67.5 nm thick metal film samples after annealing: (a)
Cu at 225 °C for 1 hour; and after annealing at 600 °C: (b) Cu, (c) Zn, (d) Ni, (e) Ti, (f) Al and (g) Cr.

Figure 6.5-(a) to -(f) presents images of the metal thin film samples of Cu, Zn, Ni, Ti, Al and Cr,

respectively, as deposited.

Although the procedure to evaporate Zn metal is the same, with a rate ~0.02 nm/s, a high surface
inhomogeneity is visually evident for the Zn metal coating when compared to the others. It occurs at
a lower temperature range (Table 3.1), where the electron beam energy is more unstable, and more
chunks of material could leave the crucible instead of single atoms. These could be one of the reasons
to the inhomogeneity observed in the Zn metal coating. All the other metal samples present a

relatively smooth surface with low grain size.
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In the oxide phase of Figure 6.6 the roughness is different from sample to sample. It increases for the
Cu, Cr and Ni samples, decreases for the Zn sample while the Ti and Al samples maintains the same
surface profile. The Cu samples Figure 6.5-(a) and -(b) corresponds to annealing temperatures of
225 °C (I) and 600 *C (II), respectively, showing considerable differences in the morphology and

suggesting two different oxidation states.

The grain size of all the samples was calculated using the image software analysis ImageJ (National
Institutes of Health, U.S.A.). For the Zn sample before annealing, an average particle diameter of
157.9462.2 nm was measured, which diminishes to 106.6+£38.7 nm after the annealing process. This
behaviour is opposite to the other samples where the annealing leads to an increase on the grain size
diameter. The average particle diameter calculated for all the metals before and after annealing are
presented in Table 1. In general, a tendency to increase the surface inhomogeneitywith the oxidation
process is observed. The Zn sample is an exception were the average particle diameter decreases

after the annealing process maintaining a wide range of values.

Table 6.1 — Average particle diameter observed in the metal samples and the associated oxides by analysing the SEM

images.
As deposited After annealing
Sample Average diameter  Standard Average diameter Standard deviation
particle deviation particle
(nm) (nm) (nm) (nm)
(at225°C) 41.7 59
Cu 33.4 5.9
(at 600 °C) 67.9 14.0
Zn 157.9 62.2 106.6 38.7
Ni <12 - 46.6 11.4
Ti <12 -- 11.5 23
Al 18.2 24 213 3.5
Cr 17.3 2.6 80.6 9.3

In order to estimate the thickness of the oxide layer on the LPFGs after oxidation the thickness of the
metal coated Si samples was measured before and after oxidation using the surface profiler leading
to ratios of 1.98+0.1 for Cu at 225 °C, 2.38+0.2 for Cu at 600 °C 2.9+0.1 for Zn, 2.1+0.2 for Ni, Ti
and Cr and 1.1£0.1 for the Al sample.
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The EDS analysis of Cu, Zn, Ni, Ti, Al and Cr as deposited on Si substrate and compared with the
same samples after annealing are shown in Figure 6.7. The thin metal films do not possess a
significant number of impurities. Besides the bands related to the metal under concern - the substrate
(band Si K), the adhesion layer (bands Cr K and Cr L) and oxygen (line O Ka) - only a band related
to carbon contamination (band C K) is present. The well-defined band around 1739.98 eV
corresponds to the Ka;, Ka, and KB, lines of the Si K band and the low intense peaks above 5 KeV
are the Cr K lines from the adhesion layer [124].

In the Cu sample (a), after the annealing process, three bands are shown with energies of 514.48,
524.9, 949.8 and 1739.98 eV corresponding to O K, Cu L and Si K lines respectively. Is important
to observe that increasing the annealing temperature more oxygen is transferred to the matrix leading
to changes in the Cu/O ratio, which is in agreement with the oxidation phase transitions between

Cu;0 and CuO.

The Zn sample (b) shows the same kind of behaviour with three bands at 514.48, 1014.45 and
1739.31 eV corresponding to Ok, Zn L and Si K lines, respectively. The spectral position of all the

lines and bands referred were compared with published values and found to be in good agreement

[215] [124].

Figure 6.7-(c) and -(e) display the spectra of Ni and Al before oxidation with intense bands
(neglecting the Si K band) at 850.14 and 1486.64 eV corresponding to the Ni L and Al K bands,
respectively. The band at 524.90 eV in Figure 6.7-(e) can be allocated to the Ok, line, indicating the
presence of oxygen in the Al film before the oxidation process, probably due to the time delay
between deposition of the Al film and the EDS measurement associated with the well-known
formation of a stable layer of Al/O at room temperature [216]. The same but less intense O Ka line
may be observed in the Ni spectrum [Figure 6.7-(c)]. After oxidation the intensity of the O Ka line

increases in both metal films, confirming the presence of high quantities of oxygen.

Concerning Ti and Cr, Figure 6.7-(d) and -(f) show bands with peaks at ~517 and ~519 ¢V
corresponding to the overlap of Ti L and Cr K bands with O Ka line [124]. This overlapping doesn’t
allow the semi-quantitative analysis of the elements, however, the existence of Ti and Cr can be
established by the presence of the Ti Ka and Cr Ka lines at 4510.16 and 5415.52 eV, respectively.
After oxidation the intensity of Ti L and Cr K bands increased due to oxygen incorporation in the

matrix.
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The EDS analysis is able to confirm the presence of high quantities of oxygen after the thermal
annealing. It is not a quantitative analysis technique but once those peaks are well defined without
overlapping it is possible to give semi-quantitative analysis of the elements showing, for example,
for Zn oxide atomic percentage of Zn and O around 41.45 and 58.55 %, respectively, while the
atomic percentage of Cu oxide at 225 °C were calculated as ~ 32.20 % and ~ 67.80 % for Cu and O
respectively, while at 600 °C these values changed to ~ 49.19 % and ~ 50.81 %.
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Figure 6.7 —EDS spectrum of thin film samples as deposited and after annealing in air for 1 h: (a) Cu at 225 °C and
600 °C, and (b) Zn (c¢) Ni, (b) Ti, (c) Al and (d) Cr at 600 °C.
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In both samples the estimated ratio metal/oxygen is lower than 1, exhibiting an excess of oxygen in
the sample which may be found on the top of the Si substrate, in the C=0 bonds and at the adhesion

layer.

- Characterization by X-ray photoelectron spectroscopy

The survey spectrum of a sample shows all the elements present on the surface and allows setting up
subsequent high-resolution XPS spectra acquisition. In order to illustrate the quality of the samples

the survey spectrum of the Zn sample after annealing is shown in Figure 6.8.

The more relevant peaks are the Zn 2p and O 1s corresponding to the grey boxes. Besides the

presence of carbon (C) this survey shows a very clean sample surface.
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Figure 6.8 —XPS spectrum survey of an Zn thin film sample on silicon wafer after annealing at 600 °C for 1 h..

The high-resolution XPS spectra acquisitions corresponding to the orbitals 2p and O 1s from all

samples after annealing are shown in Figure 6.9 and Figure 6.10, respectively.

Figure 6.9-(a) shows the binding energy spectrum, from 1010 to 1060 eV, with two peaks that can
be identified as Zn 2pi,and Zn 2p3., electrons with energies of 1044.36 and 1021.31 eV, respectively
[131, 133]. The measured difference between the two lines is ~23 eV which is in agreement with the

standard reference value of ZnO oxidation state [217].

Figure 6.9-(b) exhibits a binding energy spectra of the Cu samples after annealing at 225 and 600 °C,
respectively. The last one (solid black line) with two main peaks (1,4) and satellites (5, 6)
corresponding to the Cu 2ps» at 933.87 eV and Cu 2pi» at 953.78 eV, respectively, which is a
characteristic of the CuO oxidation state [218]. The spin-orbit splitting separation between Cu 2ps/»

and Cu2pi is 19.91 eV, which is a common value between the metallic Cu and the oxidation states
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CuO and Cu;0 [219]. Nevertheless, the presence of satellites on the high binding energies at ~9 eV
of the Cu 2pi» peak confirms the presence of CuO [218]. However, the sample with annealing
temperature limited to 225 °C (dash blue line) shows a similar Cu 2p spectrum with two main peaks

and satellites which is not characteristic of the Cu,O.

L Cu 2p (600°C) —2Zn2p i (b)
- - -Cu2p (225°C) k- - - From literature Par 1
r Cu2p,, L xc (eV) FWHM a
__ | sat. " i __ | |zn2p112 104436 1.85
=] \ r = S | |Zn2p3/2 1021.31 =}
s | s
2 2r 1
c c
= >
o ! o i
o xc (eV) FWHM (eV) (@]
1 933.87 3.06 [ i
L 2 943.90 1.44
3 941.45 o1l ~
b 4 95378 3.15 ' L. -7 Tl
5 962.07 283 ' H ' \
6 94208 4.40 ‘ 19;91 ev | ==t | ~ . | | )
970 965 960 955 950 945 940 935 930 1060 1050 1040 1030 1020 1010
T T T T T T T : T T T T T T
—Ni 2 c - Ti d
B Ni 2p,,, Multiplet *) Ti2p o
L Ni 2p,, Multiplet J + 1
' 2Py, VUIP 854.54 eV
- ey PN 151 e
—~ | Ni2p,,Sat. - ~ L -
St Piz Ni2p,, Sat. b 5
S 880.33 eV 861.60 eV <
= = 464.41 eV _
c € | FWHM231eV |
=} S r
o o
o o E
MM b
885 880 875 870 865 860 855 850 470 468 466 464 462 460 458 456 454 452
F——AI2p (e) T —cCr2p 576.64 eV U]
i 1 B FWHM 2.74 eV 1
Cr2p,,
I I Cr2p :
35 | 74.81 eV 1 o= 586.45 eV 112 ]
8 FWHM 1.75 eV & | FWHM348ev
27 1 27 9.81eV ]
i s |
o I T O -
o (&
AV A A n A N
" e e e s | - -
86 8 8 80 78 76 74 72 70 68 594 592 590 588 586 584 582 580 578 576 574 572
Binding energy (eV) Binding energy (eV)

Figure 6.9 — Binding energy spectrum of 2p electrons obtained by XPS of thin film samples after annealing in air at
600 °C for 1 hour acquiring specific oxide phases: (a) CuO and Cu20, (b) ZnO, (c) NiO, (d) TiO2, (¢) Al2O3 and (f)
Cr20:s. The grey curves correspond to the baseline.

Figure 6.9-(c) represents the binding energy spectrum of the Ni 2p electrons exhibiting the typical
features of Ni*" ions [220]. The spectrum is composed by multiplet splitting and satellite structures.
The main contributions of the complex structure are at 854.54, 856.14 and 861.60 eV associated with

2ps» multiplet-split. The splitting of the 2p3,» photoemission of ~1.6 eV is a common feature for NiO
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oxidation state [221]. The band at 873.04 eV corresponds to the 2pi» multiplet-split [222] and the

two bands at 880.33 and 861.60 eV are due to charge-transfer multielectron excitation.

The photoelectron spectrum displayed in Figure 6.9-(d) contains the bands of the Ti 2p electrons
characteristic of TiO,. The 2ps» and 2p1,» spectral bands are composed of a single peak at a binding
energy of 458.78 and 464.41 eV, with a FWHM of 1.51 and 2.31 eV, respectively, meaning the Ti
element in the oxide mainly exist as Ti*". Moreover, the separation between the 2ps» and the 2pi.

lines is 5.63 eV, characteristic of the TiO, phase, as reported in [223].

The spectra illustrated in Figure 6.9-(¢) containing a single line with peak at 74.81 eV and FWHM
of 1.75 eV can be assigned to the Al 2p electrons and is characteristic of aluminium (III) oxide

(ALO3) [131].

The pattern of Figure 6.9-(f) is formed by two main bands associated to the Cr 2ps» and the 2pis
electrons with peaks at 576.64 and 586.45 eV and FWHM of 2.74 and 3.48 eV, respectively, which
can be assigned to the Cr,O; chemical state [224]. The band shift of these two peaks is 9.81 eV,
which is in good agreement with previously reported data and confirms the existence of Cr,Os3
chemical state [225]. A detailed analysis of these bands need to consider the multiplet splitting as

well as satellite structures [226].

The spectrum of O 1s of the Zn sample after annealing was deconvoluted into three peaks, as shown
in Figure 6.10-(b). The component peak corresponding to 530.20 eV is related to the wurtzite
structure of the O ion in the Zn-O bounding in the lattice and to the typical ZnO structure [227]
while the components at 531.63 eV and 532.69 eV are associated to the existence of OH™ groups at
the ZnO surface, respectively, and to the presence of C=0 bonding originated by molecules adsorbed
on the surface [228, 229]. Figure 6.10-(b) shows the O 1s signals of the annealed copper samples at
225 ° and 600° C. The two curves show an energy shift of 0.69 eV. The lower binding energy peak
at 529.76 eV corresponds to the Cu,O phase, while the major peak of red curve at 530.15 eV could
be assigned to the CuO phase which is in agreement with the literature [230, 231]. The low intensity
peaks in both curves corresponding to higher binding energies are associated to undecomposed
copper acetate and water containing species as hydroxyl groups and oxygen atoms in the carboxyl

groups [232].

An overview of the four remaining spectra reveals that all lines may be deconvoluted into two
gaussian curves. From the calculation was found that for the metals, Ni (c), Ti (d), Al (e) and Cr (f),

the value of the binding energy of the O 1s electrons, associated with metal-oxygen bond is (value
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of the FWHM in parenthesis) 530.23 eV (0.98 ¢V), 530.10 eV (1.69 e¢V), 532.63 eV (2.04 ¢V) and
530.13 eV (1.04 eV), respectively, in close agreement with [131, 220, 223, 224]. The value of the
remaining curve that resulted from each deconvolution is 531.12 eV (2.36 eV), 531.47 ¢V (0.99 eV),
531.63 eV (1.55 eV) and 531.25 eV (2.51 eV) for Ni, Ti, Al and Cr, respectively, as reported in [131,
220], and can be attributed to emission from oxygen-containing species adsorbed at defects, such as

OH"[217, 223].
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Figure 6.10 — Binding energy spectrum of O 1s electrons obtained by XPS of thin film samples as deposited and after
annealing in air at 600 °C for 1 hour: (a) CuO and Cu20 (at 225 °C), (b) ZnO (c) NiO, (d) TiO2, (e) Al203 and (f) Cr20s.
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- Characterization by X-ray diffraction

The X-ray diffraction patterns of the oxide thin films on Si substrate after annealing are shown in
Figure 6.11 and Figure 6.12 together with the identification of the peaks consistent with the
corresponding metal oxides using data presented in the RRUFF database [233].

Figure 6.11 shows the two Cu samples with different annealing temperatures, at 225 °C (a) and
500 °C (b) for 1 h. The diffraction patterns of both samples are in perfect agreement with the RRUFF
database given by the triangle shape symbols. At 225 °C a strong peak at 36.5 © corresponds to the
(111) direction which is characteristic of Cu,O (cuprite). At 500 °C the structure changes completely
showing two strong peaks at 35.7° (111) and 38.8° (-111) plus one at 49.0 ° (-202). The cross
symbols (-x-) shows the peak positions of the plane directions corresponding to the metal phase

which is not detected in the spectrum.

—
225°C/1h

3
g A A 'AM/W.WN
> t } t } t
% 600°C/1h
2
=

<1(-202)

X

40 45 50 55 60

Angle (20)

Figure 6.11 — XRD of thin film samples after annealing in air for 1 hour together with database values (RRUFF
database): (a) Cu20 at 225 °C, (b) CuO at 600 °C. The symbol (%) corresponds to the planes of the Cu metal.

The noticeable peak of the Si 200 reflection at about 26 = 33.1° for Si (100) substrates can be observed
in all X-ray patterns. It is known that this reflection and the Si (222) reflection at 26 = 58.9° for Si (111)
substrates are basis-forbidden reflections. Even though the reason for the occurrence of both
reflections has been known for many decades, especially concerning the Si 200 reflection daring
explanations can still be found in recent publications: for example, that it occurs only when the Si
lattice is distorted (or that it stems from the Si 400 Bragg reflection of half the wavelength of the
Cu Ko radiation [234].
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The diffraction patterns of the Zn, Ni, Ti, Al and Cr thin films deposited on Si substrates after
annealing are shown in Figure 6.12. The absence of metallic phase in the samples can be established
from a preliminary survey of the four figures. In addition, the low annealing temperature lead to the

formation of partially amorphous thin films.

After annealing at 400 °C in air for 1 h, the diffraction patterns of Zn disappear, as shown in -(a), and
the metallic zinc is completely transformed into ZnO (zincite). Six peaks appear at 20 from 20° to
65° and they correspond to the (100), (002), (101), (102), (110) and (103) directions of the hexagonal
ZnO crystal structure [214]. The XRD analysis of a ZnO thin film indicated that oxidizing a Zn thin

film at 400 °C in air for 1 h the metallic zinc is completely transformed into ZnO (zincite).

The spectrum of the Ni annealed sample [Figure 6.12-(b)] shows clearly visible NiO (111) and
NiO (200). Although very small, both peaks are narrow pointing to a reasonable crystallite size.

Intensity (a.u.)

# (116)

60

Angle (20)

Figure 6.12 —XRD pattern of thin film samples after annealing in air at 600 °C for 1 h together with the RRUFF database
values: (a) ZnO, (b) NiO, (c¢) TiOz, (d) AOs and (e) Cr203. The symbol (X) corresponds to the planes of the metal.

166



6.2 - Materials and Methods

The starting of the formation of the anatase phase is evident from the presence of the TiO, (101) and
TiO; (200) peaks in Figure 6.12-(c) compatible with reported data for TiO, films annealed at different
temperatures [235]. The pattern displayed in Figure 6.12-(d) point to the formation of a fully
amorphous Al,Ojs thin film, which was expected because it is known that transformation to y-, 6- and
a-alumina phases requires a temperature higher than 600 °C [236]. The annealing of the Cr film
produced a partially amorphous oxide layer whose X-ray pattern, shown in Figure 6.12-(e) has a few

peaks matching the chromium (III) oxide (eskolaite) [233, 237].

6.2.3 Optical Characterization with LPFGs

The optical characterization of the LPFG coated with the oxides produced by the thermal annealing
from metal thin films is based on the optical features of the attenuation band. It has been already
presented in section 4.3 systematic studies using LPFGs coated with the oxides TiO» and ZnO for a
set of coating thicknesses. While the ZnO thin film was produced by the procedure here described,
the previous TiO thin films were produced inside the vacuum chamber with an oxygen atmosphere.
Nevertheless, the ZnO results should be highlighted considering approximately the same thickness

to allow the comparison with the other metals.

From the chemical and morphological analysis presented above the new coating structures can be
assumed to be in the form of Cu,O, CuO, ZnO, NiO, TiO,, AL,Os and Cr,03, with refractive indices
at 589.3 nm found in the literature 0f 2.670, 2.630, 2.006, 2.020, 2.620, 1.769, and 2.551, respectively
[159, 238-241]. The wavelength shifts and intensity variations of the attenuation band before and
after the oxide coating process are combined in Figure 6.13-(a) for all the coatings studied in this

work depending on the refractive index of the structure of each oxide layer.

A negative wavelength shift higher than 8 nm is observed for all the coating oxides with the exception
of AlLO; which presents a positive shift. In average, is observed an attenuation reduction while for
ZnO and Al,O3 an increase up to ~2 dB occurred. The changes in the characteristics of the optical
spectrum of the coated LPFG leads to improvements of the sensitivity to higher SRI in the liquids

range.

The optical power shift due to the formation of the oxide phase is shown in Figure 6.13-(b). With the
exception of the Cr,Os, the optical power shifts increases with the increase of the RI of the oxides.

For the particular case of Cu annealing it is well visible the difference in optical power of 2.5 dB
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between the two phases Cu,0 and CuO although the similar RI value according to the literature [238,
240] .
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Figure 6.13 — Variation of as a function of the oxides RI: (a) wavelength and optical power shifts before and after the
oxide coating and (b) optical power shift before and after the metal oxidation.

Figure 6.14 and Figure 6.15 presents the measured transmission spectra, from 1350 to 1600 nm,
corresponding to LPis mode of LPFGs coated with all the metal oxides, for SRI values from 1.300
to 1.600 at 589.3 nm of wavelength. A blue-shift of the resonance band is observed until the value
of the SRI is common to all samples and comparable to the CRI (1.457) of the fibre. For SRI higher
than the CRI a shift for higher wavelengths is observed together with a substantial reduction in the
attenuation bands. Even though for SRI higher than the CRI the attenuation band shows a relatively
high intensity. This behaviour is similar for bare and coated LPFGs although the wavelength shift
and the attenuation variation with the SRI are clearly more evident for the coated LPFG due to the

higher effective SRI.

S oy
Do )
5] =
g )
o =
o o ‘
] SRI < CRI SRI > CRI = -6 SRI<CRI \) . SRI>CRI
= ——1.000 1452 {2 ——1.000 N <= ; 1.456
[e) ——1.300 {-----1.460 8 1.300 i 1.460
15k | —1.330 j-----1470 L ——1.320 { ===1470
20F | —1.350 | 1.480 7 ——1.340 | ----1.480
——1.370 EEEs 1.490 18l 1.360 ! 1.490
——1.390 [ 1.500 - ——1.370 i -----1.500 ]
25 1400 v 1600 ] ' 1.380 § ----1.600
1 1 1 1 1 1 1 1 1 -21 C 1 1 1 1 1 1 1 1 1 ]
1350 1375 1400 1425 1450 1475 1500 1525 1550 1575 1600 1350 1375 1400 1425 1450 1475 1500 1525 1550 1575 1600
Wavelength shift (nm) Wavelength (nm)

Figure 6.14 — Spectral response from 1350 to 1600 nm, corresponding to LP1s mode of LPFGs coated with Cu after
annealing (a) at 225 °C — Cu20 and (b) 600 °C - CuO.
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The spectral characterization of the coated LPFGs with 67 nm of Cu,O -(a) and CuO -(b) from Figure
6.14 reveals differences in the optical response. It is visible a strong reduction of the optical power
of the attenuation band common to both sensors, however while the SRI increases the both bands
assume slightly different behaviour. All the others LPFGs in Figure 6.15 assumes differences in the

optical response.
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Figure 6.15 — Transmission spectra, from 1350 to 1600 nm, corresponding to LP16 mode of LPFGs coated with (a) ZnO,
(b) NiO, (c) TiOz, (d) Al2O3 and (e) Cr203 for SRI values from 1.300 to 1.600.

The wavelength shift and the optical power of the attenuation band minimum normalized to the initial

state (RI=1.000) is presented in Figure 6.16 and Figure 6.18, respectively, for all oxide samples
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compared to the bare LPFG. The expected sensitivity improvement is observed in all cases. The two
oxidation phases of Cu with variations in the composition leading to different optical properties
which are reflected in Figure 6.16-(a). The CuO oxidation phase presents an average higher
sensitivity to the SRI below the CRI but is limited to 1.360, while with the CuO is possible to
measure up to 1.420. In addition, for SRI higher than the CRI, CuO offers a higher wavelength shift

than Cu,O. However, the superior sensitivity exists in a narrower range.
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The sensitivity to the external refractive index with an LPFG coated with 58 nm of ZnO [Figure
6.16—(b)] is increased in the entire range of RI when compared with the bare LPFG as discussed in
section 4.3.2. The LPFGs show an increased wavelength shift for SRI lower than CRI, particularly
for NiO (a), TiO; (b) and Cr,O3 (d) coatings. For example, in the 1.340-1.380 region, the average
shift is less than 9.7 nm for a bare LPFG while for NiO, TiO; and Cr,0O; coating the average shift is
in the 32-36 nm range.

Both the TiO, and Cr;0s coatings provide the highest shift for SRI higher than the CRI, the TiO»
coating seems to be a better solution for applications where the SRI is smaller than the CRI. For
instance, for a 60 nm thick TiO; and 62 nm thick Cr,O; coatings, the shift for a SRI of 1.470 is about
31.1 and 30.1 nm, respectively (where a bare LPFG is virtually useless). On the other hand, at RI of
1.400, the TiO; shifts the attenuation band 61.5 nm which is the double provided by the Cr,Os. The
LPFG coated with 50 nm of Al,O3 shows, as illustrated in Figure 6.16-(¢c), very low improvement in
the wavelength shift compared to the bare LPFG in the lower RI range. Nevertheless, for a RI of
1.448 a wavelength shift of 170 nm is attained.

The sensitivity level of the LPFGs coated with the different oxides in the SRI range from 1.300 to
1.600 is calculated with the 1% derivative of the data plotted in Figure 6.16 and shown in Figure 6.17.
It can be easily observed that the behaviour of the sensitivity is different for each coating, thus being
possible to choose an optimized metal oxide coating depending on the SRI to be measured. The
Figure 6.17-(a) and -(b) show the results for lower SRI (left side of the 1.000) and higher SRI (right
side of the 1.000), respectively.

While the CuO coated LPFGs shows sensitivities up to 500 nm/RIU for RI of 1.375, the Cu,O reach
2000 nm/RIU around 1.420.

For SRI smaller than the CRI the sensitivity can be as high as 1050 nm/RIU at 1.420, 10437 nm/RIU
at 1.432, 1150 nm/RIU at 1.400 and 875 nm/RIU at 1.420 for LPFGs coated with 58 nm of ZnO,
68 nm of NiO, 60 nm of TiO and 62 nm of Cr,0s3, respectively. Moreover, a very high sensitivity of
20125 nm/RIU at 1.448 is achievable using a 50 nm thick Al,Os coating. For SRI higher that the CRI
the sensitivities coated LPFG are 1937 nm/RIU, 6801 nm/RIU, 5762 nm/RIU and 3051 nm/RIU at
1.457 for the Ni, Ti, Al and Cr oxides, respectively. The sensitivity decrease as the RI increase but
are far higher than the bare LPFG.

In section 3.1.3 the fabrication and characterization of TiO, coated LPFG was presented where the

oxide layer has been grown by evaporation of pure titanium in an oxygen riche atmosphere. The
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reported sensitivity is smaller for either SRI smaller or higher that the CRI. For instance at 1.360 and
at 1.470 the reported sensitivities were 350 and 460 nm/RIU, respectively, while the corresponding

sensitivity measured in this section are 525 and 725 nm/RIU, respectively.
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Figure 6.17 — Wavelength sensitivity as a function of the surrounding refractive index for a bare LPFG and for LPFGs
coated with Cuz20, CuO, ZnO, NiO, TiO2, Al203 and Cr203 from (a) 1.300 to 1.500 and (b) 1.425 to 1.515.

The sensitivity to the SRI exhibits also a variation in the minimum of the attenuation band, as can be
seen in Figure 6.18, meaning that the LPFG could be used as an intensity sensor in a wide range of
RI values. The sensitivity is larger for higher order modes, as observed in [146]. For the LPFGs of

Figure 6.18 and for SRI smaller that de CRI it can be observed a region where a reasonable linear fit
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was obtained. The optical power shift of the Cu,O and Cuo depicted in -(a) is reduced down to 30 %
of the value in air. Cu;O shows a linear behaviour in the wide SRI range 1.300 to 1.420, with a

sensitivity of 69.38 dB/RIU. For CuO the intensity shift of the attenuation band is not significant in

the same RI range.
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Figure 6.18 — Optical power variation of the resonance band corresponding to the LP1s mode of a bare LPFG and of
LPFGs coated with (a) Cu20 and CuO, (b) ZnO, (c) NiO, (d) TiO2, (¢) Al203 and (f) Cr203 oxides for SRI values from
1.300 to 1.600.

The ZnO [Figure 6.18-(b)] shows a total optical power variation above 20 dB in the same RI range
with linear behaviour in two regions I (1.300-1.400) and II (1.400-1.435) with sensitivities of 67.98
and 354.55 dB/RIU respectively. The NiO coating [Figure 6.18-(c)] shows a high sensitivity
(~167 dB/RIU) and linearity (R>=0.994) in a band from 1.320 to 1.370. The working range is limited
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but in an adequate region for chemical and biosensing. Larger RI intervals are achievable using TiO;
with 165.25 dB/RIU or with lower sensitivities of 72 and 80.7 dB/RIU using Al,O; [Figure 6.18-(e)]
or Cr,03 [Figure 6.18-(f)] respectively, in the range from 1.330 to 1.440.

In bare LPFGs the cladding mode suffers the influence of the SRI while using a certain oxide coating
there is a combination of all the RI near the cladding surface. Above a certain value of the RI coating
when the effective RI is equal to that of cladding no guided modes are supported by the cladding
mode and no attenuation bands are observed [147]. For higher RI coatings when placed in high SRI
the attenuation bands can be explained by the existence of leaky modes due to the RI profile.

Increasing the SRI the leaky mode became better confined with additional attenuation [14].

6.3 Conclusions

Real time monitoring oxidation of coatings using LPFGs was studied for a set of metal thin films as
Zn, Cu, Ni, Ti, Al and Cr. The optical properties of the metal coated LPFG were analysed when
subjected to a certain annealing temperature oxides into a specific structure. The transmission spectra
of the LPFG allows to obtain, in real time, the oxidation phase transition of all the metals in study
and the correspondent temperature level was identified. It was demonstrated that using a single LPFG
coated with a thin film of metal is possible to estimate the oxidation state by measuring the intensity
of the attenuation band during the process. The metal samples before and after annealing at specific
temperatures were analysed by its morphology and chemical state showing good indicators of full

oxidation into ZnO, CuO, Cu,0, NiO, TiO,, Al,O; and Cr;0s.

The LPFGs coated with the different oxides were able to enhance the intrinsic sensitivity to external
refractive indices which depends on their morphology and chemical state which induce variations on

the effective refractive index, leading to the sensitivity improvement.

In particular, considering the Cu oxide into two different phases, CuO and Cu,O at distinct annealing
temperatures, 225 and 600 °C respectively, the optical characterization based on the LPFG
transmission signal was able to distinguish the two phases returning slightly different optical

response to the external refractive index medium.

Measurement of the transmission spectrum allowed the calculation of the wavelength and attenuation

sensitivity as a function of the refractive index of the surrounding medium in the 1.300 to 1.600
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range, thus adding an extra degree of freedom in the design of LPFG sensors to be used as

refractometers of liquid mixtures of either water based solutions or liquid organic compounds.

Wavelength sensitivities of about 10437 nm/RIU at 1.432, 1150 nm/RIU at 1.400, 20125 nm/RIU at
1.448 and 875 nm/RIU at 1.420 were achieved for LPFGs coated, with 68 nm of Ni, 60 nm of TiO,,
50 nm of Al,O3 and 62 nm of Cr,03, respectively. For surrounding RI higher than the cladding RI,
the wavelength sensitivities are 1937 nm/RIU, 6801 nm/RIU, 5762 nm/RIU and 3051 nm/RIU at
1.457 for the Ni, Ti, Al and Cr oxides, respectively.

Working as intensity sensing devices, sensitivities up to 167 dB/RIU with the NiO coating at ~1.350
and of 354.55 dB/RIU with ZnO at ~1.420 were found for thickness layers up to 68 nm.

The two Cu oxide phase leads to different optical responses with better performance in the Cu,O
coated LPFG for both wavelength and intensity modulation. Nevertheless, the CuO phase shows a
slightly higher range for SRI higher than CRI.

It can be concluded that metal oxide coated LPFGs leads to wavelength and intensity sensitivity
enhancement comparing to bare LPFGs. In addition, metal oxide coated LPFGs may be used in

systems with RI higher than the fibre cladding, a region where bare LPFGs are insensitive.
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Chapter 7

A Study of the Quality of Olive Oils with
Coated Long Period Fibre Gratings

In this chapter a sensing device based on a TiO; coated LPFG is used to detect variations on
liquid samples with refractive index higher than the optical fibre cladding and applied to
evaluate the quality of edible oils. With this target two different experimental studies are
presented, one intends to monitor the thermal deterioration of an extra virgin olive oil, while
the second one addresses the study of how contaminants as hexane influence the properties

of edible oils permitting to access their quality.

7.1 Introduction

One of the most controlled markets in the world is the food industry where all the processes must be
efficient and reliable to preserve the quality of the final products. Edible oils (EO) are a particular
category in this industry with a long list of different sources with specific functions either uncooked
or to be used in the food preparation. The production of EO is increasing, as reported by the Food

and Agriculture Organization (FAO) [242]. Edible oils find application in the food industry as well
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as in biofuel production, which will drive the EO demand in the next years [243]. Edible oils and fats
are virtually omnipresent in food processing, either naturally present in foods or added as ingredients
that convey functional properties. Although ingestion levels of oils and fats must be controlled in
order to avoid health problems, such as obesity, however, along with proteins and carbohydrates, are
one of the three macronutrients and therefore an essential part of a healthy diet [244]. Edible oils can
be characterized by the colour, taste, smell, chemical composition and refractive index (RI). The
intrinsic RI of some common edible oils @ 589.3 nm is presented in Table 7.1 in the range from

1.450 to 1.4800.

Table 7.1 — Refractive index of common edible oils

Oil RI Ref. Oil RI Ref.
Coconut Oil 1.4490-1.4510 [245] Hemp seed oil 1.4723 [245]
Palm Oil 1.4530-1.4580 [245] Soybean Oil 1.4729 [246]
Sesame Oil 1.4650-1.4690 [246] Poppy seed oil 1.4730-1.4760 [245]
Olive Oil 1.4679 [246] Corn Oil 1.4735 [246]
Sunflower oil 1.4670-1.4690 [246] Castor oil 1.4770 [246]
Peanut Oil 1.4697-1.4719 [245] Cod-liver oil 1.4810 [246]

Extra Virgin Olive Oil (EVOO) is a particular edible oil with a strong presence in the so called
Mediteranium diet. This special oil is made from fruits of the olive tree (Olea europaea L.) by
mechanical processes (crushing, malaxation and centrifugation) and can be consumed by humans
without additional treatments [247]. EVOO is recognised as a healthy foodstuff due to its capacity
to prevent pathologies, such as cancer and cardiovascular diseases [248]. EVOO is a significant
source of mono- and polyunsaturated fatty acids, tocopherols and phytosterols. Even though EVOO
is a very stable foodstuff, autoxidation takes place leading to hydroperoxides, usually called primary
oxidation products. Later the breakdown of these compounds leads to alcohols, aldehydes (mainly
responsible for flavours and odours), ketones, lactones, hydrocarbons, fatty acids (secondary and

tertiary oxidation products) and, in the last stage, the polymerization products is observed [249].

The enhanced optical spectral sensitivities achieved with the titanium coated long period fibre
gratings (LPFG), makes them good candidates to be used to monitor the quality of edible oils. The
range of RI of the common edible oils presented in Table 7.1 fits the high sensitivity spectral region

of the coated LPFG as shown in Figure 4.15 (Section 4.3.1) which displays the spectral
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characteristics of the attenuation band near 1550 nm, corresponding to the LP,, cladding mode. The

bare LPFGs are virtually insensitive to surrounding refractive indices (SRI) higher than that of the
fibre cladding (CRI), however, with a thin layer of TIO, the sensitivity to SRI can be increased to

levels where edible oils can be monitored.

The wavelength shift as a function of the SRI, from 1.250 to 1.650, for a bare LPFG and for a LPFG

with 30 nm thick TiO, film is shown in Figure 7.1. The data corresponds to the LP,, cladding mode

6
and was normalized to the initial state (n = 1.000). In the 1.460 to 1.480 range, which fits to the
majority of edible oils, the measured average sensitivity is about 800 nm/RIU. The shift in
wavelength was calculated with an error smaller than 0.1 nm.
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Figure 7.1 — Normalized wavelength shift as a function of the surrounding refractive index for a bare LPFG and for a
LPFG with 30 nm thick TiO:z film. Data corresponds to the LP16 cladding mode.

The enhanced properties of the TiO, coated LPFG device are used in this chapter to monitor the

thermal deterioration of EVOO and its adulteration with organic solvents. Therefore, it was
fabricated a LPFG with an overlay of 30 nm of TiO2 following the procedures described in sections
3.1.1 and 3.1.3. The spectral characterization of the device was performed by an optical spectrum
analyser (OSA) (ANDO, model AQ 6315B) and the RI range from 1.300 to 1.640 was considered in

the studies described next sections.

179



Chapter 7 - A Study of the Quality of Olive Oils with Coated Long Period Fibre Gratings

7.1.1 Thermal Deterioration of Edible Oils

Uncooked EVOO keeps all its nutritional components, such as vitamins, essential fatty acids and
antioxidants. However, EVOO is also frequently used for baking and cooking in Mediterranean
countries where deep frying is a popular method for food preparation, either in traditional or in fast-
food restaurants [250, 251]. During frying the oils change colour, thickens and acquire an unpleasant

taste and odour [252].

During frying at high temperature edible oils in general and EVOO in particular, absorbs oxygen and
water suffering a wide range of reactions namely hydrolysis, oxidation, isomerization, and
polymerization [252-256]. These reactions lead to an increase of polar substances, decomposition of
essential fatty acids and in an increase in trans isomers [257]. The degradation substances formed
during frying have nutritional and toxicological consequences in human health. Therefore, frying

oils have to be substituted before substantial deterioration has taken place.

Several methods were developed to determine the deterioration threshold of frying oils, such as the
measurement of free fatty acids, total polar compounds, alkaline materials, anisidine value, peroxide
value, and mono- and diglycerides [252, 258]. However, most of these methods have the
disadvantage of being expensive, time consuming, unsuitable for online monitoring and do not
provide results in a short time interval. Therefore, accurate inexpensive and real-time methods of

frying oil deterioration monitoring are required.

It has been reported by several authors an increase of the refractive index (RI) after frying EVOO
along with an increase in free fatty acids and peroxide value and a decrease of natural anti-oxidants
(phenols and a-Tocopherol) [259, 260]. It was also reported an increase of the RI after thermo-
oxidative degradation of vegetable shortening [259], canola oil [261] and of sunflower oil [262].

Optical techniques, such as Raman, fluorescence and absorption spectroscopy are reagentless, non-
destructive analytical techniques [263]. Namely, near infrared (NIR) and Fourier transform infrared
(FTIR) spectroscopy found application across a wide range of fundamental [264] and applied
sciences [265] and production lines in industry [266]. FTIR spectroscopy has been used to monitor
the thermal stability of sunflower and canola oils [267] and to study the kinetics of EVOO
deterioration [268, 269].

The detection of small levels of adulteration or accurate monitoring of thermal deterioration of edible

oils could be achieved by LPFGs provided that the high wavelength sensitivity to SRI variations
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could be used as sensing mechanism. However, most edible oils have RI higher than the CRI of
optical fibres. Coating the bare LPFG with a thin film with RI higher than the CRI could lead to the

realization of a chemical sensor for the food industry.

7.1.2 Adulteration of Edible Oils

The production of EO consists of two separate processes, extraction and refinement. During
extraction, oil is removed from healthy and intact seeds, nuts or fruits and after that refinement alters
its appearance, texture, taste, smell or stability to meet consumer expectations [270]. There are three
main processes of EO extraction, pressing (using an expeller press), decanter centrifuge and chemical
solvent extraction [244]. High quality EO extracted by cold pressing have high tocopherols, sterols,
carotenoids, and phospholipids concentrations [271], and a few, such as extra virgin olive oil [272],
can be directly consumed unrefined by humans. However, since the oil pomace obtained by pressing
still retains 3 to 15 % of residual oil, it is desirable to carry out a more complete extraction with

organic solvents.

Modern commercial methods of chemical extraction use volatile purified organic solvents, such as
iso-propanol, ethanol, acetone and, especially, the various grades of petroleum benzin, commonly
known as petroleum ether or commercial hexane [273]. In fact, a major part of the global EO
production in commercial applications derives from chemical extraction processes which have been
extensively used in the food industry [274]. These techniques are less expensive, quicker and lead to

higher extraction yields [270].

After extraction the oil is separated from the solvent (which is recycled back to the extractor) and
then processed using conventional refining techniques such as, degumming, neutralization, washing,
drying, bleaching, filtration and deodorization. These processes are intended to remove minor
components such as phospholipids, free fatty acids, colouring pigments, proteins and oxidation

products [275].

Crude EO contains residual solvents, which raises safety and operational issues during storage and
processing. As storage tanks are usually kept at normal pressure, without any inert gas system, the
residual solvent may thus accumulate in the vapour phase. The eventual formation of flammable
mixtures inside confined volumes may result in explosion in the case of accidental ignition [276].

Recently, several identified accidents involving mixtures of EO with hexane were reported, of which
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more than half occurred in extraction plants during regular process stages. Two tragic accidents
occurred in vegetable oil refineries in Italy in 2006 and in Spain in 2007, due to accidental ignition

of flammable mixtures in EO storage tanks [276].

The introduction of optical fibre sensors in this kind of environments can avoid some of these
problems. In this chapter, the wavelength response of a long period fibre optic grating coated with a
layer of titanium dioxide (TiO,) is used to screen the RI change caused by the thermal deterioration

of EO and to monitor the concentration of organic solvents in these oils.

7.2 Detection of Extra Virgin Olive Oil Thermal Deterioration

7.2.1 Materials and Methods

The deteriorated samples were produced from a commercial extra virgin olive oil which was heated
at 180 and 225 °C for periods of time from 1 to 57 hours. A glass beaker with 350 ml of oil was
placed on a hotplate fitted with a temperature controller (1 °C) and continuously mixed with a
magnetic stirrer. At each sampling time a 6 ml sample was collected and stored in dark glass vial at
room temperature (~21 °C) in order to prevent modifications with the light exposition. Measurements

of each sample were accomplished within 48 hours so they can provide comparable results.

The visible (VIS) and NIR absorption spectra were acquired from 345 to 1700 nm with a resolution
of 3 nm. A tungsten halogen light source equipped with a cuvette holder and a connector for a patch
cord was used (Avantes, AvaLight-Hal, Netherlands). Spectra were collected using two diode-array
fibre optic spectrometers (USB4000 and NIRQ5120 from Ocean Optics, USA, respectively) and a
bifurcated cable (SPLIT400-VIS-NIR, Ocean Optics, USA). The spectra acquisition was performed
by pipetting ~3 ml of oil into a plastic cuvette. Each measurement was repeated twenty times and
averaged using the software that controls the equipment. The white light spectrum was recorded and

the raw spectra normalized accordingly and the absorbance expressed in dB/cm.

7.2.2 Sensing Device and Experimental Setup

The EVOO samples were characterized with the TiO, coated LPFG with a similar setup to the one

described in section 4.3 and presented in Figure 7.2.
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Light OUT

Thermocouple EVOO sample
type K V groove
Light OUT

Sensing region

Clamp — Mass

Figure 7.2 — Scheme of the sensing device and of the measuring set-up. (BBS-broadband source, OSA-optical spectrum
analyser, SMF — single mode fibre.)

Each oil sample to be tested was placed in a glass V groove aligned with the sensing region in the
fibre covering the entire LPFG length. After each measurement both fibre and the V groove were
flushed with acetone to avoid contamination to the next oil sample. The temperature of the setup was

monitored with a thermocouple type K and kept constant within £1 °C.

7.2.3 Results and Discussion

- Spectroscopic characterization

The VIS and NIR absorption spectra can be considered a fingerprint of the olive oil [277]. The
spectroscopic data can be processed for obtaining a correlation with quality indicators, origin of

production, as well as to oxidation or thermal deterioration [278].

Figure 7.3 represents the VIS absorption spectra of samples before heating and after heating at
180 °C. The inset presents the corresponding NIR spectra. For the sake of clarity not all the heating
times are presented. The curve labelled “Pure” was taken from an unheated sample while curve
labelled “0 h” corresponds to a sample taken after the oil reached the pre-stablished temperature (30
and 45 minutes for 180 and 225 °C, respectively).
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Figure 7.3 — Visible absorption spectra of olive oil samples before heating and after heating at 180 °C. The inset presents
the corresponding near infrared absorption spectra.

The effect of thermal deterioration is clearly seen in the decreasing of the absorption band centred at
~677 nm, attributed to chlorophyll A [279]. Figure 7.4 shows the decrease of the integral of the band

calculated between 640 and 740 nm as a function of the heating time for both temperatures.
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Figure 7.4 — Integral of the absorption band between 640 and 740 nm as a function of the heating time for 180 and
225 °C.

The integral decreases at a rate greater for a higher heating temperature. Also, absorption bands,

between 400 and 550 nm, attributed to chlorophyll B and their derivatives (pheophytins), carotenoids
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and flavonoids, such as anthocyanins, present a clear decrease with increasing heating time and

temperature.

The NIR spectrum presents a band near 1218 nm, characteristic of the 2™ overtone of C-H stretching
vibration of various chemical group (-CHa, -CH3, -CH=CH-) [280]. The bands near 1177 nm were
assigned as the 2™ overtone of the C-H absorption of pure fatty acids containing cis double bonds
(e.g., oleic acid). The region from 1300 to 1600 nm shows two weak bands cantered near 1399 and
1421 nm. These absorption bands correspond to the combination of the C-H stretching vibration with
other vibration modes. The absorption band of the 1% overtone of water highly perturbs the absorption
at these wavelengths. As it can be seen, the NIR spectral data does not show clear information on

thermal deterioration.

- Evolution of the refractive index

Many alterations of EVOO occurring during heating may lead to RI wvariations. Fatty acid
composition measured by gas chromatography at the beginning and the end of frying was reported
[255, 269]. The phenolic composition during heating was measured [281], the authors reported that
hydroxytyrosol, elenolic acid, decarboxymethyl, oleuropein aglycon, and oleuropein aglycon

presented reduced concentration after thermal treatment.

The RI of the samples was measured using an Abbe refractometer. Figure 7.5 presents the measured

RI variation as a function of heating time for both temperatures.
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Figure 7.5 — Measured refractive index of olive oil as a function of heating time for 180 and 225 °C.
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At room temperature (26=1 °C) the RI was 1.46650+0.00025. However, as illustrated in Figure 7.5,
the evolution of the RI with the heating time strongly depends on temperature. It increased until
1.47250 after 57 hours at 225 °C. It follows that thermal deterioration of olive oil can be monitored

by measuring RI variations, which in turn can be scrutinized by measuring the wavelength shift of

the LPFG based sensor described above.

- LPFG detection of thermal deterioration

Transmission spectra of the LP, cladding mode of the 30 nm TiO, coated LPFG is illustrated in

Figure 7.6-(a) from 1500 to 1620 nm with air and with EVOO as external medium, before heating
and after heating for 6, 12, 30, 39 and 57 hours at 225 °C. In spite of the great increase in the
transmission of the attenuation band when the surrounding medium goes from air to oil, no
appreciable change could be measured for different oil samples. Nevertheless, pronounced

wavelength shifts were observed for the same oil samples.
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Figure 7.6 — (a) Transmission spectra of the LP1s cladding mode for air and EVOO as external medium (before heating
and after heating for 6, 12, 30, 39 and 57 hours at 225 °C); (b) Wavelength shift of the long period fibre grating sensor for
heating times from 1 to 57 hours at 180 and 225 °C.

Figure 7.6-(b) illustrates the behaviour of the sensor for heating times from 1 to 57 hours. A good
linear sensitivity was observed in the first 24 hours of heating. A wavelength shift of ~5 nm was

obtained in the refractive index range from 1.4665 to 1.4725.

The sensitivity is about 811.3 nm/RIU at 180 °C and 785.7 nm/RIU at 225 °C. These values
correspond to 26 and 90 pm per hour of heating at 180 and 225 °C, respectively. Using a commercial
available optical spectrum analyser with 2 pm resolution, thermal deterioration periods down to

~5 minutes at 180 C and ~2 minutes at 225 °C could be, in principle, detected.
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There is a large variety of edible oils with very distinct biochemical constitution. Likewise, extra
virgin olive oils originating from different sources, made from olives in different ripening stages or
kept in different conditions, possess diverse constitution and are easily distinguishable. Therefore,
its refractive index and absorption spectrum, and its corresponding temperature variations, are
different. Nevertheless, it was demonstrated that given a pure EVOO brand, its deterioration
dynamics can be followed using a TiO, coated LPFG. Moreover, the time interval that the oil stayed

at a certain temperature can be determined by acquisition of an initial measurement.

Given the linear shape of the sensor and its small dimensions it would be ease to fit it in an industrial
frying pan. EVOO was the edible oil selected to demonstrate the feasibility, precision and efficacy
of a TiO; coated LPFG optical sensor. Further research is needed to investigate the possibility of

applying the sensor to other edible oils and to measure its properties.

7.3 Detection of Hexane in Extra Virgin Olive Oil

Typically, hybrid FBG/LPFG structures contains two fibre Bragg gratings (FBG) with wavelengths
at both sides of attenuation band of the LPFG [246], but operation with a single FBG in one side of
the attenuation band is also feasible under certain conditions. Recently, it was reported RI
measurements using a LPFG in line with a FBG for temperature compensation [282]. The present
work follows a similar configuration, focusing on the development of a hybrid optical sensing
structure based on a FBG and a TiO; coated LPFG, combination aiming the measurement of
concentration of organic solvents in EO. The introduction of the FBG coupled to the LPG generates
essentially two major advantages. First, it makes the sensing device interrogation easier by measuring
the optical power at the FBG wavelength. The second, is the possibility of controlling the thermal

stability by tracking the wavelength position of the FBG since it is insensitive to the external RI.

The sensing device and its corresponding sensitivity and resolution performance is presented

following two different interrogation modes, when operating in reflection and in transmission.

7.3.1 Sample Preparation

High quality extra virgin olive oil was acquired in the local market and mixed with n-hexane
(CH3(CH»)4CHs) (Sigma-Aldrich, Germany), in different proportions, from 1 to 6 % V/Vin 1 % V/V
steps and from 6 to 20 % V/V in 2 % V/V steps. Afterwards, all samples (each one had a total volume
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of 25 ml) were mixed, using a vortex mixer (model ZX3, Neu-TEC Group Inc, USA) to ensure total
homogenization and were stored in dark glass vials at room temperature (~21 °C). Measurements

were accomplished within ~48 hours.

7.3.2 Experimental Setup

Prior to the oil characterization using the FBG/LPFG sensors, the RI of the samples was measured

at room temperature (261 °C) using the Abbe refractometer with a RI resolution of 2.5x10™.

Two similar FBG/LPFG sensors (labelled SMF 1 and SMF 2) were used simultaneously to

characterize the refractive index variation of the oil samples, as illustrated in the setup of Figure 7.7.

SampIeT
ouT

SMF 1

Light IN

— > oooo
BBS . Light OUT oooo
Light IN // oooo
oy - oo
SMF 1
Light IN
BraggMeter
FS2200 Light OUT
o o o ol €¢— SMF 2

Figure 7.7 — Scheme of the measurement setup including: broadband source - BBS, optical spectrum analyser - OSA,
sensors - SMF1/SMF2, FBGs interrogation unit/OSA — Model FS2200 (bottom), PMMA flow cell with two channels and
six openings, four to pass the fibres and two to fill and drain liquid samples (top).

Sensor SMF 1 was intended for interrogation in transmission mode only. For that purpose it was used
a homemade broadband source (BBS) and the OSA, with a resolution of 0.2 nm and a sampling rate

of 1 spectrum per minute, from 1500 to 1630 nm.

Sensor SMF 2 was planned to be used as a sensing tip interrogated in reflection mode, however it
was also characterized in transmission mode, as shown in Figure 7.7-(a). The spectra were measured

using a computer controlled unit specifically designed to interrogate FBGs but also capable to be
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used as OSA (BraggMETER FS2200 SA, FiberSensing, Porto, Portugal), with a resolution of 1 pm

at a sampling rate of 1 spectrum per second, from 1500 to 1600 nm.

The setup shown in Figure 7.7-(b) is constituted by a homemade flow cell made of poly (methyl
methacrylate) (PMMA) with two identical channels and six openings, four of them used to pass the
fibres containing sensors and the other two to fill and to drain liquid samples. Both sensors were
inserted in the cell and the FBG/LPFG structures were aligned with the centre of the channels. To
avoid fibre-bending interference on the sensing response the ends of the fibres were clamped by

pressing and holding the base of the flow cell against its upper half.

After each measurement the flow cell was flushed with 20 ml of ethanol and dried with filtered air
to avoid contamination to the next oil sample. Then the spectrum of each sensor was monitored to

ensure that the resonance dip has returned to its original spectral position.

7.3.3 Results and Discussion

The RI of the pure olive oil was 1.46650+0.00025 and as the hexane concentration increases (whose
RI is 1.3735), the RI of the mixture diminishes, as illustrated in Figure 7.8. From a linear fit to the
data with a correlation coefficient (R?) of 0.998, a rate of 0.076 RIU / %V/V was calculated.
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Figure 7.8 — Refractive index of the samples for hexane concentration from 0 to 20 % V/V. Inset: temperature
sensitivities of both LPFG and FBG from 30 to 80 °C.
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It follows that the concentration of hexane in olive oil can be monitored by measuring the RI of the

mixture, which in turn can be evaluated by measuring the specific spectral characteristics of the
LPFG resonance band.

- Analysis of the LPFG I wavelength shift with OSA

For the SMF 1 sensor, Figure 7.9 shows the spectral behaviour of the LPs band characteristic of the
LPFG 1, together with the FBG 1 dip at 1539.91 nm, for increasing hexane concentration. It is also
shown the LPFG spectra taken with air and with hexane as external medium. The spectral data was
subjected to a fast Fourier transform (FFT) smoothing filter to reduce the noise due to the low power

level of the light that reaches the OSA. As the corresponding RI decreases, the LP¢ band exhibits a

notorious redshift.
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Figure 7.9 — Spectral features of the LP1¢ band characteristic of the LPFG 1 (SMF 1 sensor), for air as external medium,
pure hexane, olive oil and for mixtures with olive oil and various hexane concentrations.

For achieving the minimum of the LPFG dip in terms of wavelength and optical power care must be
taken because the attenuation bands are in most cases asymmetric. However, the lower part of the
bands is with reasonable accuracy a symmetric curve which can be fitted by a symmetric function.
To perform this analysis the minimum optical power of the band was evaluated and then considering
only the points 15% above this minimum, a Gaussian function was fitted and all the parameters were

extracted, such as the wavelength position and the minimum optical power.
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The experimental wavelength shift of the resonance dip is shown in Figure 7.10-(a) as a function of
either the hexane concentration or the resulting RI of the mixture. In Figure 7.10-(b) the same results
are presented as a function of time. For hexane concentration up to 16 % V/V the average sensitivity

of 1.41 nm / % V/V (or 1881.2 nm/RIU) was calculated.
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Figure 7.10 — (a) Wavelength position of the LP16 band dip of the LPFG 1 (SMF 1 sensor) as a function of the hexane
concentration (and of the RI). The continuous line is a linear fitting up to 16 % V/V; (b) Wavelength variation of the dip
from LPFG 1 (SMF 1 sensor) when the surrounding medium undertakes step variations of hexane concentration (or RI).

The temperature around the flow cell was measured by a digital thermocouple (Model DVM1322,
Velleman, Belgium) and found to increase ~1.5 °C during the measurements. It is well known that
optical fibre gratings are sensitive to temperature variations [283]. The temperature sensitivity of the
LPis band of coated TiO, LPFG sensor was measured from 30 to 85 °C. As shown in the inset of
Figure 7.8, a linear fit was established, from which a sensitivity of 113pm / °C was measured for this
specific mode. Therefore, for a temperature increase of 1.5 °C, the highest expected error in the

determination of the wavelength of the LP¢ dip is lower than 0.2 nm.

As discussed in section 4.3.2 the resolution, R, can be calculated considering the values obtained
from two measurement linked with two different values of the external RI [161] through equation

@.110).

From the two steps, shown in Figure 7.10-(b), a spectral resolution better than 0.58 %V/V (or
5.8x10™ RI) was calculated. To check the stability/repeatability of the process, the same samples
solutions were used to obtain several acquisitions, confirming the effectiveness of this sensing

structure.
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- Analysis of the FBG 1 transmission with OSA

Increasing the hexane concentration leads to a RI reduction and to a redshift of the LP;s mode, which
in turn conducts to an increment of the transmitted optical power in the left wing of the LPFG 1
resonance band. Also, it leads to an almost symmetrical transmission reduction on the right wing of
the resonance band (see Figure 7.9). Therefore, the spectral signature at 1539.91 nm of the FBG 1
(located on the left side of the band dip) associated with the SMF1 sensor can be used to monitor the
transmitted optical power through the sensor. Figure 7.11-(a) displays the variation of the optical
power transmitted through the FBG 1 due to the continuous fading of the low wavelength region of
the resonance band when the hexane concentration increases. The stability in time of the
measurement system using the same transmitted optical power of FBG 1 is closely analysed in Figure

7.11-(b).
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Figure 7.11 — (a) Dependence of the transmitted optical power shift of the FBG 1 (SMF 1 sensor) on the hexane
concentration (and on the RI). The continuous line is a linear fitting up to 16 % V/V; (b) Variation of the optical power
transmitted by FBG 1 (SMF 1 sensor) when the surrounding medium undertakes step variations of hexane concentration
(or RI).

The continuous line in the graph is a linear fit to the experimental points (excluding two outlier
samples corresponding to 18 and 20 %V/V), characterized by a R? value of 0.9919. For hexane
concentrations up to 16 %V/V the sensitivity is 0.11 dB / %V/V (or 170.8 dB/RIU).

Following the procedure outlined above, the resolution of this measurement methodology can be
calculated applying equation 7.1 and considering the values obtained from two measurements linked
with two different values of the external RI, where 8P is the difference in the output power of the

FBG 1 under the RI variation (Section 4.3.2).
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From the two steps, shown in Figure 7.11-(b), a resolution of 0.29 %V/V (or 2.1x10* RI was

calculated.

- Analysis of the data from the BraggMeter

For the SMF 2 sensor, Figure 7.12 shows the spectral behaviour of the LP1s band of the LPFG 2 after
signal-to-noise improvement using the same FFT smoothing filter. Similar comments can be applied
to this grating, namely, the wavelength sensitivity and spectral resolution which are of the same order

of magnitude as stated above for the LPFG 1 analysed in transmission mode.
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Figure 7.12 — Spectral features of the LP16 band characteristic of the LPFG 2 (SMF 2 sensor), for air as external medium,
pure water, ethanol, hexane, olive oil and for mixtures with olive oil and various hexane concentrations.

Sensor SMF 2 was planned to be a sensing tip. Using the concept applied to SMF 1 sensor, the
continuous vanishing of the LP¢ band with increasing hexane concentration leads to an increase of
the optical power reaching the FBG 2. The spectral feature at 1554.54 nm, characteristic of the
FBG 2, is shown in Figure 7.12. Part of the radiation transmitted double crosses the LPFG 2 upon
reflection in the FGB 2, being then detected by the interrogation unit (BraggMeter, FS2200 SA,
HBM Fibersensing). In addition, as described above, FBG 2 can be used to monitor the transmitted

optical power through the LPFG 2.
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Figure 7.13 displays the magnitude of the measured optical power shift due to signal reflection on

FBG 2 and due to the signal transmitted through it.

Refractive index
1466 1.464 1462 1.460 1.458 1456 1.454

R e e e e e
A e Transmission y = -0.0620 + 0.1230x

P Reflection y=-0.0207 + 0.0651x 03
2] B [ R FBG 2 wavelength shift 45 _
z L s c
= Q.
:E 25 ;
5 [ & 1° 5
2 20 e
(@] -
o {@)]
® 15 &
& 2T = ©
=] >
Q " ©
o
a 1ok {10 fl
Q 0
2 05 ! m

5F I, i P =

=
0.0
1 L 1 L 1 L 1 " 1 L 1 L 1 L 1 L 1 L 20

0 2 4 6 8 10 12 14 16 18
Hexane concentration (% V/V)

Figure 7.13 — Left axis: dependence of the transmitted and of the reflected optical power shift of the FBG 2 (SMF 2
sensor) on the hexane concentration (and on the refractive index). Right axis: FBG 2 wavelength shift during the
measurements.

The continuous lines are linear fits to the experimental points (excluding two samples at 14 and
16 % V/V). For hexane concentrations up to 12 % V/V, the sensitivity in reflection is
0.07 dB /% V/V and in transmission is higher, 0.12 dB / % V/V. Both fits are characterized by R?
higher than 0.98.

Figure 7.14 illustrates the time evolution of the sensor readout, both in reflection and in transmission,
from which the calculated resolution was higher for reflection, 0.16 %V/V (or 1.4x10™* RI) than for
transmission, 0.31 %V/V (or 2.3x10™ RI).
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Figure 7.14 —Variation of the optical power transmitted and reflected by FBG 2 (SMF 2 sensor) when the surrounding
medium undertakes step variations of hexane concentration (or refractive index).

Table 7.2 resumes the sensitivities and resolution for both sensors and measurement techniques.

Table 7.2 — Summary of the sensitivity and resolution of SMF 1 and SMF 2 sensors interrogated in both modes,
transmission and reflection.

SMF1 SMF2
Wavelength shift Optical power Optical power Units
. 1.41 nm / %V/V 0.11 0.12 0.07 dB/ %V/V
Sensitivity
1881.2  nm/RIU 170.8 160.5 89.7 dB /RIU

0.58 0.29 0.31 0.16 %V/IV

Resolution
5.8x10* 2.1x10* 2.3x10* 1.4x10* RI
Transmitted Transmitted Reflected

According to the inset of Figure 7.8, the FBGs used in the present work have a temperature sensitivity

of ~11 pm/°C which is in agreement with the literature for the standard optical fibre (~10pm/°C)

[284]. As can be observed in the right axis of Figure 7.14, a wavelength shift of 16.5 pm of the FBG 2

occurred during the experiment, from which a temperature variation of 1.5 °C within the flow cell

was calculated, a value compatible with the temperature variation just outside the cell.
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While the LPFG sensors are sensitive to both SRI and temperature variation, FBGs are SRI
insensitive. The proposed hybrid configuration allows correction of the LPFG wavelength shift due
to random temperature drifts, which may occur in crude EO storage. Moreover, in temperature
dependent laboratorial or industrial processes, such as in EO chemical extraction, accurate

monitoring of hexane concentration would require wavelength shift correction.

7.4 Conclusions

New sensing technologies well adapted to process control in agri-food industry was presented in this
chapter using fibre optic sensors which are easy to use, robust, reusable and do not involve the use
of hazardous chemicals. The studies reported in previous chapters allow the possibility of applying
long period fibre gratings to monitor the quality of high refractive index edible oils when coated with

TiO, through the changes in refractive index. The high sensitivity of the TiO, coated LPFG sensor

to the surrounding refractive index has been used to demonstrate the feasibility of a measurement

sensor of thermal deterioration and for contamination of high refractive index edible oils.

The thermal deterioration sensing system is based on the refractive index change of the EVOO
induced by heating at high temperature. Visible and near infrared spectroscopy has allowed the
effects of thermal deterioration to be detected, clearly seen, for example, in the decreasing of the

visible absorption band centred at ~677 nm, attributed to chlorophyll A.

The detection of organic solvents in edible oils as EVOO was performed with an optical sensing
scheme based on hybrid FBG/coated LPFG. Despite the advantages of a probe tip geometry and of
the easiest of the sensor interrogation in reflection mode, the study showed that the highest sensitivity
was obtained in transmission mode. The resolution, however, is lower in transmission mode as
compared with reflection mode. SMF 1 and SMF 2 sensors present sensitivities between 0.11 and
0.12dB/%V/V when interrogated in transmission mode, a value higher than the value of
0.07 dB / %V/V, achieved for the FBG readout in reflection mode. However, the lowest resolution
is attained in reflection mode (0.16 %V/V).

In conclusion, the LPFG sensor coated with TiO; thin film is simple to fabricate, easy to implement
and to interrogate and allows real time characterization of deterioration of high refractive index

edible oils, such as EVOO, without chemical analysis.
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Chapter 8

Surface Plasmon Resonance: Studies with

Single Mode Optical Fibres

Multimode fibres provide easier and faster way to expose the evanescent wave of the group
of modes that propagates in their large core, therefore has been the preferred platform to
support fibre optic based surface plasmon resonance sensing devices. However, their
performance may be enhanced when singlemode fibres are addressed, so in this chapter,
such approach is studied considering single mode optical fibres with a reduced cladding by

chemical etching.

8.1 Surface Plasmon Resonance

The general principle behind the operation of optical sensors is the modification induced by the
measurand of light properties, namely intensity, phase, polarization, frequency and wavelength
(these two are related but gave raise to rather different classes of sensing layouts). Additionally, there
are situations where the coupling of light to other elements originate new phenomena that may be

the source of new sensing approaches, most often opening paths to have access to extremely high
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sensitivities derived from the fact, in such cases, the measurand acts on the coupling conditions of
light to those elements, which usually shows rather sensitive dependence. The most well-known of
these phenomena is the coupling of light with free electrons at a metal surface, originating a hybrid
photon-electron entity, known as plasmon. It turns out this resonance interaction (surface plasmon
resonance — SPR) is highly sensitive to the refractive index (RI) of the surrounding medium,
therefore enabling the design of high performance sensing devices. By proper functionalization,

many measurands, mostly related to the chemical and biological domains, can be scrutinized [285].

Plasmonics based optical sensors have been mostly supported by bulk optical elements (prisms) in a
coupling layout known as Kretschmann’s configuration [32, 286, 287]. However, soon has been
recognized the obvious advantages of using the optical fibre as the SPR sensing platform, starting by
the fact propagation in these waveguides in most of the cases is supported by total internal reflection,
an effect central in plasmonic phenomena. Therefore, it has been observed a tendency to establish
the optical fibres the preferred platform for the SPR detection [33]. This tendency naturally led to
the idea of developing fibre based SPR sensing systems and related subjects, such as their

multiplexing to achieve a spatially distributed sensing network.

8.1.1 Brief Definition

Plasmons are oscillations of free electrons in a plasma defined by traveling waves with specific wave
vector and frequency. They exist under certain resonant conditions, usually called surface plasmon
resonance (SPR), a phenomenon that had been systematically investigated [32, 288] and mostly used
for chemical and biosensing in bulk planar waveguides through commercial products such as Biacore

(GE Healthcare group, EUA) or Navi models (Bionavis, Finland).

Surface plasmon resonance is a phenomenon that gives rise to a transverse electron-density
oscillation, at a given eigenfrequency, that in certain conditions exist at the interface of two media
with dielectric constants of opposite signs, for example a metal and a dielectric. The electron-density
oscillation and associated electromagnetic field are called surface plasmon polariton (SPP), a coupled
state between a plasmon and a photon. The metals have in general a large number of free electrons
which allows plasma excitation. The oscillation is associated with an electromagnetic wave, and the
evanescent field at the interface decay exponentially into both metal and dielectric media. This

situation is illustrated in Figure 8.1 for a planar waveguide where the perpendicular field E, decays
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exponentially. The plasmon excitation is strongly dependent on the effective RI of the combination

dielectric/external medium, thus making a surface plasmon based device suitable for sensing.

Only TM-polarized incident light will excite plasmons which can be an important issue when planar

waveguides are being considered.

I\SPP
Evanescent
r4

 NAREAEN

deme ST T

Figure 8.1 — Schematic representation of the electron charge-density wave propagating along the metal/dielectric
interface of a planar waveguide.

The field distribution along the interface can be described as [289]:

E — Egei(kxxikzz—mt) (8 1)

Being the sign (+) depending if z is positive or negative. The exponential decay of the field in the

z direction is caused by the imaginary termk, .
From Maxwell equations, the propagation constant of the surface plasmon wave (SPW) that

propagates at the interface dielectric/metal is given by equation (3.10) [32]:

Bk, =2, [ Babe (82)

EntEy

where k_=2n/A is the free space wavenumber with A the free space wavelength, o is the frequency,
g, the permittivity of the metal (¢, =¢ +ie, ) and ¢, the permittivity of the dielectric (¢, = ¢, +ig,
)[290]. The dielectric constant of a metal, neglecting attenuation, can be calculated using the free

electron model from the equation (8.3):

- 2
g, (®) :1—(—‘)] (8.3)
)

where o, is the Drude plasma frequency given by:
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©, = (8.4)

where N, e and m, the density, charge and effective mass of the electrons, respectively; ¢, is the

vacuum permittivity.

The plasma frequency o, defines a cutoff frequency above which the wave-vector becomes

imaginary, indicating that the light cannot propagate in the medium.

The combination of a set of metal or dielectric layers would give rise to sensing sensitivity
improvement, to tune the wavelength resonance position or to avoid chemical reactions of a specific
metal with the analyte. In this case, a multilayer system is considered and the number of interfaces
increases, each one with a different dispersion equation. An example of the dispersion relation of

SPP at two different interfaces is shown in Figure 8.2. For this case, two dispersion equations for k,

can be found for o = 0, and » = oy, which depends on the dielectric constants of each interface.

Direct light

Dispersion
curves

>
ky

Figure 8.2 — Representation of two dispersion curves corresponding to the surface plasmon propagation at two different
interfaces (adapted from [291]).

8.1.2 Excitation Configurations

The excitation of surface plasmons occurs when two propagation wave-vectors are equal. This is the
reason why the direct light cannot excite surface plasmons at the interface metal-dielectric, because
the dispersion curves of the direct light and the surface plasmon do not cross at any frequency. The

surface plasmon waves are longitudinal waves and cannot be excited by a transverse wave as
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electromagnetic. To excite surface plasmons the momentum and the wave-vector of the exciting light
in external dielectric medium should be increased which can be achieved by the evanescent wave

approach [7].

There are several configurations to excite surface plasmon waves, the Kretschmann and Otto
configurations are the most used on bulk optics based SPR. There are, however, other interesting

designs such as the grating coupling configuration and the waveguide coupling configuration [290].

The Kretschmann configuration is based on the prism coupling technique (PCT) [292] and employ
the attenuated total reflection (ATR) [293]. The PCT involves the use of a high RI prism to couple
light into the thin waveguide positioned at the base allowing the measurement of its thickness and
refractive index [294]. At a single interface the ATR occurs when the incident light goes from a

medium with high RI (n,) to another with smaller RI (n,) at a certain angle of incidence to the
waveguide normal (6, ) and depends on properties of both medium. The angle of the incident light
above which ATR occurs is called the critical angle and is given by 6, =6, =arcsin(n,/n, ). Both

Kretschmann and Otto configurations [295, 296] use the PCT and the ATR but they have different

geometries.

In the Kretschmann configuration, [Figure 2.1-(b)], the base of the prism is coated with a metal and
a dielectric with specific thicknesses, the incident p-polarized light is reflected back and part can
propagate in the metal in the form of an electromagnetic wave [290]. This evanescent wave is
characterized by a propagation constant along the interface and by an exponential decay in the
direction perpendicular to the waveguide interface and can excite surface plasmon waves at the

metal/dielectric boundary.

In the Otto geometry [Figure 2.1-(a)], a dielectric with a thickness ¢ is placed between the prism base
with RI 7, and the metal film with permittivity &,. The evanescent field at the prism/dielectric
interface can excite surface plasmons at the dielectric/metal interface. The dielectric works as a
spacer to allow the excitation of the SPW but is difficult to realize due to the small thickness required.

The SPWs are excited at the metal/dielectric interface [33].

Another configuration to excite the surface plasmon waves is based on the diffraction of light on a
diffraction grating. As represented in Figure 2.1-(c), the incident light from a dielectric medium on

a grating coated with a metal layer gives rise to a series of diffracted waves.
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Surface plasmon waves can also be induced by the propagating modes of a dielectric waveguide.
Those modes when in contact with a thin metal film region penetrate through it and excite a surface

plasmon wave at the outer boundary of the metal, as illustrated in Figure 2.1-(d).

(a) Optical prism (b) Optical prism
Light wave Light wave
KRETSCHMAN OTTO
N ; - i
k i k \e!
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Metal B €m| [Dielectric SP
e P~ T Da n,
Dielectric SP Nd| [Metal T 0 Em
m=-1 m=0
(c) Optical wave m=1 ()
\ | / Metal layer Dielectric
|
WEW%W — CnArLERIEE
Grating Metal layer Guided optical wave

Figure 8.3 — Excitation of surface plasmon waves in different configurations: (a) Otto and (b) Kretschmann
configurations; (c) the grating coupling; (d) the waveguide coupling.

The electromagnetic field of a SPW excited in the metal/dielectric boundary penetrates in both media
but the decay in the metal is abrupt when compared to the field decay in the dielectric. An optical
fibre can be coated with metals and dielectrics and the same concepts can be applied. In this case
light travels in the core, so to excite the SPW the metal/dielectric coating needs to be as close as

possible to the core.

8.1.3 Optical fibre SPR Probe Designs

In the past twenty years, much effort was focused on miniaturizing fibre optic SPR sensors in an
endeavour which involved the use of different fibre types, including microstructured optical fibres,
the application of different coatings coupled to nanotechnology developments, as well as the
implementation of processes to perform side polishing of fibres, to obtain tapered and decladded
fibre structures and, between others, the consideration of resonant devices such as Bragg and long
period gratings to assist the SPR phenomenon.. Schemes of some configurations are shown in Figure

8.4.
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Figure 8.4 — Schematic operation principle of SPR sensors based on: (a) side polished or D-type shape fibre, (b) tapered
fibre, (c) multimode decladded fibre, (d) U-bent shape fibre, (¢) LPFGs in a single mode fibre and (f) photonic crystal
fibre.

The easiest way to reach the evanescent field to produce SPR is by side polishing single mode fibres
in a D shape [297, 298], multimode fibres [299, 300] or even large core plastic optical fibres [301],
Figure 8.4-(a). This usually involves the process of attach the fibre to a resin block and to perform
the polishing with several grain size until the evanescent field is exposed. The concept is to polish
the sensing region as a D-Type fibre [302] and coat the plane surface with metal and dielectric thin

films using a Kretchmann's configuration.

Another well studied configuration is using adiabatic tapers implemented in single mode fibres [303]
[304-307], Figure 8.4-(b). The tapers allows the direct interaction of the evanescent wave with the
external medium because at the waist region the core light is coupled to the cladding modes which
makes them good candidates to SPR excitation. The tapers are usually produced with a very smooth

surface profile being very sensitive to the coating thickness. By introducing some roughness with
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chemical etching technique asymmetry of the coating can be overlapped as reported [116, 308].

Multimode fibres were also studied in a multi-taper configuration to produce SPR sensors [309].

One of the first applications of fibre optic SPR based sensors was reported by Jorgenson et al. in
1993 [310] using a multimode plastic-clad silica-core fibre with a large core. The SPW excitation
has been achieved in small length sections where the cladding was easily removed with a flame,
Figure 8.4-(c). Since then, several works have been published using similar designs [92, 311-318].
Several other works have been theoretically studied using this configuration [319-322]. Bimetallic
nanoparticle alloy combinations of Ag/Au were also a subject of study and can be found in [323,

324].

The above mentioned configurations with the exposed multimode core can be bent in a U-shape
configuration inducing changes in the guiding properties and increasing the evanescent field [325,

326], Figure 8.4-(d).

LPFGs can be an alternative to the mechanical processes to expose the guided mode. A possible
operation principle of a sensor with two LPFGs in the edges of the sensing length in a single mode
fibre based on SPR is represented in Figure 8.4-(¢). The metal layer is in this case deposited on the
cladding around the fibre between the two LPGs and the SPW is excited in the metal/dielectric
interface by a cladding mode as presented by He et al. in 2006 [327], Figure 8.4-(e).

Photonic crystal fibres (PCFs) are designed to have air holes inside and along the entire length
becoming a potential configuration for chemical and biological sensing. With many specific
architectures this type of fibres are also called microstructured optical fibres. The PCFs can be
classified based on the light being guided in a solid core or in a hollow core relying on the modified
effective RI distribution or on the existence of photonic band gaps. These characteristics depend of
the shape, the size and the position of the holes being controlled during the fabrication process [28].
The PCFs are very interesting due to the position of the holes in the vicinity of the fibre core. If these
holes are coated with a metal and a dielectric, the interface between them can, in specific situations,

support a propagation of a SPW [328-333], Figure 8.4-(f).

Besides the features presented by PCFs, the above mentioned configurations also have been studied
in retro-reflecting mode. This configuration is particularly useful when a tip probe is needed [297,

306, 334-337].
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8.1.4 Interrogation System

The perturbation of the RI of the surrounding medium results in a modification of the properties of
the SPW, thus making the SPR phenomenon interesting for sensing applications. In fact, SPR based

sensors are refractometers with different RI sensitivities.

At resonance conditions energy is transferred from the incident photons to surface plasmons, which
reduces the energy of the reflected light. The resonance can be interrogated by three different

methods: angular, wavelength or intensity modulation [32].

When the output signal is measured as a function of the incident angle, maintaining all the other
parameters unchanged, is observed a sharp dip in the reflected light. The angular interrogation is
typically used in bulk systems and consists of varying the angle of the incident light while keeping
the wavelength constant. Figure 8.5 shows the typical shape of a resonant dip which depends on the

variation of the reflectance with the incident angle [33].

Reflectance (R)

>

6eresonance

|

Angle (0)

Figure 8.5 — Reflectance (R) as a function of the incident angle (6). The observed shift (86resonance) is due to the change of
the RI of the medium.

The wavelength modulation is used in optical fibres where the angle is kept constant while a
broadband light source is used to excite the SPW. Here, a dip in the transmitted spectrum changes
according to the RI of the dielectric medium [338]. The output signal comes out as a function of the
wavelength and a shape similar to the angular interrogation is obtained. In the case of optical fibres
the interrogation is made with a fixed angle distribution determined by the numerical aperture of the

fibre, NA =nsin(0), where 0 is the acceptance angle of the fibre.
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In the intensity modulation approach the sensor output is associated with the intensity at a specific
wavelength located in the region of the SPR resonance. When this signature changes due to a
variation of the medium refractive index the optical power at the operation wavelength also changes,

being this mechanism the base of the intensity interrogation.

It is worthwhile to indicate at this point that with a small thickness of metal, the backscattered wave
and the incoming wave are out-of-phase and the two waves interfere destructively reducing the
reflected intensity down to zero. On this situation, the whole radiation field is absorbed by the metal
film. When the thickness of the metal film is large the radiation field is totally reflected and any light
is absorbed [33].

8.1.5 Theoretical Study of SPR — Transfer Matrix Formalism

The transfer matrix formalism can be used to calculate the reflectance R using a slab multilayer
system as an approximation to the optical fibre geometry. This methodology has already been
reported by several authors [339, 340] [322]. This formalism is based on light propagation through

a planar isotropic and homogeneous multilayer system defined by the thickness d,, dielectric

constant g, , permeability p, and the RI n, .

A scheme of the multilayer system is presented in Figure 2.1 considering a four layer structure
(optical fibre — metal — dielectric — analyte), and the electric field vector E and the magnetic field

vector H at the launching surface.

Figure 8.6 — Electric and magnetic field vectors of p wave at the first surface of the multilayer system (adapted from
[322))
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The amplitude of E and H of adjacent layers are related within the equation:

o =

with N =3 and M is known as the characteristic matrix of the layer system considered above defined

by [322] :

M, M N1 cosd,  -isind, /q,
[M] = |:M11 M12 :| = (|: s \ 8.6)
21 22 k=1 \ | "1qj SN Oy C0S 0,
with
12 2 . 2 \2
- 0
q = [&j cosf, = _(Sk 1, Sin 0) 87)
Sk gk
and
2 2nd . 1
O, :%nk cos 0, x(z, _Zk_1):%(€k —n; sin’ GO)A (8.8)

where n, =(gp, )l/ *and d, =(z, —z,,) is the RI and the thickness of each layer, respectively. The

0, is the angle of incidence and A the wavelength of the input light.

The reflectance R of the multilayer system can be defined in terms of the Fresnel reflection

coefficients, r, and r , considering the TE modes and TM modes, respectively. Once only TM modes
can excite the surface plasmons only r is considered and the reflectance intensity for p -polarized

light is:

| M} + My, - ﬂN r|0 (M'2’1+M§2~T|E)|2
| MF1+MF2 nN o + (M31+Mgz'ni)|

(8.9)

The power, dP, that reaches the fibre end at the angular range do around 0 is :

n’sinOcosO
dPoc—2————_d6
* (1-ng cos® 0)° (8.10)
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Considering the contributions of all rays and multi-reflections the total power transmitted, P,

through an optical fibre for a p -polarized light with an optical absorption-based SPR sensor is given

by:
/2
[ R, (nf sin O cos 0/(1-nj cos’ 0)*)dO
Py =" (8.11)
j (n?sinBcosO/(1-n) cos” )*)dO
6,
with
L (8.12)
N, (0)=
wr(©) dtan®
where N, represents the number of reflections that each ray performs at an angle 6 to the surface

normal along a length L and for a fibre core with diameterd .

8.2 Sensing Structure Based on SPR in Chemically Etched
Single Mode Optical Fibres

In this section the surface plasmon resonance concept is applied to a single mode fibre (SMF)
working at the standard C-band telecom window (1530 nm-1565 nm). This wavelength region is
widely used for communication systems due to the low losses of silica fibres and the availability of

detectors and optical sources as the erbium-doped fibre amplifiers.

To achieve the plasmonic effect, the evanescent field from the core mode needs to reach the fibre
surface, so a small section of the fibre was chemically etched and coated with a metal / dielectric
combination which corresponds, with good approximation, to the Krestchman configuration. The
sensing structure was fully characterized as a function of the RI of the external medium, in
transmission and in reflection modes. Schemes of the two operation modes are presented in Figure

8.7 and Figure 8.8 with both metal/dielectric layers in the chemical etched region of the fibre.
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Figure 8.7 — Scheme of the sensing device (top) setup used in transmission mode (bottom).
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Figure 8.8 — Scheme of the sensing device (top) setup used in reflection mode (bottom).

8.2.1 Substrate Preparation and Coatings

The transmission mode operation sensing device was performed in a single mode fibre SMF28

(Corning) with a core diameter of 8.2 um and a cladding diameter of 125 pm. The plastic protective

jacket was removed and a section with 10 mm long of the fibre was chemically etched by following

the procedure described in section 3.1.2.
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For the reflection mode of operation, the same type of fibre was used but it was firstly cleaved and a
titanium (T1) thin film of 150 nm thick was deposited at the end in order to increase the reflectivity
of the sensing tip. The mirror coating was then protected with negative photoresist S1818 (Shipley
Company Inc., EUA). After the photoresist being dried in an oven for 2 h at 80 °C the tip was

chemically etched. The tip was then immersed in pure acetone to dissolve the photoresist.

On both situations the small fibre section was placed in an aqueous solution with 10 ml of 48% HF
during 38 minutes at 22 °C and 60 % of humidity until the etched region became approximately

13 um in diameter.

The sensing region is located in the thinner section where the evanescent field is able to excite the
plasmonic wave, for both modes of operation. First, the etched region was coated with 2 nm of pure
chromium (Cr) to improve the adhesion of gold (Au). Then, a layer with 16 nm thick film of Au was
deposited around the fibre followed by a 120 nm thick dielectric layer of titanium dioxide (TiO»).

The metal/dielectric coatings were performed with the electron beam evaporator fitted with the rotary

system by following the procedure described in section 3.1.3.

Previous measurements with the ellipsometry technique resulted in an estimation of the TiO, RI of

around 2.2.

A SEM picture of the produced sensor is presented in Figure 8.9 being possible to see the smooth

transition from the thick section to the thin section due to the etching procedure.

TD8.3 x30 2mm

Figure 8.9 — SEM picture of the sensing region in the transmission configuration with a transition between diameters of
125 pm to 13 pum (30 times magnification).

The chemical analysis of the etched fibre region after coated with Cr, Au and TiO, is presented in

Figure 8.10. The red line is the obtained spectra while the symbols with the droplines are the tabled
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data for known transition lines from [124, 341].The spectra looks very clean with low contaminants
as sodium (Na Ka) and the usual carbon (C Ka), showing the well-defined peaks of Au (lines Lo and
Mau) and Ti (lines K) and the high intensity peak of the silica substrate from the Ka,; and K, lines.
A very small peak can be identified corresponding to the adhesion layer of Cr (line K). Around
500 keV the big peak is a convolution of Cr, Ti (both with lines L), and O (line Ka,). The inset is a
SEM photograph of the fibre surface and the white square represents the region where the EDS
spectra was acquired. Although all the fabrication steps and the manipulation processes from the
chemical analysis and the SEM picture it is possible to attest the robustness over time of the thin

coated structure.
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Figure 8.10 — EDS spectra of the sensing substrate coated with Au and TiOz. Inset is the SEM picture of the centre taper
region (the white square shows the limits of the EDS measurement).

8.2.2 Sensor Interrogation

The interrogation setup was deployed into two different sensing configurations. In the transmission
setup, the optical signal was analysed with an Optical Spectrum Analyser (OSA - model ANDO AQ-
6315B with a range 350 nm to 1750 nm) as shown in Figure 8.7. In the reflection setup, the scheme
is presented in Figure 8.8, where an optical circulator must be used to allow the reading of the
reflected signal in the OSA. Due to the large spectral window (1100-1700 nm) both sensors have
used a homemade super continuum light source with a laser centred at 1064 nm that excites a special

Photonic Crystal Fibre in a range from 600 nm to 1800 nm.
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8.2.3 Results and Discussion

- Simulation results

Changing the thickness of the metallic and mainly of the dielectric layer, the plasmon resonance can
be tuned in wavelength. Considering the transmission mode of operation, numerical simulations were
performed in order to determine the optimal thicknesses of each thin film to create a resonance dip
in the C-band spectral range. This working wavelength range is highly desirable due to the large
portfolio of fibre and optoelectronics components available from the optical fibre communication

sector.

The simulations were performed using the transfer matrix formalism for a slab multilayer system
described in the previous section. The shape of the resonant dip and the red shift obtained for
increasing RI are presented in Figure 8.11-(a). The resonant dip appears at 1500 nm for a RI of 1.30
using thickness layers of 16 nm of Au and 120 nm of TiO,. The results were obtained using RI steps
of 0.005 from 1.335 to 1.375 in fibres with core diameter of 8.2 pm and the cladding diameter of
13 pm.

The sensitivity for an interval is calculated tracking the wavelength position of the resonance dip for
different RI medium, with results shown in Figure 8.11-(b). This was achieved by fitting the SPR
curves to a 3" order polynomial trend being the most convenient and adequate procedure, as
calculated by Boltovets et.al. [342]. The simulation results show an exponential dependency with the
refractive index, nevertheless a rough linear fitting was calculated, leading to an average sensitivity

higher than 5600 nm/RIU.
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Figure 8.11 — Simulated results obtained for different external RI medium from 1.350 to 1.375: (a) optical spectra; (b)
calculated sensitivity.
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Simulations of the propagating light in this type of structure were performed through beam
propagation method (BPM) with the RSOFT (Synopsys Inc., CA, E.U.A.) software in order to
understand how the fundamental mode is affected. The results are shown in Figure 8.12. The guiding
structure becomes multimode in the sensing region affecting the evanescent field and the plasmon
excitation. The existence of several modes combined with small variations on coating thickness may

explain the large profile of the resonant dip obtained in the experimental results.
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Figure 8.12 — Simulation of the electromagnetic radiation propagated in the fibre structure shown in Figure 8.7: (a) field
amplitude as a function of x and z from z=0 to z=1000 um; (b) transverse field profile as a function of x and y at
Z=500 um; (c) transverse profile at several positions along the propagation direction.

Figure 8.12-(a) shows the electric field amplitude as a function of x and z from z=0 um to
z = 1000 um, being visible the effect of the etched region from z =400 um to z= 600 pm. From
Figure 8.12-(b) and Figure 8.12-(c) it is possible to see how the high reduction of the cladding
diameter affects the fundamental mode, inducing the propagation of several modes in the sensing

section.

- Experimental Results: Transmission Mode Operation

The scheme of the transmission mode operation is presented in Figure 8.8. Along with the optical
source and the OSA, a simple setup is used maintaining the fibre stretched and fixed in two points

away from the sensing region.

Several spectra were obtained considering different OSA resolutions (Figure 8.13) and due to the
low power source the resolution chosen was 2 nm to increase the signal-noise-ratio. Once the
resonance dip shape is very wide the changing in the OSA resolution does not affect significantly the

wavelength position of the resonance.
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Figure 8.13 — Normalized spectra obtained for different resolution levels in water solution (RI = 1.335), being also shown
the spectra when the environment is air.

The experiment was completed by adding ethylene glycol (RI=1.430) to water (RI=1.335) to
obtain solutions with values of RI from 1.335 to 1.374 [343]. The RI of the solutions was measured
with an Abbe Refractometer, model 2WAJ with accuracy of 0.00025 with a measurement range of
1.3 = 1.7. Figure 8.14-(a) shows the SPR spectral position for the different RI solutions. The spectral
data was subjected to a Fast Fourier Transform (FFT) smoothing filter to reduce the noise due to the

low power level of the light that reaches the OSA.
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Figure 8.14 — Experimental results of the SPR spectral resonance for surrounding RI in the range from 1.335 to 1.374
when the sensing device is operating in transmission mode: (a) optical spectra; (b) calculated sensitivity.
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The experimental dependence of the spectral position of the resonance dip with RI is shown in Figure
8.14-(b), indicating an average sensitivity higher than 5100 nm/RIU, a value similar to the obtained

with the computational model described above.

To check the stability/repeatability of the process, the same ethylene glycol/water solutions were
used to obtain several acquisitions, confirming the effectiveness of this sensing structure, Figure

8.15.

250 . . ; . r . . . 1737
= 1.3400
D 1.3450 .
A 13580
200 2 1.3645 - 1687
— = 13715
£ o 1.3775 —
= Ak, =107.1nm E
£ 150 - _ 41637 <
c ARI,=0.0195 =
£ Res: 5.02x10* 2
=2 [}
S ©
S 100 - 41587 2
G>.) ©
‘;“ Ak, =91.7nm =
AR1,=0.018
50 |- 4 - 1537
Res: 2.67x10
m = e e, i
0 s ' : ' : ' : ' : 1487
0 5 10 15 20 25

time (min)

Figure 8.15 — Study of the stability/repeatability of the sensing device considering different values for the external RI

Considering the same method described in section 4.3.2, the spectral resolution R is calculated from
two step measurements associated with two different values of the external RI, [161, 290, 344]. From

the two steps, shown in Figure 8.15, a RI resolution better than 5.02x10 is obtained.

Figure 8.16 shows the dependence of the SPR dip with RI as obtained from the numerical simulation
( —o-) and from the experimental data with RI values measured with the Abbe refractometer at
589.3nm (o). Applying a correction to this value considering the dispersion function with
wavelength, through the Sellmeier equation (3.10) the new experimental data (x ) at 1550 nm can be

compared with the simulation and the agreement is rather good.
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Figure 8.16 — Dependence of the SPR shift with external RI, in the range 1.3350 to 1.3775, as obtained by the numerical
analysis and the experimental investigation.

- Experimental Results: Reflection Mode Operation

The reflection mode operation implies the introduction of an optical circulator, which reduces the
light level at the output. The maximum transmission power of this device occurs in the range
1525 = 1625 nm but it can be used in a wider range with higher losses. The same optical power and

OSA as before have been used.

The full characterization was provided by changing the RI of the external medium from 1.300 to

1.360 using a set of RI calibrated oils (Cargille-Sacher Laboratories Inc., NJ. U.S.A.).

Figure 8.17 shows average plots of the evolution of the SPR for different RI values (the same FFT
smoothing filter was used to reduce the noise due to the low power level of the light that reaches the

OSA).

It is observed that the shape of each resonance dip appears slightly deformed and the optical power
level is not constant when compared with the transmission setup. With this configuration, the light
crosses the sensing region twice due to the mirror on the end of the fibre, inducing extra losses. Also,
the fibre tip is suspended in air and quite susceptible to variable curvatures, which changes
dynamically the plasmon coupling conditions. This effect induces variations in the shape/position of
the SPR dip, visible in the plots of Figure 8.17-(a) by some oscillatory behaviour. For this

configuration, Figure 8.17-(b) shows the variation of the resonance dip with the external RI.
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Figure 8.17 — Experimental results of the SPR spectral resonance for the surrounding RI in the range from 1.300 to 1.360
when the sensing device is operating in the reflection mode: (a) optical spectra; (b) calculated sensitivity.

Comparing with the transmission mode result (Figure 8.14), a smaller sensitivity was observed

(<4000 nm/RIU against ~5100 nm/RIU) but an improved linearity was obtained.

To assess the resolution Figure 8.18 shows the step change in the SPR associated with RI step

variation 1.300 to 1.360.
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Figure 8.18 — Experimental results to determine the RI resolution of the sensing device operating in reflection.

Following a procedure similar to the one used in the context of Figure 8.15, it is obtained a RI

resolution of =1.56x107, a value worse than the one associated with the transmission mode

configuration, as can be checked from the comparative data shown in Figure 8.19.
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Figure 8.19 — Comparison of results obtained for the sensing structure operating in transmission and in reflection.

The reasons behind the worse resolution value obtained for the reflective configuration when
compared with the one associated with the transmission mode layout may be grounded to the
arguments expressed in the context of Figure 8.17. However, it is important to emphasize that the
reflection mode layout is substantially more amenable to use in situations where a probe tip is on
demand, being substantially more complex the arrangement to install in these cases the transmission
mode device. Also, the problem of low power levels in the reflection mode configuration can be
attenuated considering the use of higher power sources and/or optical amplification, with positive
impact on the level of optical noise, therefore in the value attainable for the RI resolution. It was
indicated, for the reflective layout, the oscillations in the shape of the resonance may derive from
instability/oscillations of the fibre taper probe, with the negative consequences on the device RI
resolution, factor that can be attenuated doing an adequate packaging of the fibre sensor. All of this

point out to a possible margin of performance improvement for the fibre taper tip SPR sensor.

8.3 Multiplexing of SPR Sensing Devices on Etched Single
Mode Fibre

Besides the considerations about the need of reliable sensing technologies when addressing complex
systems, another core characteristic comes out associated with the demand of spatially distributed

multipoint measurement layouts. Their relevance is well illustrated looking closely to a biological
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sensing system, for example the tactile system in human hands [345, 346]. In addition to the high
level processing of the information collected in the network, this sensing functionality relies on three
basic processes: the way the individual sensing elements are integrated in the array (network
topology), the form how the central unit selects the raw data from a specific sensor of the array
(sensor addressing), and the approach followed to obtain from the measurand action on a particular
sensor a signal in a format appropriated for further processing (sensor interrogation) [347]. These
processes and the requirements involved impose strict constraints on the adaptability of sensor
technologies to work out high density and spatially extended measurement networks, which are even
strengthened if the sensors demand powering, as happens with many electrical based sensors. It is in
this domain where the optical fibre sensor concept shows its uniqueness. In addition to the always
relevant features of immunity to electromagnetic interference, the robustness of operation in
chemical and radiation hazard environments and the substantial minimization of optical alignment
issues, the simultaneously sensing element and communication channel is a remarkable characteristic
of the fibre. This feature brings the intrinsic suitability of optical fibre sensing to handle dense and
vast sensor networks, pointing out the appropriateness of this technology to deal with the monitoring
needs of complex systems, reason why it has been widely considered in the context of many areas

addressed by optical fibre sensing [348].

The reported R&D activity oriented to multiplexing of SPR sensors has been residual, although some
efforts done on that direction in prism based sensors, as is the case of the work described by Hooper
et al where a dual-channel configuration was proposed [349]. This reality derives from the
recognition that prism coupling systems are not amenable to incorporate the multiplexing
functionality, contrary to what happens when optical fibre is considered. Therefore, multiplexing of
fibre optic SPR sensors has the potential to spread over a large sensing network the performance
provided by a single localized SPR sensor, with the obvious benefits that may result from this scaling,
for example when considering distributed biochemical monitoring. Being so, it is somehow
surprising to observe that residual R&D have been undertaken on this subject, circumstance
eventually routed to the paths historically followed by the R&D community involved in the

development of SPR sensing.

In this section is described a technique to multiplex optical fibre SPR sensors based on wavelength
addressing using FBGs. A ladder topology is considered and sensor interrogation is performed in the
intensity domain. The sensor platform is an etched single mode fibre coupled to a combination of

metal and dielectric layers to achieve plasmonic resonance at the 1550 nm spectral region.
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8.3.1 Sensor Multiplexing

The multiplexing approach considered here is illustrated in Figure 8.20 for the case of three sensors

in a ladder topology (equivalent to a tree arrangement when only two sensors are considered).
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Figure 8.20 — Illustration of the sensor multiplexing layout for the case of three sensors in a ladder configuration.

The SPR spectral shape is very wide and is not possible to have several in a narrow range of
wavelengths. To solve this issue, for each sensor, two FBGs are included in the fibre after the SPR
structure. These FBGs have spectral signatures located at each side of the surface plasmon resonance.
Therefore, each sensor is associated to a pair of FBGs with specific Bragg wavelengths, which means
the sensors are addressed in wavelength (Figure 8.21). The sensing device operates in reflection,
which means that due to the double pass in the measurement region the readout sensitivity is
increased. Also, the sensing device can be deployed close or far away from the optoelectronics unit.

The peak optical power returned from the gratings is detected and processed as

PFBG,—L - PFBG,—R
Souss, = P 4P =k(Agpp, ) (8.13)

FBG; -L FBG; -R

where k is a constant and, for the configuration illustrated, i=1,2,3. P, refers to FBG peak power
and the indexes FBG,-L, FBG, —R are associated, respectively, to the left and right spectrally

located FBGs relative to the resonance curve of sensor i (Figure 8.21). Therefore, the output signal

of this sensor, S, , is dependent on the spectral position of the surface plasmon resonance of this
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sensor and determined by A, , meaning that a measurand induced change of this wavelength

translates into a change in S
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Figure 8.21 — Relative spectral position of the FBG pairs associated to the sensors and the plasmonic resonance.

This approach also provides intrinsic immunity to optical power fluctuations along the optical
system, i.e., it exhibits self-referencing properties. When this functionality can be relaxed, which
may happen in some applications, then only one FBG per sensor is required, located in one of the

side-bands of the sensor spectral resonance. In this case S is directly proportional to the peak

out[S;

power of the FBG,, associated to sensor i. To experimentally validate this FBG based SPR

multiplexing concept proposed here this simpler approach was considered.

It is relevant to emphasize that the multiplexing concept illustrated in Figure 8.20 is compatible with

all sensors being equal, i.e., with the same plasmonic resonance (therefore Ay =Ag, independent

ofi).

8.3.2 Experimental Procedures

- Sensing Device

The multiplexing configuration presented above was experimentally tested and presented by using
two SPR sensing devices similar to those studied in section 8.2 in transmission mode operation
(Figure 8.22). Coupling each SPR sensor to an FBG from a special set with reflection peaks separated

by few nanometres it is possible to relate all the reflected peaks to the associated SPR device.
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Figure 8.22 — Scheme of the SPR sensing device coupled to an FBG.

- Substrate preparation

The SPR sensing device was produced by following the procedure described in section 8.2.1 with
few changes to tune the SPR position to lower wavelengths. This time the 10 mm fibre length section
was chemical etched until the diameter was ~16 um. It was then coated with ~2 nm of Cr, 16 nm of
Au and with 100 nm of TiO,. The main difference in the fabrication process is the TiO, thickness

leading to a different measurement range for the external refractive index.

- Sensor Network and Interrogation

For demonstration purposes, the sensing network was formed only by two sensors, situation in which
a ladder topology is equivalent to a tree layout. First, each SPR sensing device was characterized in
transmission mode, without the FBG structure, to map the profile of the resonance in a wide
wavelength range for a series of RI samples. The setup used for this characterization is illustrated in

Figure 8.23.

Super Light IN Fo———=—————- Light OUT
continuum [————— Sensing device : OSA
. > oo o] —
light source

Figure 8.23 — Setup used in transmission mode for characterizing the optical fibre SPR.

The wide resonance dip observed was illuminated with the super continuum light source and
collected with the OSA. Figure 8.24 shows the transmission spectrum of each SPR sensor for external

media with RI of 1 and 1.36.

222



8.3 - Multiplexing of SPR Sensing Devices on Etched Single Mode Fibre

Optical power (dB)

ol vy ey
1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750

Wavelength (nm)

Figure 8.24 — Transmission spectrum of each SPR sensor for RI of the external medium of 1.00 and 1.36 in a wide
wavelength band.

The visible differences in the resonances are justifiable with the uncertain in the fabrication processes

chemical etching and coating thicknesses.

After this preliminary characterization the sensing device was coupled to a FBG. The power level of
the reflected light at the peak wavelength of the grating is proportional to the wavelength position of
the plasmon resonance in a certain RI range. The two-sensor multiplexing set-up is shown in Figure
8.25, where the two SPR sensors are located in the output arms of a 2x2 fibre coupler. The super
continuum light source has low power level and the OSA was used with 5 nm resolution, enough to
monitor the wide resonant dip. For readout of the FBG signatures, the light source can be commuted
to an Amplified Spontaneous Emission Broadband light source combining the C-band with the L-
band spectral range (1565-1625 nm), enabling larger power levels at the grating wavelength regions.

The OSA resolution was changed to 1 nm to allow the reading of the narrow FBG bands.

The light reaches the sensing device inducing the plasmon waves with a specific resonance
wavelength that depends on the external medium refractive index. The remaining light continues
until is lost in the index matching gel but a narrow selected band is reflected by the FBG, crossing
again the sensing device being afterwards collected in the OSA. As indicated before, the detected
optical power derived from this reflected narrow band depends on the relative wavelength position

of the SPR resonance spectrum and the FBG signature.
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Figure 8.25 — Experimental setup for the characterization of the multiplexing layout with two SPR/FBG fibre sensors.

8.3.3 Results and Discussion

The transmission wavelength spectra of two sensing devices, SPR A and SPR B, obtained by using
the setup in Figure 8.23, are shown in Figure 8.26 and Figure 8.27, respectively, for the cases where

the external medium was air (RI ~ 1.00) and a liquid in which it was possible to change the RI from
1.300 to 1.380.
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Figure 8.26 — Transmission spectra obtained with SPR A when the external medium is air and liquids with refractive
indexes from 1.30 to 1.38.

The SPR A shows two resonances which is a result of two different plasmon excitations and is
inherent to the fabrication process. Although both devices were fabricated at the same time,
uncertainties related with the etching and coating deposition originates these differences. Taking this

into account and regarding the interrogation system, the fact of having different resonances is not an
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issue. In fact, other metal/dielectric combinations, which originate different type of resonances, could

be used simultaneously. All the measurements were performed at a room temperature of
27.3+0.5°C.

The SPR B shows a well-defined resonance although a smaller one is detected for lower wavelengths.
For both sensors the right side of the resonance dip is the one showing better characteristics for the
interrogation approach proposed here, so it was selected for sensor operation considering the RI range
from 1.300 to 1.350.
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Figure 8.27 — Transmission spectra obtained with SPR B when the external medium is air and liquids with refractive
indexes from 1.30 to 1.38.

The vertical lines on Figure 8.26 and Figure 8.27 represent the Bragg wavelengths that will be used
for the multiplexing configuration. The reflected FBG 1 band associated to the SPR A is centred at
1554 nm, while the reflected FBG 2 band associated to the SPR B is located at 1574 nm for a room
temperature of 27.3 + 0.2 °C. The spectral bandwidth of the gratings is ~ 3 nm.

The wavelength shift and the normalized optical power of the minimum resonant dip are represented
in Figure 8.28 as a function of the external refractive index. This was obtained by tracking the

wavelength position and the optical power of the resonance minimum for different external RI.

The wavelength sensitivity (filled symbols) follows the same exponential behaviour as obtained by
simulation in section 8.2.3. A linear fitting was calculated, leading to a rough average sensitivity of

5312 and 4967 nm/RIU for SPR A and SPR B, respectively. Although the position of the resonant
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dip is different for the same value of the external RI, both devices presents approximately the same

behaviour.
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Figure 8.28 — Variation of the wavelength shift with the external RI (filled symbols) and the minimum optical power
(open symbols) of both SPR devices.

In order to test this configuration, the single SPR B sensor combined with the respective FBG 2 was

immersed in media with different refractive indexes. The response is presented in Figure 8.29.

The open circles show the variation of the reflected optical power from FBG 2 whiles the RI changes.
It is visible a high sensitivity to the external refractive index. The optical power variation of FBG 2
suffers a reduction while the external RI increases as expected and predicted in Figure 8.27. In fact,

it has changed more than 20 dB with a RI variation of ~0.05.

The thermal sensitivity was tested by using the same liquid solution with different controlled
temperatures. The sensing region was then placed into a glass container filled with water with 1.3325
at 24.840.1 °C while the FBG 2 was kept in air. The water was heated with a hot plate in several
steps until 52 °C. The filled red circles show a linear effect of the temperature in the FBG 2 optical

power.

The RI of water depends of the temperature and it was calculated for the range between 25 and 52 °C
by using tabled values [196]. These results were then compared with the calibration curve from the

open black circles and a very good agreement is observed.
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Figure 8.29 — Variation of the reflected output power with the external RI for the FBG 2 combined with SPR B (-0-);
optical power level variation increasing the temperature of liquid water (-®-); optical power level considering the water
RI variation when the same temperature range is applied (+).

It may be concluded that the reflected optical power of FBG 2 changes not because the physical
properties of the sensing device but because of the changes in the RI of the liquid itself. In fact, the
sensing device appears to be insensitive to temperature but it can be estimated indirectly by the
changes in the RI for the same liquid solution. This is valid for the tested range of temperatures, the

thermal expansion of silica, metals and dielectric should in principle affect the sensing response.

The multiplexing approach was characterized in two steps; first the SPR A was tested with different
RI liquid samples while SPR B was maintained in air. The second step is the other way around, i.e.,
to keep the SPR A in air and change the RI solution around SPR B. The FBGs 1 and 2 were located
together outside the liquid region to create the same environment conditions. The results are shown
in Figure 8.30, clearly indicating the absence of crosstalk between the sensors, an expected result
considering that the detection and processing unit of the two sensors operate in different spectral

regions due to the wavelength selectivity provided by the FBGs.

It can also be observed for the solution with RI of 1.350 the light signal is very close to the noise
level, particularly for FBG 1, indicating the need to tailor the position of each FBG relative to the
SPR spectral curve so for the measurement range that needs to be covered this situation does not

occur.
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The maximum RI sensitivity was achieved for the interval between 1.330 and 1.350 where the
resonance is thinner, therefore originating a larger optical power variation for the same RI change.
The average sensitivity obtained for this RI interval was 490 and 829 dB/RIU for SPR A and SPR B

respectively.
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Figure 8.30 — Optical response of both sensing devices in the configuration illustrated in Figure 8.25; sensor A
experiences RI changes of the surrounding medium while sensor B is kept in air (a) and the other way around (b).

From the data given in Figure 8.30, the variations in the optical power of each reflected signal are

shown in Figure 8.31.
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Figure 8.31 — Optical power level returned from the FBGs when the associated SPR sensors are kept in the air and
experience liquids with different refractive indexes.

The open symbols represent the reflected optical power of the sensing device that is not in presence
of any liquid, therefore maintaining the same optical level. The filled symbols show the variation of
the optical power level generated in each FBG when the associated sensor experiences an external
medium with different refractive indexes. What turns out from this figure is the non-linear
dependence with the RI of the signal generated in each sensing device, as well as the already

identified absence of sensor crosstalk.

The measured optical power level depends on the reflectivity of each FBG but the sensitivity to
external RI after normalization doesn’t depend. Figure 8.30 and Figure 8.31 are not normalized to
emphasize that the FBGs and SPR devices could be different as long they are well identified and

characterized.

The resolution was estimated with a series of measurements for each RI sample. The process is
illustrated in Figure 8.32, that shows the output of the system for sensor A and for sensor B when
step RI changes are applied to the sensors. From the sensor response and the noise level present, it
was estimated a RI resolution by using the calculation method described in section 4.3.2 of ~ 2x10™*
which is an average resolution value for this RI range. It has been demonstrated that the SPR prism
technique can achieve RI resolutions down to 107 [350], with fibre configurations not reaching yet
these values but on their way [351]. It is recognized that the value obtained with this setup could be

improved by optimizing the relative spectral position of the SPR and FBG devices, as well as looking
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for narrower spectral signatures for these structures. The focus here was the demonstration of the
multiplexing principles applied to SPR sensors. The potential of wavelength addressing is manifest

by observing Figure 8.30.
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Figure 8.32 — Variation of the sensor’s signal output when the surrounding medium undertakes step variations of their RI.

The ability to multiplex a number of SPR sensors is essentially dependent on the number of FBGs
with spectral signatures that can be packed in a certain wavelength range, dependent on the spectral
response of the SPR sensor structure. Looking into the SPR and FBG spectra shown in Figure 8.24
and Figure 8.30, a number of 10 multiplexed sensors can be considered conservative, anyway
indicating the huge increase of measurement capacity based on SPR sensors when the multiplexing

approach here described is considered.

As indicate before, when a single FBG is allocated to a SPR sensor, the performance of the proposed
interrogation technique is prone to be affected by random intensity fluctuations that can occur in the
optical system and not attributed to measurand variations. However, this drawback is overcome by
fully applying the methodology described in section 8.3.1 of considering a pair of FBGs for each
sensor. Additional attention needs to be delivered for temperature effects. Indeed, when the
temperature changes, the Bragg wavelength of the FBGs shifts, therefore inducing a relative variation
of the FBGs and SPR spectral signature, that translates into a measurement not related with variation
of the medium. This means the need to monitor the temperature changes in each sensing device

location, which by itself can be favourable because, with adequate calibration, it permits to separate
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the medium RI variations originated by temperature changes. This monitoring can be performed by
adding a third FBG to each sensor, located before the SPR structure and with a spectral signature
that does not conflict with those that perform wavelength multiplexing of the SPR sensors. The
tracking of the Bragg wavelength of this third grating will provide the continuous temperature

monitoring of the sensing device, allowing the implementation of compensation procedures.

8.4 Conclusions

In this chapter two works were presented involving surface plasmon resonance phenomena combined
with modified optical fibres structures, both presenting high sensitivity to the refractive index of the

external medium.

A novel configuration of a surface plasmon resonance sensor in a single mode fibre section
chemically etched was presented. The theoretical simulation described accurately the obtained
experimental results concerning the sensor sensitivity. The single path in the sensing region
(transmission mode) presents better results comparing to the double path when a mirror is produced
at the end of the fibre (reflective mode). The wider resonant dips obtained experimentally could be
explained with the multimode excitation in the sensing region and the small different thicknesses of
the films in the coated region. Sensitivities to RI variations higher than 3800 and 5100 nm/RIU were
attained considering the reflection and the transmission modes respectively. It was pointed out that
the reflective configuration has potential to show a substantial better sensing performance in what
respects RI readout resolution, which adds to its intrinsic favourable geometric characteristics for

operation as a remote point sensor.

It was demonstrated that SPR fibre optic sensors are intrinsically compatible with the multiplexing
functionality, in the case with the sensors addressed in wavelength and interrogated in intensity.
Sensor addressing is achieved by considering for each sensor a pair of FBGs with unique spectral
signatures located in the sides of the SPR spectral response. The topological arrangement considered
for the sensors was the ladder structure (equivalent to a tree topology for the case of two sensors),
with the addressing principle amenable to integration with other topological layouts. The
performance of the two-sensor system was characterized, resulting into RI sensor resolution in the
order of ~2x10™ with sensitivities up to 829 dB/RIU and the observation of negligible sensor
crosstalk. Considerations on the dimension of the sensor array based on the proposed multiplexing

approach and on the effect of temperature were also delivered.
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Chapter 9

Fibre Sensors for Thrombin Detection

Optical fibre sensing devices for the detection of thrombin based on surface plasmon
resonance and long period fibre gratings coated with an oxide layer are studied. They are
based on the functionalization of the sensing surface of the structure with an aptamer to allow
the binding of the target molecule leading to optical variations detectable in the transmission

spectrum of the refractometric system.

9.1 Introduction

One of the main objectives of the sensing technology is the development of devices capable to be
applied on the recognition of specific target molecules. In this work, the previous developed
refractometric platforms were validated as biosensors. For this purpose, the detection of thrombin
using an aptamer based probe was used as a model system for protein detection. Thrombin is a key
protein involved in the blood coagulation cascade. This enzyme enable blood clotting by cleaving
the soluble fibrinogen into the insoluble fibrin strands [352, 353] and plays and important role in
thrombosis and hemostasis [352, 354]. The concentration of thrombin in blood is quite variable and

several clotting factors, such as fibrinogen, factor V and VIII and platelets are affected by thrombin

233



Chapter 9 - Fibre Sensors for Thrombin Detection

concentrations [355]. It is therefore important to monitor the concentration of thrombin in blood in
real time. The use of aptamer-based assays for thrombin detection and quantification are interesting
diagnostic tools because aptamers can interact with high specificity and affinity to their targets [356,
357], due to its ability to fold into numerous tertiary conformations. Furthermore, they can be
generated by a combinatorial procedure called systematic evolution of ligands by exponential
enrichment - SELEX [358] and synthesized in a large quantity in vitro in a very reproducible way
[359, 360]. They are also thermally and chemically very stable, which increases its use in time

without losing its ability to bind specifically to their target [361, 362].

Surface Plasmon Resonance (SPR) is the base for some of the most sensitive label free optical fibre
biosensors. However, most solutions presented to date require the use of fragile fibre optic structures.
On the other hand, long period fibre gratings (LPFGs) are an interesting solution to attain an
evanescent wave refractive index (RI) sensor platform while preserving the optical fibre integrity.
The combination of these two approaches was recently demonstrated by detailed theoretical study

[33, 363].

In the present work, different approaches with LPFGs and SPR aptamer based devices were tested
in order to obtain a reliable study to the thrombin detection being then validated as a biosensor. First,
a LPFG-SPR platform is explored in two different configurations (symmetric and asymmetric metal
coatings between the two cylindrical shape LPFGs). The purpose is to have maximum coupling of
energy from the core mode to cladding modes in order to obtain a strong interaction of the
electromagnetic field with the SPR structure which will be then coupled back to the core mode with

a minimum of interference.

The Mach-Zehnder based configuration was adopted using two identical inline LPFGs and
attenuation bands intensities of more than 20 dB. Then, the single LPFG and SPR structures studied
in sections 4.3.1 and 8.2, respectively, are presented after functionalization leading to the binding of
thrombin target molecule. Those two sensing structures are compared using thrombin concentrations

from 10 nM to 100 nM.
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9.2 Materials and Methods

9.2.1 Reagents and Solutions

The procedure for the detection and quantification of thrombin involves the combination of a set of
reagents and solutions: the thrombin binding aptamer (TBA), a 15 mer DNA oligonucleotide (5’-
amine-GGTTGGTGTGGTTGG-3") with a synthesis scale of 0.2 uM, HPLC purification, 5' amine
modification, purchased from Sigma-Aldrich (Spain). Human-o-thrombin was obtained from
Haematologic Technologies in a concentration of 1 mg mL™ (50 mM sodium phosphate, 150 mM
sodium chloride, pH 6.5, 3757 U mg™). The solutions of thrombin used in each assay were prepared
by dilution in 10 mM of phosphate buffered saline (PBS) from Sigma-Aldrich (Spain) in Eppendorf’s
blocked with 1 % bovine serum albumin (BSA), from Merck, aliquoted and stored at -80 °C. Salts
for buffer solutions were prepared in ultra-pure water, <15 MQ.cm at 25 °C. Hydrochloric acid
(HC1), isopropyl alcohol (IPA), sodium hypochlorite, ethanol (EtOH) and magnesium chloride was
purchased from Panreac (Spain), tris(hydroxymethyl)aminomethane (Tris), 0.1 % (w/v) poly-L-
lysine (PLL), potassium chloride (KCl), sodium chloride (NaCl), SSPE buffer 20X concentrate
(1X =0.150 M sodium chloride, 0.010 M sodium phosphate, 0.001 M EDTA) and Tris-EDTA (TE)
were obtained from Sigma (Germany). The buffers used in this work were: aptamer resuspension
buffer: TE (10 mM Tris pH 7.5-8.0; 1 mM EDTA); aptamer immobilization buffer: SSPE (1:10),
(diluted from 20X SSPE); affinity buffer (50 mM Tris-HCI pH 7.4, 250 mM NaCl, 5 mM MgCl,)
and measurement buffer (10 mM Tris-HCI pH 7.4, 100 mM KCIl). All the reagents were of analytical
grade.

9.2.2 Sensing Probe Assembly and Thrombin Detection

Both sensing surfaces were functionalized with PLL, followed by the immobilization of the DNA
probe, TBA, for the specific recognition of thrombin. The detailed biosensor principle is illustrated
in Figure 9.1. First, the sensing surface (a) was cleaned with IPA and then rinsed with ultra-pure
water and dried with N,. Then, the surface was functionalized with PLL (b) for 60 min. at room
temperature. The polycationic nature of the PLL leads to its electrostatic attraction onto the fibre
negatively charged surface, in an aqueous environment at neutral pH (7.4). The 5’-amine modified
TBA (500 nM) was then incubated during 60 minutes at room temperature to enable covalent

attachment to PLL backbone (c). In the absence of thrombin, the TBA remains at its secondary
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conformation. In the presence of thrombin, the TBA folds around the protein and forms a
TBA/thrombin complex, acquiring the G-quarter (tertiary) conformation (d). The formation of this
complex causes an increase in the effective RI which change the optical properties of the guided

light.
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Figure 9.1 — Detailed scheme of the biosensor binding principle.

The sensing devices were incubated with several varying concentrations of thrombin, in the affinity
buffer for 1h. The sensor response was measured in the concentration range from 10 to 100 nM.
Between all concentrations steps the sensing device surfaces were washed with Tris—HCI buffer and
the transmission spectra was recorded with the Bragg meter in the measurement buffer. After a
complete assay the sensing probe was washed with a hypochlorite solution for 30 minutes, to

regenerate the fibre sensor surface for re-use.

9.2.3 Sensing Structures

Taking advantage of the characterizations fullfilled in the previous chapters the detection of thrombin
is achieved in this section based on two configurations, LPFG and SPR-based fibre. First, two LPFGs
were used in series as a medium to the evanescent field of the guided light interact to the fibre surface
and excite the plasmon wave leading to the SPR effect aiming the detection of thrombin. Second, the
two configurations are explored independently. The sensing properties of the LPFG coated with
titanium dioxide (TiO») thin film and the SPR-based taper configuration for thrombin detection are
analysed and compared. The LPFGs and the SPR-based devices were fabricated according to the

procedures described in section 3.1.

The configuration LPFG-SPR-LPFG is illustrated in Figure 9.2 (scheme 1) were a section of fibre

containing a metal/dielectric coatings was fusion spliced between two LPFGs working in
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transmission mode. The LPFGs were fabricated with the same characteristics and spectral properties
as wavelength position and maximum attenuation. It is important to obtain these characteristics in
order to minimize the interference among them. Due to the LPFG structure the light traveling in the
core mode is coupled to cladding modes. The evanescent wave in the higher cladding modes reaches
the surface interacting with the external medium. The optical setup included a broadband light source
(BBS), an optical spectrum analyser (OSA - model ANDO AQ-6315B) and a fluidic system where
the fibre is fixed maintaining the coated fibre section in contact with the sample while the LPFGs are

free.

The coating region is formed by 2 nm of chromium (Cr), 16 nm of gold (Au) and 100 nm of TiO;
and is less than 1 cm long. The evanescent wave excite surface plasmonic waves in the
metal/dielectric interface, decaying exponentially into both medium, being highly sensitivity to the
external RI variations. When the light crosses the second LPFG, two centimetres ahead, a substantial
fraction is coupled back to the core mode and interfere with the remaining light of the core. This
interference has a minimum visibility when the spectral features of the LPFGs are identical with a
maximum of attenuation. The fibre was properly fixed with a fibre clamp in one end and a mass in
the other, applying a small and constant strain to avoid strain/curvature cross sensitivity. Two types
of coatings were performed, one homogeneous around the cilindrical fibre obtained by rotation

(sensor A) while the other is fixed being the film deposited only in one side of the fibre (sensor B).
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Figure 9.2 — Scheme of the LPFG-SPR-LPFG configuration (Scheme 1).

The independent configurations using the LPFG and the SPR are depicted in Figure 9.3. The coated
LPFG, as studied in section 4.3.1, is used in this study to attest the improvement of the sensitivity to
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external RI medium and shown in Figure 9.3-(a), (scheme 2). It was coated with 2 nm of Cr and
30 nm of TiO, which improves the sensitivity to the external RI around 1.335. The LPFG is sensitive
to thermal variations so, in order to compensate this effect, a fibre Bragg grating (FBG) which is
insensitive to RI variations was produced next to it. The characterization setup for the LPFG (a)
includes a FS2200 Bragg Meter from FiberSensing, SA (Portugal), a fluidic system containing a
reaction chamber with capacity of 750 pL and a laptop (not shown) with LabVIEW software that
receives and processes the readout information. The sensing elements LPFG and FBG were
characterized using the FS2200 Braggmeter (working in the 1500-1600 nm range with 2.5 pm of

resolution) and modified to measure signals in both modes, reflection and transmission.
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Figure 9.3 — Schemes of the independent configurations for the thrombin detection: (a) LPFG (Scheme 2); (b) SPR
(Scheme 3).

The SPR configuration adopted was already studied in section 8.2 with an etched section of a single
mode fibre to monitor the external RI [shown in Figure 9.3-(b), scheme 3]. The sensing region,

located in the thinner region of the etched section where the evanescent field is able to excite the
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plasmonic wave, has approximately 16 um of diameter. It as coated with 2 nm of Cr, 16 nm of Au

and 100 nm of TiO,.

The characterization setup for the SPR sensor (b) includes a super luminescent diode source (SLD)
model S5FC1550S-A2 (Benchtop SLD — Thorlabs, Germany), a fluidic system where the fibre is
fixed and the OSA (ANDO, model AQ 6315B). The two different setups are needed for simultaneous
measurements. Although the FS2200 Braggmeter is capable to monitor two sets of sensors, the
spectral window is limited to a region away from the SPR spectral response when low RI values are

considered.

9.3 Results and Discussion

9.3.1 LPFG-SPR-LPFG configuration (Scheme 1)

This configuration implies two identical LPFGs in order to diminish the optical interference. The
individual transmission spectra of the four LPFGs used in the sensors A and B are plotted in Figure
9.4. Although the fabrication of LPFGs based on the electric arc technique has many variables the

attenuation bands are quite similar.

T T
oL@) Sensor A | oL(®) SensorB |

'
o

-10

-15

Optical Power (dB)
Optical Power (dB)

-20

-25

-30 A | . 1 . . -30 . L . | . 1 .
1500 1520 1540 1560 1580 1500 1520 1540 1560 1580
Wavelength (nm) Wavelength (nm)
Figure 9.4 — Transmission spectra of each independent LPFG used in the scheme 1: (a) sensor A; (b) sensor B.
- Refractive index characterization
The sensors A and B, corresponding to the different coating type between the LPFGs, were

characterized as a function of the surround refractive index (SRI) with the same set of RI calibration
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liquids (Cargille-Sacher Laboratories Inc., NJ. U.S.A.). Figure 9.5 shows the spectra obtained for
each device for a set of RI from 1.00 to 1.42 at 589.3 nm.
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Figure 9.5 —Spectra obtained with different SRI from 1.00 to 1.42: (a) sensor A; (b) sensor B.

The variations in the optical power at the LPFGs region are visible and are related to the overlapping

of the SPR phenomenon which causes losses in the recoupling at the second LPFG.

Considering, for example, a fixed wavelength at the central reagion of both sensors, A (1530 nm)
and B (1527 nm), the variation in the optical power is recorded and correlated to the external RI. The
Figure 9.6 shows the response of both cases (a) and (b) respectively, were the curves suggest the
shape of the SPR resonance. The first (a) appears to be narrower than the second one (b) due to the
full overcoat of the fibre. In this case the film is produced with the rotary system and the film
thickness may change slightly which causes an enlargement of the typical SPR spectral shape due to
the integration of all resonances that appears for each film thickness. For sensor B, the same effect
is observed but the dip looks wider due to the presence of regions were the thickness goes down to

Z€10.

To detect small changes in the effective RI the slope of the sensitivity curves needs to be higher as
possible and it depends of the SPR position and attenuation. This can be optimized by changing the
physical properties of the coating.
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Figure 9.6 — Calibration of the sensors A and B to the SRI changes considering a specific wavelength: (a) 1530 nm
(sensor A) and (b) 1527 nm (sensor B).

The results of Figure 9.6 also show that the sensor structures are essentially not affected by
temperature variations, an important characteristic considering their application in field

environments.

- Sensor performance

The sensing performance of the LPFG-SPR-LPFG (Scheme 1) configuration was tested to 100 nM

of thrombin concentration in the measuring buffer solution.

The preliminary results with sensor A are shown in Figure 9.7-(a) and is possible to observe that after
the binding of the thrombin to the TBA the signal shifts 0.5 dB, returning to the initial position when
regenerated. The thrombin molecule bind to the aptamer origin a variation in the effective RI. The
plasmon resonance shifts in wavelength causing a variation in optical power in the LPFGs region.
When the coating surface is exposed, the signal returns to the same level suggesting the total

regeneration.

The results achieved with sensor B show smaller sensitivity to the presence of thrombin [Figure 9.7-
(b)] but still can be observed that the molecule is attached to the fibre. The thickness profile of the
coating, due to the geometry, show that only a small region of the coating has approximately the
desire value. The remaining coating excites plasmons in different wavelengths which do not interfere
in the LPFGs region. The small area of interaction decrease the sensitivity to the thrombin detection.
The regeneration in this case wasn’t observed. It may be concluded that the deposition of thin films

around the fibre improves the sensitivity of the sensor.
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Figure 9.7 — Normalized optical power for both sensors at the same specific wavelengths: a) 1530 nm (Sensor A) and b)
1527 nm (Sensor B).

9.3.2 Independent LPFG and SPR Fibre Based Thrombin Detection
(Schemes 2 and 3)

- Refractive index characterization

Both sensing devices were characterized in terms of the SRI changes. Solutions with different RI
values were prepared by adding ethylene glycol to ultra-pure water. This method allows the
possibility to create solutions with RI from 1.335 (water) to 1.430 (ethylene glycol) [343] varying
the concentration of the mixture. In order to accomplish homogeneous solutions, a magnetic stirrer
was used and the measurements were accomplished within the minimum time. The solution
concentration was changed by adding 10 ml of ethylene glycol on each step starting with 100 ml of
ultra-pure water. In parallel to the optical characterization of the fibre sensing devices the RI of the
samples was measured at room temperature (26+1 °C) using an Abbe refractometer (A. Kruss,
Optronic, Germany) with a RI resolution of 2.5x10™. Solutions with RI in the range from 1.3350 to
1.3725 were attained.

After each measurement the sensing device was flushed with 20 ml of ethanol and dried with filtered
air to avoid contamination to the next sample. Then the spectrum of each sensor was monitored to

ensure that the initial spectral conditions was verified.

242



9.3 - Results and Discussion

The importance on this optical characterization of the sensors relies on the expected increase of the

effective SRI after the PLL layer coating as well as with the immobilization of the TBA and the
binding of thrombin.

The wavelength dependence with the external refractive index of the LPFG and the SPR are
presented in Figure 9.8 (Scheme 2) and Figure 9.9 (Scheme 3), respectively.

The dependence of the wavelength with the RI is not linear as was discussed in the previous chapters
and confirmed here, nevertheless, a rough linear fitting can be made in the RI range from 1.335 to

1.355 were the corresponding changes induced by the thrombin detection are expected.

a) Scheme 2

Figure 9.8-(a) shows the spectra of the LPFG when placed in different RI solutions allowing to trace
the spectral sensitivity to the SRI wavelength shift presented in Figure 9.8-(b).
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Figure 9.8 — (a) Spectra of the LPFG at different SRIs, the FBG located at higher wavelength (b) LPFG wavelength shift
to SRI between 1.335 and 1.375 with thermal compensation and with a linear fit up to 1.355. Inset: FBG spectral
response due to thermal variations.

The LPFGs are sensitive to temperature as well but coupled to the FBG which is insensitive to the
SRI these variations can be compensated [282]. Inset is the wavelength shift of the FBG transmission
peak showing the thermal variation of each measuring point, which is used to calibrate the LPFG
data points leading to a sensitivity to the SRI of 153.5 nm/RIU, which is slightly higher than the bare
LPFG as reported in section 4.3.1.
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b) Scheme 3

In Figure 9.9-(a) the spectra obtained with the SPR are presented. It is visible the wider shape of the
attenuation band, nevertheless the wavelength shift attained for the same RI samples is extremely
higher comparing to the LPFG. The data points corresponding to the SPR sensor presented in Figure
9.9-(b) were fitted to a linear trend in the range from 1.335 to 1.355 range, which leads to a calculated
sensitivity higher than 3000 nm/RIU.
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Figure 9.9 — (a) spectra of the SPR at different SRI, (b) SPR wavelength shift to SRI between 1.335 and 1.375 with a
linear fit to lower Rls .

The low temperature variations are not an issue when the SPR device is considered, as discussed in
section 8.3.3. Despite the material properties of the SPR layers being affected by temperature, as
thermal expansion, it is not reflected in the optical properties when low variations are considered. In
addition, it is known [196] that the RI of liquids changes with temperature with a factor of ~1.73x10

4oC!, which can be neglected for this working range.

- Sensor performance to 100 nM of thrombin

The sensor performance was tested against varying concentration of thrombin (10 — 100 nM) in the

measuring buffer solution, using both sensing systems, LPFG and SPR-based.

a) Scheme 2

Figure 9.10 shows the spectral results of the LPFG coated with 30 nm of TiO; in series with a FBG
across the functionalization procedure with PLL, the immobilization of the DNA probe, the thrombin
detection with a concentration of 100 nM and the regeneration using hypochlorite. In Figure 9.10-

(a) the raw spectra of the LPFG is shown and slight changes are observed for the different conditions.
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9.3 - Results and Discussion

The LPFG response to the surface functionalization and thrombin detection measured in buffer
solution is shown in Figure 9.10-(b). Well defined steps, corresponding to the different layers
attached to the LPFG surface, were attained after the thermal effect correction calculated with the
FBG from Figure 9.10-(c) and Figure 9.10-(d). Although the small variations observed in the FBG
transmitted spectra in Figure 9.10-(c), due to thermal oscillations along the functionalization and
detection procedure, the FBG wavelength shift in Figure 9.10-(d) is used for the LPFG calibration

considering the well-known intrinsic temperature sensitivities of each structure.
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Figure 9.10 — Results in Tris-HCI buffer solution after each procedure step (PLL, TBA, thrombin and hypochlorite) at
room temperature with n=5: (a) Spectra of the LPFG coated with 30 nm of TiO2, (b) Wavelength shift of the LPFG after
temperature correction.(c) Transmission FBG spectra (d) FBG wavelength shift behaviour.

The negative wavelength shift of about 128 pm observed, reflects an increase of the effective RI,
which is a result of the PLL coating (as reported by [364]). The immobilization of the DNA probe —
TBA cause a resonance peak shift of 165 pm. The aptamer binding to thrombin results in a
wavelength shift of about 100 pm. The resolution for the thrombin detection was calculated using

the TBA / thrombin step as 10.4 nM for a concentration of 100 nM. It is visible in the last step
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(regeneration with hypochlorite) that the sensor surface was completely regenerated and ready for a

new functionalization and detection procedure.

b) Scheme 3

The SPR spectra obtained at each step of the thrombin detection (for a concentration of 100 nM) is
shown in Figure 9.11. The shape is wider with lower attenuation when compared to the LPFG
therefore the sensitivity to the SRI is more than 20 times higher. In addition to the wavelength

sensitivity to the SRI, this particular sensor presents an intensity sensitivity which can be exploited.
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Figure 9.11 — Average spectra of the SPR with Au and TiOz at each procedure step.

The spectral features of the SPR in transmission mode are illustrated in Figure 9.12 in terms of the
wavelength shift (a) and the optical power shift (b) considering the functionalization steps, the
thrombin detection and the regeneration of the sensor. Wavelength shifts of 10.3 and 8.2 nm for the
PLL coating and the TBA immobilization, respectively, were achieved. The step corresponding to
the 100 nM thrombin detection shows a variation of 4.94 nm, a considerable improvement when

compared to ~100 pm from the LPFG results (Scheme 2).

246



9.3 - Results and Discussion

05

25 N & Bare PP
Thrombin F**#*% 4 PpLL e
20 b v TBA - . >
L 2 A ¢ Thrombin o e ey 1
€ 151 TBA < Hypochlorite | =
£ £ PLL
72} AAd
%, 10 L A AA 5 Regeneration
c -0.5 i
B g
% 51 PLL Regeneration i: T
= o e Bare
OF —tete 8 -1.0 b aanaa 4 PLL B
« v TBA
< ) )
or — 1 Thrombin ¢ Thrombin
SPR < SPR "« Hypochlorite
,10 1 1 Il Il 1 1 Il 1 ,‘l 5 1 1 1 Il 1 1 Il 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (a.u.) Time (a.u.)

Figure 9.12 — Results of the SPR in buffer solution after each procedure step (PLL, TBA, thrombin and hypochlorite): (a)
wavelength shift; (b) optical power shift.

The optical power shift follows the same behaviour with well-defined steps allowing the sensor to
be used in intensity modulation mode. In both modes the functionalization layers are completely

removed from the surface in the regeneration step allowing new measurement cycles.
The thrombin detection resolutions using the SPR sensor for the wavelength and intensity
modulations was calculated as 1.08 nM and 0.13 nM, respectively.

Sensor performance in the range 10 to 100 nM of thrombin (Schemes 2 and 3)

Concerning the feasibility of the sensing devices to the thrombin detection to 100 nM of
concentration, new functionalization cycles using the same sensing devices were processed aiming

the detection of thrombin with concentrations of 10, 50 and 100 nM.

The results of the wavelength shift for both concentrations normalized to the TBA are shown in
Figure 9.13. The SPR results (Scheme 3) are represented with empty symbols. In the presence of
10 nM of thrombin, the resonance shifts ~3.5 nm with a resolution of 0.54 nM. Increasing the
concentration to 50 nM leads to new shift of the resonance of about 1.5 nm with a total 5 nm shift
after the TBA immobilization, which corresponds to the previous results using 100 nM. A new
increase of the concentration to 100 nM using an incremental procedure returned the same resonance
position. The unexpected absence of wavelength shift between 50 and 100 nM and considering the
~5 nm obtained between 0 and 100 nM of thrombin concentration in different trials, suggests that
this concentration level is out of range. While the concentrations of 50 and 100 nM of thrombin have
returned “virtual” results, the measurement of 10 nM appears to be far from a saturation limit, thus

far from a detection limit with a shift of 3.5 nm.
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Figure 9.13 — Wavelength shift of the LPFG (filled symbols) and for the SPR (empty symbols) in Tris buffer solution
after the TBA immobilization and after the thrombin concentrations 10, 50 and 100 nM.

The LPFG (Scheme 2) have returned wavelength shifts between 200 and 300 pm for the increasing
thrombin concentrations. The lower sensitivity to the external RI is a barrier to quantify the thrombin

concentrations with accuracy, nevertheless in can be used to act only for presence/absence detection.

9.4 Conclusions

The detection of thrombin was studied using three sensing schemes based on two different sensing
configurations, LPFGs and SPR fibre based, where the sensing region is functionalized with the same
cationic polymer PLL. The results indicate the viability of the Fibre-Aptamer as a flexible platform

to point of care biosensors for diagnostic purposes.

Preliminary results of combined LPFG-SPR-LPFG structures show that the thrombin molecule is
immobilized on the surface changing the optical properties of the sensing device. The
functionalization over the homogeneous coating around the cylindrical fibre was found to be the best
approach. However, this structure presents high dependence to a considerable number of parameters
as strain, curvature and temperature. The study of independent structures as LPFGs and SPRs have
returned more promising results. LPFGs with oxide coatings improves the sensitivity to external
refractive indices and have proven the feasibility of thrombin detection and quantification. Although

the dependence to temperature, the robustness and the narrow bands leads to possible applications
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with multiplexing capabilities. The coupling to FBGs allows the post processing corrections to
thermal variations. The higher RI sensitivity of the SPR, combined with the low sensitivity to thermal
variations, have shown detection levels (with reproducibility) of thrombin in solution with
concentrations down to 10 nM. The regeneration of the surface was attained in both configurations
allowing new functionalization procedure using the same sensing device. Both refractometric
platforms allows to use the external RI variations to calculate the thrombin concentration in the buffer
solution, therefore, the same concept could, in principle, be applied to estimate the RI/thickness of

the PLL layer or even the DNA immobilization.
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Chapter 10

Final Conclusions and Future Work

The work presented in this dissertation has as core element the expertise and competences acquired
in thin films coating technology associated to the conception, development and characterization of
optical structures in fibre optic for sensing purposes. The coated induced enhancement of optical
properties of sensing structures relying on Bragg gratings, long period gratings and surface plasmon
resonance in standard optical fibres, all operating in the at 1500 nm wavelength window, enable new

possibilities in fibre optic sensing technology which have been started to be explored in recent years.

The deposition of metal and oxide thin films around silica optical fibres with cylindrical shape have
been accomplished. It was found that the spectral behaviour of long period gratings changed
according to the coating properties. Studies of LPFG coated with metal oxides as titanium oxide
(Ti0Oy) and zinc oxide (ZnO) have been developed, showing a considerable sensitivity improvement
in a wide refractive index range, in particular from 1.450 to 1.470, above the refractive index of the
cladding. The performance of such structures enabled to analyse the optical properties of edible oils
when thermally deteriorated and when contaminated with organic solvents as hexane. It was verified
that in both situations the refractive index changes, allowing the quantification of the deterioration
and contamination based on the variations in the spectral features of the attenuation band of the

LPFGs. The combination with fibre Bragg gratings leads to a thermal compensation of the LPFG
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and could be used to provide an indirect measurement of the LPFG wavelength position through the

optical power variations in the reflected narrow band which is easier to characterize.

The features of the spectral attenuation band of metal coated LPFGs allow the real time monitoring
of the process of oxidation when placed in an oxygen environment, which is depending on time and
temperature. It was observed that the registration of the dynamics of the features of the LPFG
attenuation band when combined with the chemical and morphological analysis would lead to the
identification of specific oxide states for a metal coating. The optical characterization of LPFGs with
60£10 nm metal oxide coatings for changes in the surrounding refractive index (SRI) from 1.300 to
1.600 have returned sensitivities up to 2000 nm/RIU and 20000 nm/RIU for 67 nm of Cu,O at 1.420
and 50 nm of Al,Os at 1.442, respectively.

Detection of hydrogen was attained by coating the chemical etched surface of fibre Bragg gratings
with palladium metal. With changes in the palladium coating thickness up to 150 nm and with a
reduction in the fibre diameter was possible to increase the sensitivity up to 20 pm/% v/v of hydrogen
at atmospheric pressure. The systematic study performed has shown that humidity has destructive
effect onto the palladium coating. A cheap solution with a sealed layer of Teflon around the sensing
region was presented and tested. Moreover, thick layers of ZnO around LPFGs would lead to the
detection of vapours with combinations of wavelength position and intensity of the attenuation band.
For the case of ethanol and hexane in the gas phase, nonlinear response was obtained in the range up

to 174 g/m® and 1989 g/m* respectively, with resolutions of 3.2 g/m*® and 220 g/m°.

A novel configuration of a surface plasmon resonance sensor in a single mode fibre section
chemically etched was presented. The theoretical simulation described accurately the obtained
experimental results concerning the sensor sensitivity. The single path in the sensing region
(transmission mode) presents better results when compared to the double path when a mirror is
produced at the end of the fibre (reflective mode). The wider resonant dips obtained experimentally
could be explained with the multimode excitation in the sensing region and the small different
thicknesses of the films in the coated region. Sensitivities to refractive index variations higher than
3800 and 5100 nm/RIU were attained considering the reflection and the transmission modes,
respectively. It was pointed out that the reflective configuration has potential to show a substantial
better sensing performance in what respects refractive index readout resolution, which adds to its

intrinsic favourable geometric characteristics for operation as a remote point sensor.
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The applicability of the LPFGs and the SPR structures in optical fibres by using thin film coatings
was attested in the biosensing field with the detection of thrombin. Three different configurations
were compared based on aptamers binding mechanism to attach the specific thrombin protein. The
attachment of a molecule on the fibre sensor leads to changes in effective refractive index. Systems
with higher sensitivities will provide more efficient results which was obtained for the thrombin
detection. The sensitivity of a SPR sensor above 3000 nm/RIU enable detection of the presence of
10 nM with a resolution of 0.62 nM. Although the LPFG have been coated with TiO» to improve the
sensitivity up to three times more for refractive index in the range 1.330 to 1.350, was not enough to
detect these king of variations. However, the LPFGs was capable to detect the presence/absence of

thrombin.

SPR based refractometric platforms in optical fibres have shown several advantages and also some
disadvantages over coated LPFGs. The SPR-based devices present sensitivities to SRI above
5000 nm/RIU in the wide refractive index range from 1.300 up to 1.450 with low sensitivity to
thermal variations, however, the need of a high wavelength bandwidth with high power are constrains

which need to be taken into account.

On the other hand, the LPFGs have narrower attenuation band which turns the interrogation easier
and allows the use of light sources and detectors with reduced wavelength window range. In addition,
the LPFGs are capable to work with external RI in the vicinity of the cladding RI, in particular above
1.457. As arecognized drawback stands the length of the LPFGs, turning the sensing heads based on

these devices more susceptible to bending and strain gradients.

The research undertaken along this PhD path pointed out topics that need further investigation and

opened windows for new ones. Two of them are highlighted in the following.

e High sensitivity to refractive index variations of the surrounding medium is achieved through the
conception of sensing devices based on FBG, LPFG and SPR. Concerning LPFGs, when these
gratings are combined with proper coatings it is possible to measure a wide range of refractive
indices, a feature important in the monitoring of the quality of high refractive index liquids such
as mineral and edible oils and the concentration of hexane or other organic solvents in storage
tanks and processing reactors in edible oils extraction or refining plants, when the LPFG is coated
with titanium oxide. In addition, the LPFG coated with thick ZnO would allow to evaluate the
solvent vapour concentration or pressure in the gas phase. The combination of two or more

LPFGs, each one with the appropriate coating, could allow the complete characterization of the
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dynamics of sealed systems. Furthermore, the proper design of coated LPFG sensing systems may
enable the detection of biochemical changes in foodstuff, the characterization of pharmaceutical
products and, more broadly, the development of optical sensing approaches to be applied with

advantage in the wide biochemical field.

e The SPR is a well-known technique in bulk waveguides, nevertheless the consideration of optical
fibre based SPR structures for sensing is more on the table. Due also to a much wide freedom
design, this sensing approach will certainly expand rapidly in the future, with some domains
closer of the application phase. It is the case of high sensitivity detection of refractive index
variations in mediums with refractive indices in the range of 1.300 to 1.400, an ideal region for
the detection of specific bio targets after proper surface functionalization with aptamer based
DNA. Further work would pass by the functionalization of the surface of such devices aiming
highly selective detection of a variety of targets. In addition, the taper structure developed and
coated with metal/dielectric may be efficiently used in new applications as a tip enhanced Raman

spectroscope.

Fibre optic sensing has evolved along the years into a wide variety of concepts, technologies,
methodologies and applications, benefiting from the remarkable characteristics of light, in particular
the freedom it provides to register the fingerprint of a phenomenon, a parameter, a measurand.
Indeed, the interaction can be recorded on the intensity of light, on its wavelength, on its frequency,
on its phase, on its polarization and even, in some cases, on the light wavefront. In each of these

processes many factors are involved which opens the sensor design possibilities into a huge space.

This broad world shares a common feature which is, in most of the situations, the light be guided in
the optical fibre. Therefore, when the propagation characteristics are modified the same happens with
the interaction conditions of the guided light with the targeted measurand and, in principle, this
interaction can be adjusted to achieve optimum performance. This means coating the optical fibre in
the sensing region with proper materials (including metamaterials) with tailored geometric
characteristics opens a new dimension into the optical fibre sensing field. This door has been guessed
since the outcome of fibre optic sensing but technological limitations constrained its development
until few years ago. Since then the situation is changing quickly and the worldwide level of research
in coated based fibre optic sensing has been increasing significantly. The work reported in this thesis
is just a contribution for this fast expanding field which offers the promise of novel fibre optic sensors

with outstanding characteristics.

254



References

References

Santos, J.L. and F. Farahi, Handbook of Optical Sensors. 2014: CRC Press.

Jorge, P.A., et al., Fiber optic-based refractive index sensing at INESC Porto. Sensors, 2012. 12(6):
p. 8371-8389.

Hsu, T., R. Moyer, and F. Banks, 4 high temperature fibre-optical displacement probe. Journal of
Physics E: Scientific Instruments, 1969. 2(12): p. 1132.

Cattani, G., Technological pre-adaptation, speciation, and emergence of new technologies: how
Corning invented and developed fiber optics. Industrial and Corporate Change, 2006. 15(2): p. 285-
318.

Yariv, A. and H.V. Winsor, Proposal for detection of magnetic fields through magnetostrictive
perturbation of optical fibers. Opt. Lett, 1980. 5(3): p. 87-89.

Lee, B., Review of the present status of optical fiber sensors. Optical Fiber Technology, 2003. 9(2):
p. 57-79.

Gupta, B.D. and R.K. Verma, Surface plasmon resonance-based fiber optic sensors: principle, probe
designs, and some applications. Journal of Sensors, 2009. 2009.

Rajan, G., Optical Fiber Sensors.: Advanced Techniques and Applications. Vol. 36. 2015: CRC Press.

Udd, E., An overview of fiber-optic sensors. review of scientific instruments, 1995. 66(8): p. 4015-
4030.

Vasilev, S.A., et al., Fibre gratings and their applications. Quantum Electronics, 2005. 35(12): p.
1085-1103.

Kersey, A.D., et al., Fiber grating sensors. Journal of lightwave technology, 1997. 15(8): p. 1442-
1463.

Vengsarkar, A., et al., Long-period fiber gratings as band-rejection filters. Journal of Lightwave
Technology, 1996. 14(1): p. 58-65.

James, S. and R. Tatam, Optical fibre long-period grating sensors: Characteristics and application.
Measurement Science & Technology, 2003. 14(5): p. R49-R61.

Patrick, H., A. Kersey, and F. Bucholtz, Analysis of the response of long period fiber gratings to
external index of refraction. Journal of Lightwave Technology, 1998. 16(9): p. 1606-1612.

Rego, G., A review of refractometric sensors based on long period fibre gratings.
ScientificWorldJournal, 2013. 2013: p. 913418.

Lee, B.H., et al., Interferometric fiber optic sensors. Sensors, 2012. 12(3): p. 2467-2486.

Zhu, T., et al., In-line fiber optic interferometric sensors in single-mode fibers. Sensors, 2012. 12(8):
p- 10430-10449.

255



[21]

[22]

(23]

[28]
[29]

[30]

[31]

[37]

256

Culshaw, B., The optical fibre Sagnac interferometer: An overview of its principles and applications.
Measurement Science and Technology, 2006. 17(1): p. R1-R16.

Soldano, L.B. and E. Pennings, Optical multi-mode interference devices based on self-imaging:
principles and applications. Lightwave Technology, Journal of, 1995. 13(4): p. 615-627.

Antonio-Lopez, J.E., et al., Fiber-optic sensor for liquid level measurement. Optics letters, 2011.
36(17): p. 3425-3427.

Gaston, A., et al., Evanescent wave optical-fiber sensing (temperature, relative humidity, and pH
sensors). Sensors Journal, IEEE, 2003. 3(6): p. 806-811.

Birks, T.A. and Y.W. Li, The shape of fiber tapers. Lightwave Technology, Journal of, 1992. 10(4):
p. 432-438.

Dimmick, T.E., et al., Carbon dioxide laser fabrication of fused-fiber couplers and tapers. Applied
Optics, 1999. 38(33): p. 6845-6843.

Lu, P., etal., Tapered fiber Mach—Zehnder interferometer for simultaneous measurement of refractive
index and temperature. Applied Physics Letters, 2009. 94(13): p. 131110.

Haddock, H.S., P. Shankar, and R. Mutharasan, Fabrication of biconical tapered optical fibers using
hydrofluoric acid. Materials science & engineering. B, Solid-state materials for advanced technology,
2003.97(1): p. 87-93.

Hassani, A. and M. Skorobogatiy, Design criteria for microstructured-optical-fiber-based surface-
plasmon-resonance sensors. JOSA B, 2007. 24(6): p. 1423-1429.

Monro, T.M., et al., Sensing with suspended-core optical fibers. Optical Fiber Technology, 2010.
16(6): p. 343-356.

Russell, P., Photonic crystal fibers. science, 2003. 299(5605): p. 358-362.

Minkovich, V.P., et al., Microstructured optical fiber coated with thin films for gas and chemical
sensing. Optics Express, 2006. 14(18): p. 8413-8418.

Kashyap, R. and G. Nemova, Surface plasmon resonance-based fiber and planar waveguide sensors.
Journal of Sensors, 2009. 2009.

Orellana, G. and D. Haigh, New trends in fiber-optic chemical and biological sensors. Current
analytical chemistry, 2008. 4(4): p. 273-295.

Homola, J., S.S. Yee, and G. Gauglitz, Surface plasmon resonance sensors: review. Sensors and
Actuators B: Chemical, 1999. 54(1-2): p. 3-15.

Sharma, A.K., R. Jha, and B. Gupta, Fiber-optic sensors based on surface plasmon resonance: a
comprehensive review. Sensors Journal, IEEE, 2007. 7(8): p. 1118-1129.

Srivastava, S.K., et al., Localized surface plasmon resonance-based fiber optic U-shaped biosensor
for the detection of blood glucose. Plasmonics, 2012. 7(2): p. 261-268.

Chen, Y. and H. Ming, Review of surface plasmon resonance and localized surface plasmon
resonance sensor. Photonic Sensors, 2012. 2(1): p. 37-49.

Herndez, M., et al., Optical Fiber Sensors Based on Lossy Mode Resonances, in Advancement in
Sensing Technology, S.C. Mukhopadhyay, K.P. Jayasundera, and A. Fuchs, Editors. 2013, Springer
Berlin Heidelberg. p. 191-210.

Zamarrefo, C., et al., Optical fiber pH sensor based on lossy-mode resonances by means of thin
polymeric coatings. Sensors and Actuators B: Chemical, 2011. 155(1): p. 290-297.



References

[39]
[40]
[41]

[42]

[43]

[44]

[47]

[48]
[49]

[54]
[55]

[56]

[57]

Del Villar, 1., et al., Generation of lossy mode resonances by deposition of high-refractive-index
coatings on uncladded multimode optical fibers. Journal of Optics, 2010. 12(9): p. 095503.

Colthup, N., Introduction to infrared and Raman spectroscopy. 2012: Elsevier.
Moskovits, M., Surface-enhanced spectroscopy. Reviews of modern physics, 1985. 57(3): p. 783.

Lucotti, A. and G. Zerbi, Fiber-optic SERS sensor with optimized geometry. Sensors and Actuators
B: Chemical, 2007. 121(2): p. 356-364.

Mullen, K.I. and K.T. Carron, Surface-enhanced Raman spectroscopy with abrasively modified fiber
optic probes. Analytical Chemistry, 1991. 63(19): p. 2196-2199.

Stokes, D.L. and T. Vo-Dinh, Development of an integrated single-fiber SERS sensor. Sensors and
Actuators B: Chemical, 2000. 69(1): p. 28-36.

Stokes, D.L., Z. Chi, and T. Vo-Dinh, Surface-enhanced-Raman-scattering-inducing nanoprobe for
spectrochemical analysis. Applied spectroscopy, 2004. 58(3): p. 292-298.

Viets, C. and W. Hill, Fibre-optic SERS sensors with angled tips. Journal of Molecular Structure,
2001. 565: p. 515-518.

Zhang, Y., et al., Surface-enhanced Raman scattering sensor based on D-shaped fiber. Applied
Physics Letters, 2005. 87(12): p. 123105.

Zhang, Y., et al., Liquid core photonic crystal fiber sensor based on surface enhanced Raman
scattering. Applied physics letters, 2007. 90(19): p. 193504.

Tracton, A.A., Coatings technology handbook. Third Edition ed. 2005: CRC Press.

Martin, P.M., Handbook of deposition technologies for films and coatings: science, applications and
technology. 2009: William Andrew.

Ohring, M., The materials science of thin films. 1992: Academic Press.

Johnson, R.W., A. Hultqvist, and S.F. Bent, A brief review of atomic layer deposition: from
fundamentals to applications. Materials Today, 2014. 17(5): p. 236-246.

Sakka, S., Handbook of sol-gel science and technology: processing, characterization and
applications. Vol. 1. 2005: Springer.

Choy, K., Chemical vapour deposition of coatings. Progress in materials science, 2003. 48(2): p. 57-
170.

George, S.M., Atomic layer deposition: an overview. Chemical reviews, 2009. 110(1): p. 111-131.

MacCraith, B.D., et al., Sol-gel coatings for optical chemical sensors and biosensors. Sensors and
Actuators: B. Chemical, 1995. 29(1-3): p. 51-57.

Mallory, G.O. and J.B. Hajdu, Electroless plating: fundamentals and applications. 1990: William
Andrew.

James, S.W., et al. Fibre optic sensing using Langmuir-Blodgett thin film overlays. in Second
European Workshop on Optical Fibre Sensors. 2004. International Society for Optics and Photonics.

Matias, 1.R., et al., Evanescent field fiber-optic sensors for humidity monitoring based on
nanocoatings. IEEE Sensors Journal, 2007. 7(1): p. 89-95.

Ariga, K., J.P. Hill, and Q. Ji, Layer-by-layer assembly as a versatile bottom-up nanofabrication
technique for exploratory research and realistic application. Physical Chemistry Chemical Physics,

257



[60]

[61]

[62]

[63]

[64]

[70]

[71]

[72]

[75]
[76]

[77]

[78]

[79]

258

2007. 9(19): p. 2319-2340.

Mazzoldi, P., et al., lon exchange process: history, evolution and applications. Riv. Nuovo Cimento,
2013.36(9): p. 397-460.

Wang, T., et al., 4 novel ammonia gas sensor using a nanoassembled polyelectrolyte thin film on
fiber-optic long-period gratings. Chemistry Letters, 2012. 41(10): p. 1297-1299.

Wolfbeis, O.S., Fiber-optic chemical sensors and biosensors. Analytical Chemistry, 2004. 76(12): p.
3269-3284.

Razquin, L., et al. Thrombin detection by means of an aptamer based sensitive coating fabricated onto
LMR-based optical fiber refractometer. in Sensors, 2012 IEEE. 2012. IEEE.

Socorro, A., et al., Fiber-optic biosensor based on lossy mode resonances. Sensors and Actuators B:
Chemical, 2012. 174: p. 263-269.

Wong, W.C., et al., Polyvinyl alcohol coated photonic crystal optical fiber sensor for humidity
measurement. Sensors and Actuators, B: Chemical, 2012. 174: p. 563-569.

Mateescu, A., et al., Thin hydrogel films for optical biosensor applications. Membranes, 2012. 2(1):
p. 40-69.

Wang, X.-D. and O.S. Wolfbeis, Fiber-optic chemical sensors and biosensors (2008—2012).
Analytical chemistry, 2012. 85(2): p. 487-508.

Nesson, S., et al., Miniature fiber optic pressure sensor with composite polymer-metal diaphragm for
intradiscal pressure measurements. Journal of biomedical optics, 2008. 13(4): p. 044040-044040-8.

Ahmed, J., et al., Starch-based Polymeric Materials and Nanocomposites: Chemistry, Processing,
and Applications. 2012: CRC Press.

Fiebig, M., Revival of the magnetoelectric effect. Journal of Physics D: Applied Physics, 2005. 38(8):
p- R123.

Eerenstein, W., N. Mathur, and J.F. Scott, Multiferroic and magnetoelectric materials. nature, 2006.
442(7104): p. 759-765.

Yang, M., et al., Optical fiber magnetic field sensors with TbDyFe magnetostrictive thin films as
sensing materials. Optics express, 2009. 17(23): p. 20777-20782.

Piegari, A. and F. Flory, Optical thin films and coatings: From materials to applications. 2013:
Elsevier.

Daniel, M.-C. and D. Astruc, Gold nanoparticles: assembly, supramolecular chemistry, quantum-
size-related properties, and applications toward biology, catalysis, and nanotechnology. Chemical
reviews, 2004. 104(1): p. 293-346.

Sun, Y., Shape-Controlled Synthesis of Gold and Silver. science, 2002. 1077229(2176): p. 298.

Rao, J.P. and K.E. Geckeler, Polymer nanoparticles: preparation techniques and size-control
parameters. Progress in Polymer Science, 2011. 36(7): p. 887-913.

Konstantatos, G. and E.H. Sargent, Nanostructured materials for photon detection. Nature
nanotechnology, 2010. 5(6): p. 391-400.

Sharma, A.K. and B. Gupta, Fibre-optic sensor based on surface plasmon resonance with Ag—Au
alloy nanoparticle films. Nanotechnology, 2006. 17(1): p. 124.

Lopez, R., et al., Temperature-controlled surface plasmon resonance in VO< sub> 2</sub>



References

[80]

[81]

[82]

[83]

[84]

nanorods. Optics letters, 2002. 27(15): p. 1327-1329.

Guo, H. and S. Tao, Silver nanoparticles doped silica nanocomposites coated on an optical fiber for
ammonia sensing. Sensors and Actuators B: Chemical, 2007. 123(1): p. 578-582.

Rajini-Kumar, R., et al., Performance evaluation of metal-coated fiber Bragg grating sensors for
sensing cryogenic temperature. Cryogenics, 2008. 48(3): p. 142-147.

Dils, R., Highlltemperature optical fiber thermometer. Journal of applied Physics, 1983. 54(3): p.
1198-1201.

Moccia, M., et al., Resonant hydrophones based on coated Fiber Bragg Gratings. Lightwave
Technology, Journal of, 2012. 30(15): p. 2472-2481.

Sedlar, M., V. Matejec, and 1. Paulicka, Optical fibre magnetic field sensors using ceramic
magnetostrictive jackets. Sensors and Actuators A: Physical, 2000. 84(3): p. 297-302.

Ding, Z., et al., Distributed optical fiber current sensor based on magnetostriction in OFDR. 2015.

Verma, R. and B.D. Gupta, 4 novel approach for simultaneous sensing of urea and glucose by SPR
based optical fiber multianalyte sensor. Analyst, 2014. 139(6): p. 1449-1455.

Viegas, D., et al., Simultaneous measurement of humidity and temperature based on an SiO 2-
nanospheres film deposited on a long-period grating in-line with a fiber Bragg grating. IEEE Sensors
Journal, 2011. 11(1): p. 162-166.

Rivero, P.J., et al. Humidity sensor based on silver nanoparticles embedded in a polymeric coating.
in Sensing Technology (ICST), 2011 Fifth International Conference on. 2011. IEEE.

Maguis, S., et al., Biofunctionalized tilted fiber Bragg gratings for label-free immunosensing. Optics
express, 2008. 16(23): p. 19049-19062.

Arnold, M.A., Enzyme-based fiber optic sensor. Analytical chemistry, 1985. 57(2): p. 565-566.

Byrne, B., et al., Antibody-based sensors: Principles, problems and potential for detection of
pathogens and associated toxins. Sensors, 2009. 9(6): p. 4407-4445.

Pollet, J., et al., Fiber optic SPR biosensing of DNA hybridization and DNA—protein interactions.
Biosensors and Bioelectronics, 2009. 25(4): p. 864-869.

Huang, K.-W., et al, [Improved performance of aminopropylsilatrane  over
aminopropyltriethoxysilane as a linker for nanoparticle-based plasmon resonance sensors. Sensors
and Actuators B: Chemical, 2012. 163(1): p. 207-215.

Lépinay, S., A. Ianoul, and J. Albert, Molecular imprinted polymer-coated optical fiber sensor for the
identification of low molecular weight molecules. Talanta, 2014. 128: p. 401-407.

Queirds, R., et al., Evanescent wave DNA-aptamer biosensor based on long period gratings for the
specific recognition of E. coli outer membrane proteins. Biosensors and Bioelectronics, 2014. 62: p.
227-233.

Konstantaki, M., et al., An ethanol vapor detection probe based on a ZnO nanorod coated optical
fiber long period grating. Optics express, 2012. 20(8): p. 8472-8484.

Silva, S.F., et al., 4 Review of Palladium-based fiber-optic sensors for molecular hydrogen detection.
Ieee Sensors Journal, 2012. 12(1): p. 93-102.

Butler, M.A., Micromirror optical-fiber hydrogen sensor. Sensors and actuators B: Chemical, 1994.
22(2): p. 155-163.

259



[99]

[100]

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

260

Villatoro, J., D. Luna-Moreno, and D. Monzoén-Hernandez, Optical fiber hydrogen sensor for
concentrations below the lower explosive limit. Sensors and Actuators B: Chemical, 2005. 110(1): p.
23-27.

Gouveia, C., et al. Measurement of CO 2 using refractometric fiber optic sensors. in Proceedings of
the 3rd WSEAS international conference on Advances in sensors, signals and materials. 2010. World
Scientific and Engineering Academy and Society (WSEAS).

Silva, S., et al. Hydrogen pressure sensor based on a tapered-FBG written by DUV femtosecond laser
technique. in Specialty Optical Fibers. 2012. Optical Society of America.

Kashyap, R., Fiber bragg gratings. 1999: Academic press.

Cusano, A., A. Cutolo, and J. Albert, Fiber Bragg grating sensors: recent advancements, industrial
applications and market exploitation. 2011: Bentham Science Publishers.

Lemaire, P.J., et al., High pressure H2 loading as a technique for achieving ultrahigh UV
photosensitivity and thermal sensitivity in GeOZ2 doped optical fibres. Electronics Letters, 1993.
29(13): p. 1191-1193.

Vasiliev, S.A. and O.I. Medvedkov. Long-period refractive index fiber gratings: properties,
applications, and fabrication techniques. in Advances in Fiber Optics. 2000. International Society for
Optics and Photonics.

Savin, S., et al., Tunable mechanically induced long-period fiber gratings. Optics Letters, 2000.
25(10): p. 710-712.

Rego, G., J. Santos, and H. Salgado, Refractive index measurement with long-period gratings arc-
induced in pure-silica-core fibres. Optics Communications, 2006. 259(2): p. 598-602.

Bhatia, V. and A.M. Vengsarkar, Optical fiber long-period grating sensors. Optics Letters, 1996.
21(9): p. 692-694.

Davis, D., et al., Long-period fibre grating fabrication with focused CO2 laser pulses. Electronics
Letters, 1998. 34(3): p. 302-303.

Martinez, A., et al., Direct writing of fibre Bragg gratings by femtosecond laser. Electronics Letters,
2004. 40(19): p. 1170-1172.

Rego, G., et al., Arc-induced long-period gratings. Fiber and Integrated Optics, 2005. 24(3-4): p. 245-
259.

Smietana, M., et al., Increasing sensitivity of arc-induced long-period gratings—pushing the
fabrication technique toward its limits. Measurement Science and Technology, 2011. 22(1): p.
015201.

Cheong, Y., et al., Note: Fabrication of tapered fibre tip using mechanical polishing method. Review
of Scientific Instruments, 2011. 82(8): p. 086115.

Knotter, D.M., Etching mechanism of vitreous silicon dioxide in HF-based solutions. Journal of the
American Chemical Society, 2000. 122(18): p. 4345-4351.

Pande, A., D.S. Mui, and D.W. Hess, Etching With Aqueous HF: Design and Development of a
Laboratory-Scale Integrated Wet Etch/Dry Reactor. Semiconductor Manufacturing, IEEE
Transactions on, 2011. 24(1): p. 104-116.

Diaz Herrera, N., et al., Improved performance of SPR sensors by a chemical etching of tapered
optical fibers. Optics and Lasers in Engineering, 2011. 49(8): p. 1065-1068.



References

[117]
[118]
[119]
[120]

[121]

[122]

[123]

[124]

[125]

[126]
[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]
[137]
[138]

[139]

Richardson, O., Thermionic emission from hot bodies. 2003: Watchmaker Publishing.
Haynes, W.M., CRC handbook of chemistry and physics. 2015: CRC press.
Ohring, M., Materials science of thin films. 2001: Academic press.

Lu, C. and A.W. Czanderna, Applications of piezoelectric quartz crystal microbalances. 2012:
Elsevier.

Anderson, R.C. and A.M. Alper, High Temperature Oxides, Part II, in Oxides of Rare Earths,
Titanium, Zirconium, Hafnium, Niobium, and Tantalum. 1970, Academic Press New York.

Diebold, U., The surface science of titanium dioxide. Surface science reports, 2003. 48(5): p. 53-229.

Barros, A., et al., Thin titanium oxide films deposited by e-beam evaporation with additional rapid
thermal oxidation and annealing for ISFET applications. Microelectronic Engineering, 2010. 87(3):
p. 443-446.

Thompson, A., X-Ray Data Booklet. 2009, USA: Lawrence Berkeley National Laboratory.

Azzam, RM. and N.M. Bashara, Ellipsometry and polarized light. 1987: North-Holland. sole
distributors for the USA and Canada, Elsevier Science Publishing Co., Inc.

Tompkins, H. and E.A. Irene, Handbook of ellipsometry. 2005: William Andrew.

Bosch, S., F. Monzonis, and E. Masetti, Ellipsometric methods for absorbing layers: a modified
downhill simplex algorithm. Thin Solid Films, 1996. 289(1): p. 54-58.

Johnson, P. and R. Christy, Optical constants of transition metals: Ti, v, cr, mn, fe, co, ni, and pd.
Physical Review B, 1974. 9(12): p. 5056.

Goldstein, J., et al., Scanning electron microscopy and X-ray microanalysis: a text for biologists,
materials scientists, and geologists. 2012: Springer Science & Business Media.

Goodhew, P.J., J. Humphreys, and R. Beanland, Electron microscopy and analysis. 2000: CRC Press.

Moulder, J.F. and J. Chastain, Handbook of X-ray Photoelectron Spectroscopy: A Reference Book of
Standard Spectra for Identification and Interpretation of XPS Data. 1992: Physical Electronics
Division, Perkin-Elmer Corporation.

Ratner, B.D. and D.G. Castner, Electron spectroscopy for chemical analysis. Surface Analysis-The
Principal Techniques, 2nd Edition, 2009: p. 47-112.

Moulder, J.F., J. Chastain, and R.C. King, Handbook of X-ray photoelectron spectroscopy: a
reference book of standard spectra for identification and interpretation of XPS data. 1992: Perkin-
Elmer Eden Prairie, MN.

Fadley, C., X-ray photoelectron spectroscopy: Progress and perspectives. Journal of Electron
Spectroscopy and Related Phenomena, 2010. 178: p. 2-32.

Suryanarayana, C. and M.G. Norton, X-ray diffraction: a practical approach. 2013: Springer Science
& Business Media.

Sands, D.E., Introduction to crystallography. 2012: Courier Corporation.
Erdogan, T., Fiber grating spectra. Lightwave Technology, Journal of, 1997. 15(8): p. 1277-1294.

Chen, J., B. Liu, and H. Zhang, Review of fiber Bragg grating sensor technology. Frontiers of
Optoelectronics in China, 2011. 4(2): p. 204-212.

Warren-Smith, S.C. and T.M. Monro, Exposed core microstructured optical fiber Bragg gratings:

261



[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

262

refractive index sensing. Optics express, 2014. 22(2): p. 1480-1489.

Dong, X., et al., Tilted fiber Bragg gratings: principle and sensing applications. Photonic Sensors,
2011. 1(1): p. 6-30.

Shu, X., L. Zhang, and 1. Bennion, Sensitivity characteristics of long-period fiber gratings. Journal of
Lightwave Technology, 2002. 20(2): p. 255.

Allsop, T., L. Zhang, and 1. Bennion, Detection of organic aromatic compounds in paraffin by a long-
period fiber grating optical sensor with optimized sensitivity. Optics Communications, 2001. 191(3-
6): p. 181-190.

DeLisa, M.P., et al., Evanescent wave long period fiber Bragg grating as an immobilized antibody
biosensor. Analytical Chemistry, 2000. 72(13): p. 2895-2900.

Khaliq, S., S. James, and R. Tatam, Enhanced sensitivity fibre optic long period grating temperature
sensor. Measurement Science & Technology, 2002. 13(5): p. 792-795.

Khaliq, S., S.W. James, and R.P. Tatam, Fiber-optic liquid-level sensor using a long-period grating.
Optics letters, 2001. 26(16): p. 1224-1226.

Simoes, E., et al., Characterization of optical fiber long period grating refractometer with
nanocoating. Sensors and Actuators B-Chemical, 2011. 153(2): p. 335-339.

Rees, N., et al., Optical fiber long-period gratings with Langmuir-Blodgett thin-film overlays. Optics
Letters, 2002. 27(9): p. 686-688.

Del Villar, 1., et al., Optimization of sensitivity in long period fiber gratings with overlay deposition.
Optics Express, 2005. 13(1): p. 56-69.

Cusano, A., et al., Mode transition in high refractive index coated long period gratings. Optics
Express, 2006. 14(1): p. 19-34.

Cheung, C., et al., Response of fiber-optic long-period gratings operating near the phase-matching
turning point to the deposition of nanostructured coatings. JOSA B, 2008. 25(6): p. 897-902.

Pilla, P., et al., Giant sensitivity of long period gratings in transition mode near the dispersion turning
point: an integrated design approach. Optics letters, 2012. 37(19): p. 4152-4154.

Del Villar, I, et al., Resonances in coated long period fiber gratings and cladding removed multimode
optical fibers: a comparative study. Optics express, 2010. 18(19): p. 20183-20189.

Ivanov, O. and G. Rego, Origin of coupling to antisymmetric modes in arc-induced long-period fiber
gratings. Optics express, 2007. 15(21): p. 13936-13941.

Liu, L. and X. Chen, Titanium dioxide nanomaterials: Self-structural modifications. Chemical
reviews, 2014. 114(19): p. 9890-9918.

Bai, J. and B. Zhou, Titanium dioxide nanomaterials for sensor applications. Chemical reviews, 2014.
114(19): p. 10131-10176.

Wan, Q., et al., Fabrication and ethanol sensing characteristics of ZnO nanowire gas sensors.
Applied Physics Letters, 2004. 84(18): p. 3654-3656.

Wu, W.-Y., J.-M. Ting, and P.-J. Huang, Electrospun ZnO Nanowires as Gas Sensors for Ethanol
Detection. Nanoscale Research Letters, 2009. 4(6): p. 513-517.

Yebo, N.A,, etal., An integrated optic ethanol vapor sensor based on a silicon-on-insulator microring
resonator coated with a porous ZnO film. Optics Express, 2010. 18(11): p. 11859-11866.



References

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]
[170]

[171]

[172]

[173]

[174]
[175]

[176]

[177]

[178]

[179]

Bond, W., Measurement of the refractive indices of several crystals. Journal of Applied Physics, 1965.
36(5): p. 1674-1677.

Villar, 1.D., et al., Nanodeposition of Materials With Complex Refractive Index in Long-Period Fiber
Gratings. Journal of Lightwave Technology, 2005. 23(12): p. 4192.

Diaz-Herrera, N., et al., Refractive index sensing of aqueous media based on plasmonic resonance in
tapered optical fibres operating in the 1.5um region. Sensors and Actuators B: Chemical, 2010.
146(1): p. 195-198.

Hernandez, G., Fabry-Perot Interferometers. Vol. 3. 1988: Cambridge University Press.

Chen, X., et al., Micro-air-gap based intrinsic Fabry-Perot interferometric fiber-optic sensor.
Applied optics, 2006. 45(30): p. 7760-7766.

Pustelny, T., et al., Optical interferometric structures for application in gas sensors. Optica Applicata,
2007. 37(1/2): p. 187.

Jiang, M. and E. Gerhard, 4 simple strain sensor using a thin film as a low-finesse fiber-optic Fabry—
Perot interferometer. Sensors and Actuators A: Physical, 2001. 88(1): p. 41-46.

Wei, T., et al., Temperature-insensitive miniaturized fiber inline Fabry-Perot interferometer for
highly sensitive refractive index measurement. Optics Express, 2008. 16(8): p. 5764-5769.

Gong, Y., et al., Fiber-optic Fabry—Perot sensor based on periodic focusing effect of graded-index
multimode fibers. Photonics Technology Letters, IEEE, 2010. 22(23): p. 1708-1710.

Tafulo, P.A., et al., Intrinsic Fabry—Pérot cavity sensor based on etched multimode graded index fiber
for strain and temperature measurement. Sensors Journal, IEEE, 2012. 12(1): p. 8-12.

Hecht, E., Optik. 1987: McGraw-Hill.

Vaughan, M., The Fabry-Perot interferometer: history, theory, practice and applications. 1989: CRC
press.

Rao, Y.-J., et al., In-line Fabry—Perot etalons based on hollow-CorePhotonic bandgap fibers for high-
temperature applications. Lightwave Technology, Journal of, 2009. 27(19): p. 4360-4365.

Xiao, G.Z., et al., Monitoring changes in the refractive index of gases by means of a fiber optic Fabry-
Perot interferometer sensor. Sensors and Actuators A: Physical, 2005. 118(2): p. 177-182.

Owens, J.C., Optical refractive index of air: dependence on pressure, temperature and composition.
Applied Optics, 1967. 6(1): p. 51-59.

Weber, M.J., Handbook of optical materials. Vol. 19. 2002: CRC press.

Frazdo, O., et al., Applications of fiber optic grating technology to multi-parameter measurement.
Fiber and integrated optics, 2005. 24(3-4): p. 227-244.

Jones, J.D. Review of fibre sensor techniques for temperature-strain discrimination. in Optical Fiber
Sensors. 1997. Optical Society of America.

Kim, Y.-H., et al., Hydrogen sensor based on a palladium-coated long-period fiber grating pair.
Journal of the Optical Society of Korea, 2008. 12(4): p. 221-225.

Zalvidea, D., et al., Wavelength multiplexed hydrogen sensor based on palladium-coated fibre-taper
and Bragg grating. Electronics Letters, 2004. 40(5): p. 301-302.

Trouillet, A., E. Marin, and C. Veillas, Fibre gratings for hydrogen sensing. Measurement Science
and Technology, 2006. 17(5): p. 1124.

263



[180]

[181]

[182]

[183]

[184]
[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]
[195]

[196]
[197]

[198]

[199]

[200]

264

Yang, M. and J. Dai, Fiber optic hydrogen sensors: a review. Photonic Sensors, 2014. 4(4): p. 300-
324.

Butler, M. and D. Ginley, Hydrogen sensing with palladium |coated optical fibers. Journal of applied
physics, 1988. 64(7): p. 3706-3712.

Villatoro, J., et al., In-line highly sensitive hydrogen sensor based on palladium-coated single-mode
tapered fibers. Sensors Journal, IEEE, 2003. 3(4): p. 533-537.

Johansson, M., et al., Hydrogen adsorption on palladium and palladium hydride at 1bar. Surface
science, 2010. 604(7): p. 718-729.

Gu, F., et al., Metal single-nanowire plasmonic sensors. Optics letters, 2013. 38(11): p. 1826-1828.

Wadell, C., S. Syrenova, and C. Langhammer, Plasmonic hydrogen sensing with nanostructured
metal hydrides. ACS nano, 2014. 8(12): p. 11925-11940.

Gu, F., G. Wu, and H. Zeng, Hybrid photon—plasmon Mach—Zehnder interferometers for highly
sensitive hydrogen sensing. Nanoscale, 2015. 7(3): p. 924-929.

Gu, F., X. Wu, and H. Zeng, Palladium-Coated Silica Microfiber Knots for Enhanced Hydrogen
Sensing. 2015.

Yu, Z.P., et al., Microfiber Bragg Grating Hydrogen Sensors. leee Photonics Technology Letters,
2015.27(24): p. 2575-2578.

Javahiraly, N., Review on hydrogen leak detection: comparison between fiber optic sensors based on
different designs with palladium. Optical Engineering, 2015. 54(3): p. 030901-030901.

Lee, E., et al., Hydrogen gas sensing performance of Pd—Ni alloy thin films. Thin Solid Films, 2010.
519(2): p. 880-884.

Dai, J., et al., Greatly etched fiber Bragg grating hydrogen sensor with Pd/Ni composite film as
sensing material. Sensors and Actuators B: Chemical, 2012. 174: p. 253-257.

Ohodnicki, P.R., J.P. Baltrus, and T.D. Brown, Pd/SiO2 and AuPd/SiO2 nanocomposite-based optical
fiber sensors for H-2 sensing applications. Sensors and Actuators B-Chemical, 2015. 214: p. 159-
168.

Buric, M., et al., Active fiber Bragg grating hydrogen semsors for all-temperature operation.
Photonics Technology Letters, IEEE, 2007. 19(5): p. 255-257.

Ho, C.Y. and R.E. Taylor, Thermal expansion of solids. Vol. 4. 1998: ASM international.

Mallinder, F. and B. Proctor, Elastic constants of fused silica as a function of large tensile strain.
Phys. Chem. Glasses, 1964. 5(4): p. 91-103.

Gray, D.E., American institute of physics handbook. 1982: McGraw-Hill.

Wang, T., et al., Optical fiber long period grating sensor with a polyelectrolyte alternate thin film for
gas sensing of amine odors. Sensors and Actuators B: Chemical, 2013. 185(0): p. 117-124.

Topliss, S.M., et al., Optical fibre long period grating based selective vapour sensing of volatile
organic compounds. Sensors and Actuators B-Chemical, 2010. 143(2): p. 629-634.

Partridge, M., et al., Long period grating based toluene sensor for use with water contamination.
Sensors and Actuators B: Chemical, 2014. 203: p. 621-625.

Della Gaspera, E., et al., Enhanced optical and electrical gas sensing response of sol-gel based NiO-



References

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

Au and ZnO-Au nanostructured thin films. Sensors and Actuators B-Chemical, 2012. 164(1): p. 54-
63.

Fernandez, C.D., et al., Surface plasmon resonance optical gas sensing of nanostructured ZnO films.
Sensors and Actuators B-Chemical, 2008. 130(1): p. 531-537.

Starling, K.E., The properties of gases and liquids, Third Edition, Robert C. Reid, John M. Prausnitz
and Thomas K. Sherwood, McGraw-Hill (1977), 688 pages, $27.50. AIChE Journal, 1978. 24(6): p.
1142-1142.

Dortmund data bank. [cited 2015; Data bank for thermophysical properties of pure components and
their mixtures]. Available from: http://www.ddbst.com.

Shouli, B., et al., Different morphologies of ZnO nanorods and their sensing property. Sensors and
Actuators B: Chemical, 2010. 146(1): p. 129-137.

Lingmin, Y., et al., Gas sensing enhancement of aluminum-doped ZnO nanovase structure with many
gas facile diffusivity paths. Applied Surface Science, 2013. 265: p. 108-113.

Kuo, G.-H,, et al., Sensing of ethanol with nanosize Fe-ZnO thin films. J. Nanomaterials, 2009. 2009:
p- 1-3.

Kenanakis, G., et al., Ozone sensing properties of ZnO nanostructures grown by the aqueous chemical
growth technique. Sensors and Actuators B: Chemical, 2007. 124(1): p. 187-191.

Yang, Y., et al., Refractive indices of textured indium tin oxide and zinc oxide thin films. Thin Solid
Films, 2006. 510(1): p. 95-101.

Fakhar-E-Alam, M., et al., Characterization of Zinc oxide (ZnO) thin film coated by thermal evaporate
technique Journal of Optoelectronics and Biomedical Materials Vol, 2014. 6(2): p. 35-40.

Serin, N., et al., Annealing effects on the properties of copper oxide thin films prepared by chemical
deposition. Semiconductor Science and Technology, 2005. 20(5): p. 398.

Papadimitropoulos, G., et al. Deposition and characterization of copper oxide thin films. in journal
of physics: conference series. 2005. IOP Publishing.

Valladares, L.D.L.S., et al., Characterization of Ni thin films following thermal oxidation in air.
Journal of Vacuum Science & Technology B, 2014. 32(5): p. 051808.

Reddy, N., et al., XPS study of sputtered alumina thin films. Ceramics International, 2014. 40(7): p.
11099-11107.

Wang, Y.G., et al., Photoluminescence study of ZnO films prepared by thermal oxidation of Zn
metallic films in air. Journal of Applied Physics, 2003. 94(1): p. 354-358.

Bennett, J.C. and R.F. Egerton, NiO Test Specimens for Analytical Electron Microscopy: Round-
Robin Results. Microscopy and Microanalysis, 1995. 1(04): p. 143-149.

Krueger, W.H. and S.R. Pollack, The initial oxidation of aluminum thin films at room temperature.
Surface Science, 1972. 30(2): p. 263-279.

Wagner, C., et al., Handbook of X-ray photoelectron spectroscopy, physical electronics division.
Perkin-Elmer Corporation, Eden Prairie, Minnesota, 1979. 68.

Ghijsen, J., L. Tjeng, and J. Elp, H. Eskes, Westerink, J., & Sawatzky, GA (1988). Electronic structure
of Cu20 and CuO. Phys. Rev. 38: p. 11322-11330.

Jiang, P., et al., Experimental and theoretical investigation of the electronic structure of Cu20 and
CuO thin films on Cu (110) using x-ray photoelectron and absorption spectroscopy. The Journal of

265



[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

266

chemical physics, 2013. 138(2): p. 024704.

Uhlenbrock, S., et al., The Influence of Deffects on the Ni-2p ans O-1s XPS of NiO. Journal of Physics-
Condensed Matter, 1992. 4(40): p. 7973-7978.

Grosvenor, A.P., et al., New interpretations of XPS spectra of nickel metal and oxides. Surface
Science, 2006. 600(9): p. 1771-1779.

Cherkashinin, G., D. Ensling, and W. Jaegermann, LiMO2 (M = Ni, Co) thin film cathode materials:
a correlation between the valence state of transition metals and the electrochemical properties.
Journal of Materials Chemistry A, 2014. 2(10): p. 3571-3580.

Babelon, P., et al., SEM and XPS studies of titanium dioxide thin films grown by MOCVD. Thin Solid
Films, 1998. 322(1-2): p. 63-67.

Hassel, M., et al., High Resolution XPS Study of a Thin Cr203(111) Film Grown on Cr(110). Surface
Science Spectra, 1998. 4(3): p. 246-252.

Biesinger, M.C., et al., X-ray photoelectron spectroscopy studies of chromium compounds. Surface
and Interface Analysis, 2004. 36(12): p. 1550-1563.

Unveren, E., et al., Analysis of highly resolved x-ray photoelectron Cr 2p spectra obtained with a
Cr203 powder sample prepared with adhesive tape. Surface and Interface Analysis, 2004. 36(1): p.
92-95.

Maiti, UN., et al., Room temperature deposition of ultra sharp ZnO nanospike arrays on metallic,
non-metallic and flexible carbon fabrics: Efficient field emitters. CrystEngComm, 2011. 13(6): p.
1976-1983.

Yu, J. and X. Yu, Hydrothermal synthesis and photocatalytic activity of zinc oxide hollow spheres.
Environmental science & technology, 2008. 42(13): p. 4902-4907.

Al-Gaashani, R., et al., XPS and optical studies of different morphologies of ZnO nanostructures
prepared by microwave methods. Ceramics International, 2013. 39(3): p. 2283-2292.

Delmon, B., P.A. Jacobs, and G. Poncelet, Preparation of Catalysts: Scientific Bases for the
Preparation of Heterogenous Catalysts: Proceedings of the International Symposium Held at the
Solvay Research Centre, Brussels, October 14-17, 1975. Vol. 1. 1976: Elsevier.

Tahir, D. and S. Tougaard, Electronic and optical properties of Cu, CuO and Cu2O studied by
electron spectroscopy. Journal of Physics: Condensed Matter, 2012. 24(17): p. 175002.

Morales, J., et al., Use of low-temperature nanostructured CuO thin films deposited by spray-pyrolysis
in lithium cells. Thin Solid Films, 2005. 474(1): p. 133-140.

Lafuente, B., et al., The power of databases: the RRUFF project. Highlights in Mineralogical
Crystallography, T Armbruster and R M Danisi, eds. Berlin, Germany, W. De Gruyter, 2015: p. 1-30.

Zaumseil, P., High-resolution characterization of the forbidden Si 200 and Si 222 reflections. Journal
of Applied Crystallography, 2015. 48(Pt 2): p. 528-532.

Loépez-Huerta, F., et al., Biocompatibility and Surface Properties of TiO2 Thin Films Deposited by
DC Magnetron Sputtering. Materials, 2014. 7(6): p. 4105.

Eklund, P., et al., Thermal Stability and Phase Transformations of y-/Amorphous-AI1203 Thin Films.
Plasma Processes and Polymers, 2009. 6(S1): p. S907-S911.

Lafuente, B., et al., The power of databases: the RRUFF project. Highlights in Mineralogical
Crystallography ed. T.A.a.R.M. Danisi. 2015, Berlin, Germany: W. De Gruyter.



References

[238]

[239]

[240]

[241]
[242]

[243]
[244]
[245]
[246]
[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

Shannon, R.D., et al., Refractive index and dispersion of fluorides and oxides. Journal of physical and
chemical reference data, 2002. 31(4): p. 931-970.

Malitson, 1. and M. Dodge. Refractive-Index and Birefringence of Syntetic Sapphire. in Journal Of
The Optical Society Of America. 1972. Amer Inst Physics Circulation Fulfillment Div., NY 11797-
2999.

Weast, R.C.E., Handbook of Chemistry and Physics. 1987, CRC Press Inc. p. B-85.
DeVore, J.R., Refractive indices of rutile and sphalerite. JOSA, 1951. 41(6): p. 416-417.

Food and Agriculture Organization, FAO 2009. Information available at the website
http://www.fao.org. 2009.

OECD-FAO, Agricultural Outlook 2006-2015. 2006: Paris.

Hamm, W.H.R.J.C.G., Edible Oil Processing. 2nd ed. 2013: Wiley-Blackwell.
Salunkhe, D.K., World oilseeds. 1992: Springer Science & Business Media.

Gunstone, F.D., J.L. Harwood, and A.J. Dijkstra, The Lipid Handbook 2007: CRC Press.

Amaral SJ, M.1,, Oliveira MB.P in Olives and olive oil in Health and disease prevention, V.R.P.a.R.R.
Watson, Editor. 2010, Oxford: Academic Press.: Amsterdam.

Perez-Jimenez, F., et al., The influence of olive oil on human health: Not a question of fat alone.
Molecular Nutrition & Food Research, 2007. 51(10): p. 1199-1208.

Frankel, E.N., Chemistry of Extra Virgin Olive Oil: Adulteration, Oxidative Stability, and
Antioxidants. Journal of Agricultural and Food Chemistry, 2010. 58(10): p. 5991-6006.

Brenes, M., et al., Influence of Thermal Treatments Simulating Cooking Processes on the Polyphenol
Content in Virgin Olive Oil. Journal of Agricultural and Food Chemistry, 2002. 50(21): p. 5962-5967.

Bastida, S. and F.J. Sanchez-Muniz, Thermal oxidation of olive oil, sunflower oil and a mix of both
oils during forty discontinuous domestic fryings of different foods. Food Science and Technology
International, 2001. 7(1): p. 15-21.

Sanibal, E.A.A. and J. Mancini, Frying oil and fat quality measured by chemical, physical, and test
kit analyses. Journal of the American Oil Chemists Society, 2004. 81(9): p. 847-852.

Gomez-Alonso, S., et al., Changes in phenolic composition and antioxidant activity of virgin olive oil
during frying. Journal of Agricultural and Food Chemistry, 2003. 51(3): p. 667-672.

Allouche, Y., et al., How heating affects extra virgin olive oil quality indexes and chemical
composition. Journal of Agricultural and Food Chemistry, 2007. 55(23): p. 9646-9654.

Bruhl, L., Fatty acid alterations in oils and fats during heating and frying. European Journal of Lipid
Science and Technology, 2014. 116(6): p. 707-715.

Aladedunye, F. and R. Przybylski, Performance of palm olein and modified rapeseed, sunflower, and
soybean oils in intermittent deep-frying. European Journal of Lipid Science and Technology, 2014.
116(2): p. 144-152.

Moreno, M., et al., Analytical evaluation of polyunsaturated fatty acids degradation during thermal
oxidation of edible oils by Fourier transform infrared spectroscopy. Talanta, 1999. 50(2): p. 269-275.

Stier, R.F., The measurement of frying oil quality and authenticity, in Frying: Improving Quality, J.B.
Rosell, Editor. 2001, CRC Press: Boca Raton, FL, USA.

267



[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]
[273]

[274]

[275]
[276]

[277]

[278]

268

Andrikopoulos, N.K., et al., Performance of virgin olive oil and vegetable shortening during domestic
deep-frying and pan-frying of potatoes. International Journal of Food Science and Technology, 2002.
37(2): p. 177-190.

Yilmaz, E. and B. Aydeniz, Quantitative assessment of frying oil quality in fast food restaurants.
GIDA, 2011. 36(3): p. 121-127.

Ali, M.A., et al., Impact of Palm Olein Addition on the Thermooxidative Degradation of Canola Oil
During Frying. Chiang Mai Journal of Science, 2013. 40(4): p. 643-655.

Manral, M., et al., Effect of fish (Catla catla) frying on the quality characteristics of sunflower oil.
Food Chemistry, 2008. 106(2): p. 634-639.

Gongalves, R.P., P.H. Marco, and P. Valderrama, Thermal edible oil evaluation by UV-Vis
spectroscopy and chemometrics. Food Chemistry, 2014. 163: p. 83-86.

Movasaghi, Z., S. Rehman, and I.U. Rehman, Fourier transform infrared (FTIR) spectroscopy of
biological tissues. Applied Spectroscopy Reviews, 2008. 43(2): p. 134-179.

De Luca, M., et al., Multivariate calibration techniques applied to derivative spectroscopy data for
the analysis of pharmaceutical mixtures. Chemometrics and Intelligent Laboratory Systems, 2009.
96(1): p. 14-21.

Roggo, Y., et al., A review of near infrared spectroscopy and chemometrics in pharmaceutical
technologies. Journal of Pharmaceutical and Biomedical Analysis, 2007. 44(3): p. 683-700.

Pinto, R.C., et al., Preliminary studies on the mid-infrared analysis of edible oils by direct heating on
an ATR diamond crystal. Food Chemistry, 2010. 120(4): p. 1170-1177.

Roman Falco, 1.P., et al., Kinetic study of olive oil degradation monitored by fourier transform
infrared spectrometry. Application to oil characterization. J Agric Food Chem, 2012. 60(47): p.
11800-10.

Tena, N., R. Aparicio, and D.L. Garcia-Gonzalez, Thermal Deterioration of Virgin Olive Oil
Monitored by ATR-FTIR Analysis of Trans Content. Journal of Agricultural and Food Chemistry,
2009. 57(21): p. 9997-10003.

O’Brien, R.D.F., W.E. ; Wan, P.J. , Introduction to Fats and Oils Technology. 2nd ed. 2000,
Champaign: AOCS Press.

Obiedzinska, A. and B. Waszkiewicz-Robak, COLD PRESSED OILS AS FUNCTIONAL FOOD.
Zywnosc-Nauka Technologia Jakosc, 2012. 19(1): p. 27-44.

Boskou, D., Olive Oil: Chemistry and Technology 2nd ed. 2006, Champaign, Illinois: AOCS Press.

Dunford, N.T. and M.Q. Zhang, Pressurized solvent extraction of wheat germ oil. Food Research
International, 2003. 36(9-10): p. 905-909.

Shahidi, F., Edible Oil and Fat Products: Edible Oils. In: Bailey’s industrial oil and fat products.
Sixth ed. ed. Vol. Vol. 2. 2005, New York: Wiley & Sons.

AJ., GF.D.HJ.L.D., The Lipid Handbook. 3rd ed. 2007, London: CRC Press, Taylor & Francis.

Landucci, G., et al., Hazard assessment of edible oil refining: Formation of flammable mixtures in
storage tanks. Journal of Food Engineering, 2011. 105(1): p. 105-111.

Pizarro, C., et al., Classification of Spanish extra virgin olive oils by data fusion of visible
spectroscopic fingerprints and chemical descriptors. Food Chemistry, 2013. 138(2-3): p. 915-922.

Ozaki, Y., W.F. McClure, and A.A. Christy, Near Infrared Spectroscopy in Food Science and



References

Technology. 2007, Hoboken.: J. Wiley & Sons.

[279]

[280]

[281]

[282]

[283]

[284]

[285]
[286]

[287]

[288]

[289]
[290]

[291]

[292]
[293]

[294]

[295]

[296]

[297]

[298]

Forina, M., R. Boggia, and M. Casale, The information content of visible spectra of extra virgin olive
oil in the characterization of its origin. Annali Di Chimica, 2007. 97(8): p. 615-633.

Hourant, P., et al., Oil and fat classification by selected bands of near-infrared spectroscopy. Applied
Spectroscopy, 2000. 54(8): p. 1168-1174.

Carrasco-Pancorbo, A., et al., Evaluation of the Influence of Thermal Oxidation on the Phenolic
Composition and on the Antioxidant Activity of Extra-Virgin Olive Oils. Journal of Agricultural and
Food Chemistry, 2007. 55(12): p. 4771-4780.

Berrettoni, C., et al., Fibre Tip Sensor with Embedded FBG-LPG for Temperature and Refractive
Index Determination by means of the Simple Measurement of the FBG Characteristics. Journal of
Sensors, 2015. 2015: p. 8.

Singh, A., et al., Temperature sensitivity of long period fiber grating in SMF-28 fiber. Optik-
International Journal for Light and Electron Optics, 2014. 125(1): p. 457-460.

Sutapun, B., M. Tabib-Azar, and A. Kazemi, Pd-coated elastooptic fiber optic Bragg grating sensors
for multiplexed hydrogen sensing. Sensors and Actuators B-Chemical, 1999. 60(1): p. 27-34.

Enoch, S. and N. Bonod, Plasmonics: from basics to advanced topics. 2012: Springer.

Homola, J., Present and future of surface plasmon resonance biosensors. Analytical and bioanalytical
chemistry, 2003. 377(3): p. 528-539.

Homola, J., S.S. Yee, and G. Gauglitz, Surface plasmon resonance sensors: review. Sensors and
Actuators B: Chemical, 1999. 54(1): p. 3-15.

Barnes, W.L., A. Dereux, and T.W. Ebbesen, Surface plasmon subwavelength optics. Nature, 2003.
424(6950): p. 824-830.

Raether, H., Surface plasmons on smooth surfaces. 1988: Springer.

Homola, J., Electromagnetic theory of surface plasmons, in Surface Plasmon Resonance Based
Sensors. 2006, Springer Science & Business Media. p. 3-44.

Kooyman, R., Physics of surface plasmon resonance. Handbook of Surface Plasmon Resonance,
2008. 1.

Lee, D.L., Electromagnetic principles of integrated optics. 1986: John Wiley & Sons Inc.

Fahrenfort, J., Attenuated total reflection: A new principle for the production of useful infra-red
reflection spectra of organic compounds. Spectrochimica Acta, 1961. 17(7): p. 698-709.

Ay, F., etal., Prism coupling technique investigation of elasto-optical properties of thin polymer films.
Journal of applied physics, 2004. 96(12): p. 7147-7153.

Otto, A., Excitation of nonradiative surface plasma waves in silver by the method of frustrated total
reflection. Zeitschrift fiir Physik A Hadrons and Nuclei, 1968. 216(4): p. 398-410.

Kretschmann, E. and H. Raether, Radiative decay of non radiative surface plasmons excited by
light(Surface plasma waves excitation by light and decay into photons applied to nonradiative modes).
Zeitschrift Fuer Naturforschung, Teil A, 1968. 23: p. 2135.

Slavik, R., J. Homola, and J. Ctyroky, Miniaturization of fiber optic surface plasmon resonance
sensor. Sensors and Actuators B, 1998. 51: p. 4.

Chiu, M.H., S.F. Wang, and R.S. Chang, D-type fiber biosensor based on surface-plasmon resonance

269



[299]

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

270

technology and heterodyne interferometry. Optics Letters, 2005. 30(3): p. 233-235.

Lin, H.Y., et al., Side-polished multimode fiber biosensor based on surface plasmon resonance with
halogen light. Applied Optics, 2007. 46(5): p. 800-806.

Woo-Hu, T., et al., Multi-step structure of side-polished fiber sensor to enhance SPR effect. Optics &
Laser Technology, 2010. 42(3): p. 453-456.

Cennamo, N., et al., Low Cost Sensors Based on SPR in a Plastic Optical Fiber for Biosensor
Implementation. Sensors, 2011. 11(12): p. 11752-11760.

Chiu, M.H., Single-mode D-type Surface Plasmon Resonance Optical Fiber Sensor: Review. Sensors
& Transducers Journal, 2009. 111(12): p. 18.

Diez, A., M.V. Andrés, and J.L. Cruz, In-line Fiber-optic sensors based on the excitation of surface
plasma modes in metal-coated tapered Fibers. Sensors and Actuators B, 2001. 73: p. 4.

Grunwald, B. and G. Holst, Fibre optic refractive index microsensor based on white-light SPR
excitation. Sensors and Actuators A, 2004. 113: p. 6.

Gonzalez-Cano, A., et al., Multiple surface-plasmon resonance in uniform-waist tapered optical
fibers with an asymmetric double-layer deposition. Applied Optics, 2005. 44(4): p. 519-526.

Esteban, O., et al., Surface plasmon resonance sensors based on uniform-waist tapered fibers in a
reflective configuration. Applied Optics, 2006. 45(28): p. 7294-7298.

Diaz-Herrera, N., et al., Fibre-optic SPR sensor with a FBG interrogation scheme for readout
enhancement. Sensors and Actuators B: Chemical, 2010. 144(1): p. 226-231.

Diaz Herrera, N., et al., Improved performance of SPR sensors by a chemical etching of tapered
optical fibers. Optics and Lasers in Engineering, 2011: p. 1065-1068.

Srivastava, S. and B. Gupta, 4 Multi-tapered Fiber Optic SPR Sensor with Enhanced Sensitivity.
Photonics Technology Letters, IEEE, 2011(99): p. 923-925.

Jorgenson, R. and S. Yee, 4 fiber-optic chemical sensor based on surface plasmon resonance. Sensors
and Actuators B: Chemical, 1993. 12(3): p. 213-220.

Rajan, S. Chand, and B. Gupta, Fabrication and characterization of a surface plasmon resonance
based fiber-optic sensor for bittering component--Naringin. Sensors and Actuators B: Chemical,
2006. 115(1): p. 344-348.

Rajan, S. Chand, and B. Gupta, Surface plasmon resonance based fiber-optic sensor for the detection
of pesticide. Sensors and Actuators B: Chemical, 2007. 123(2): p. 661-666.

Lin, T.J. and M.F. Chung, Detection of cadmium by a fiber-optic biosensor based on localized surface
plasmon resonance. Biosensors and Bioelectronics, 2009. 24(5): p. 1213-1218.

Pollet, J., et al., Fiber optic SPR biosensing of DNA hybridization and DNA-protein interactions.
Biosensors and Bioelectronics, 2009. 25(4): p. 864-869.

Hernaez, M., et al. Optical fiber humidity sensor based on surface plasmon resonance in the infra-
red region. 2009. IOP Publishing.

Srivastava, S.K., R. Verma, and B.D. Gupta, Surface plasmon resonance based fiber optic sensor for
the detection of low water content in ethanol. Sensors and Actuators B: Chemical, 2011. 153: p. 194—
198.

Bhatia, P. and B.D. Gupta, Fabrication and Characterization of a Surface Plasmon Resonance based
Fiber Optic Urea Sensor for Biomedical Applications. Sensors and Actuators B: Chemical, 2012. 161:



References

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325]

[326]

[327]

[328]

[329]

[330]

[331]

[332]

[333]

[334]

[335]

[336]

p. 434- 438,

Makiabadi, T., et al., Comprehensive study of an optical fiber plasmonic microsensor in a microfluidic
device. European Physical Journal Applied Physics, 2011. 561: p. 13704.

Sharma, A.K. and B.D. Gupta, Fiber optic sensor based on surface plasmon resonance with
nanoparticle films. Photonics and Nanostructures — Fundamentals and Applications, 2005. 3: p. 7.

Rajan, A.K. Sharma, and B. Gupta, Fibre optic sensor based on long-range surface plasmon
resonance: a theoretical analysis. Journal of Optics A: Pure and Applied Optics, 2007. 9: p. 682.

Perrotton, C., et al., Fiber optic Surface Plasmon Resonance sensor based on wavelength modulation
for hydrogen sensing. Optics Express, 2011. 19(S6): p. A1175-A1183.

Kanso, M., S. Cuenot, and G. Louarn, Sensitivity of optical fiber sensor based on surface plasmon
resonance: modeling and experiments. Plasmonics, 2008. 3(2): p. 49-57.

Sharma, A.K. and B.D. Gupta, Fibre-optic sensor based on surface plasmon resonance with Ag—Au
alloy nanoparticle films. Institute of Physics Publishing - Nanotechnology, 2006. 17: p. 7.

Sharma, A.K., H.S. Pattanaik, and G.J. Mohr, On the temperature sensing capability of a fibre optic
SPR mechanism based on bimetallic alloy nanoparticles. Journal of Physics D: Applied Physics,
2009. 42: p. 8.

Sai, V., T. Kundu, and S. Mukherji, Novel U-bent fiber optic probe for localized surface plasmon
resonance based biosensor. Biosensors and Bioelectronics, 2009. 24(9): p. 2804-2809.

Kundu, T., et al., Development of evanescent wave absorbance-based fibre-optic biosensor. Pramana,
2010. 75(6): p. 1099-1113.

He, Y., Y. Lo, and J. Huang, Optical-fiber surface-plasmon-resonance sensor employing long-period
fiber gratings in multiplexing. J. Opt. Soc. Am. B, 2006. 23(5): p. 11.

Sazio, P.J.A., et al., Microstructured optical fibers as high-pressure microfluidic reactors. science,
2006. 311(5767): p. 1583-1586.

Zhang, X., et al., Selective coating of holes in microstructured optical fiber and its application to in-
fiber absorptive polarizers. Optics Express, 2007. 15(24): p. 16270-16278.

Yu, X., et al., 4 selectively coated photonic crystal fiber based surface plasmon resonance sensor.
Journal of Optics, 2010. 12: p. 015005.

Guan, C., Y. Wang, and L. Yuan. Multi-hole Optical Fiber Surface Plasmon Resonance Sensor.2011.
IOP Publishing.

Zhang, Y., et al., Wagon wheel fiber based multichannel plasmonic sensor. Optics Express, 2011.
19(23): p. 22863-22873.

Boehm, J., et al., Chemical Deposition of Silver for the Fabrication of Surface Plasmon
Microstructured Optical Fibre Sensors. Plasmonics, 2011. 6(1): p. 133-136.

Obando, L.A., et al., Manufacture of robust surface plasmon resonance fiber optic based dip-probes.
Sensors and Actuators B: Chemical, 2004. 100(3): p. 439-449.

Suzuki, H., et al., Fundamental characteristics of a dual-colour fibre optic SPR sensor. Institute of
Physics Publishing - Meas. Sci. Technol., 2006. 17: p. 5.

Pfeifer, K.B. and S.M. Thornberg, Surface Plasmon Sensing of Gas Phase Contaminants Using a
Single-Ended Multiregion Optical Fiber. Sensors Journal, IEEE, 2010. 10(8): p. 1360-1367.

271



[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]
[345]

[346]

[347]

[348]

[349]

[350]

[351]

[352]

[353]

[354]

[355]

[356]

272

Yanase, Y., et al., Development of an optical fiber SPR sensor for living cell activation. Biosensors
and Bioelectronics, 2010. 25(5): p. 1244-1247.

Liu, X., et al., Wavelength-modulation surface plasmon resonance sensor. TrAC Trends in Analytical
Chemistry, 2005. 24(10): p. 887-893.

Xu, Y., et al., Analytical estimates of the characteristics of surface plasmon resonance fibre-optic
sensors. Journal of Modern Optics, 2000. 47(6): p. 1099-1110.

Gupta, B. and A.K. Sharma, Sensitivity evaluation of a multi-layered surface plasmon resonance-
based fiber optic sensor: a theoretical study. Sensors and Actuators B: Chemical, 2005. 107(1): p. 40-
46.

Kirz, J. and D. Attwood, X-ray data booklet. X-RAY DATA BOOKLET: p. 13.

Boltovets, P.M. and B.A. Snopok, Measurement uncertainty in analytical studies based on surface
plasmon resonance. Talanta, 2009. 80(2): p. 466-472.

Fogg, E., AN. Hixson, and A.R. Thompson, Densities and refractive indexes for ethylene glycol-
water solutions. Analytical Chemistry, 1955. 27(10): p. 1609-1611.

Homola, J., Surface plasmon resonance based sensors. Vol. 4. 2006: Springer.

Johansson, R.S. and A.B. Vallbo, Tactile sensory coding in the glabrous skin of the human hand.
Trends in neurosciences, 1983. 6: p. 27-32.

Kampmann, P. and F. Kirchner, Integration of Fiber-Optic Sensor Arrays into a Multi-Modal Tactile
Sensor Processing System for Robotic End-Effectors. Sensors, 2014. 14(4): p. 6854-6876.

Lopez-Higuera, J.M., Handbook of optical fiber sensing technology. chapter 1, John Wiley &Sons,
2001.

Culshaw, B., Optical Fibre Sensors: a Current Perspective. Open Optics Journal, 2013. 7(1): p. 21-
31.

Hooper, L., M. Rooth, and J. Sambles, Dual-channel differential surface plasmon ellipsometry for bio-
chemical sensing. Biosensors and Bioelectronics, 2009. 25(2): p. 411-417.

Naraoka, R. and K. Kajikawa, Phase detection of surface plasmon resonance using rotating analyzer
method. Sensors and Actuators B: Chemical, 2005. 107(2): p. 952-956.

Bhatia, P. and B.D. Gupta, Surface-plasmon-resonance-based fiber-optic refractive index sensor:
sensitivity enhancement. Applied optics, 2011. 50(14): p. 2032-2036.

Krauss, L.R., et al., Thrombin—aptamer recognition: a revealed ambiguity. Nucleic acids research,
2011.39(17): p. 7858-7867.

Freitas, S.C., M.A. Barbosa, and M.C.L. Martins, The effect of immobilization of thrombin inhibitors
onto self-assembled monolayers on the adsorption and activity of thrombin. Biomaterials, 2010.
31(14): p. 3772-3780.

Sosic, A., et al., Human thrombin detection through a sandwich aptamer microarray. interaction
analysis in solution and in solid phase. Sensors, 2011. 11(10): p. 9426-9441.

Shuman, M.A. and P.W. Majerus, The measurement of thrombin in clotting blood by
radioimmunoassay. Journal of Clinical Investigation, 1976. 58(5): p. 1249.

Ellington, A.D. and J.W. Szostak, In vitro selection of RNA molecules that bind specific ligands.
Nature, 1990. 346(6287): p. 818-822.



References

[357]

[358]

[359]

[360]

[361]

[362]

[363]

[364]

Tombelli, S., M. Minunni, and M. Mascini, Analytical applications of aptamers. Biosensors and
Bioelectronics, 2005. 20(12): p. 2424-2434.

Tuerk, C. and L. Gold, Systematic evolution of ligands by exponential enrichment: RNA ligands to
bacteriophage T4 DNA polymerase. Science, 1990. 249(4968): p. 505-510.

Stoltenburg, R., C. Reinemann, and B. Strehlitz, SELEX—a (r) evolutionary method to generate high-
affinity nucleic acid ligands. Biomolecular engineering, 2007. 24(4): p. 381-403.

Mok, W. and Y. Li, Recent progress in nucleic acid aptamer-based biosensors and bioassays.
Sensors, 2008. 8(11): p. 7050-7084.

Li, X., et al., Electrochemical impedance spectroscopy for study of aptamer—thrombin interfacial
interactions. Biosensors and Bioelectronics, 2008. 23(11): p. 1624-1630.

O'Sullivan, C K., Aptasensors—the future of biosensing? Analytical and bioanalytical chemistry, 2002.
372(1): p. 44-48.

He, Y.J., Investigation of LPG-SPR sensors using the finite element method and eigenmode expansion
method. Optics express, 2013. 21(12): p. 13875-13895.

Westwood, M., T.R. Noel, and R. Parker, The effect of poly-I-lysine structure on the pH response of
polygalacturonic acid-based multilayers. Carbohydrate polymers, 2013. 94(1): p. 137-146.

273









