
University of Milano-BicoccaPh.D. in Materials ScienceSILICA-BASED FUNCTIONAL MATERIALSCharge transport in nanostructured SnO2:SiO2 thin �lms.Second Harmonic Generationin niobium potassium silicate glasses.Tapered silica optical micro�bres for gas sensors.
Supervisor: Prof. Alberto Paleari

Ph.D. Student:Roberto LorenziMatr. n◦ 044234
Academic year 2008-2009



2



Contents
I Charge transport in nanostructured SnO2:SiO2 thin �lms 71 Introduction 92 Materials and methods 112.1 Material synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112.2 Material structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132.3 Charge transport measurements . . . . . . . . . . . . . . . . . . . . . . . . 192.4 Capacitive measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 203 Results and discussion 233.1 Percolation Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233.2 Electric Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253.3 Dielectric Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324 Conclusion 37II Second Harmonic Generation in potassium niobium silicateglasses 395 Introduction 413



4 CONTENTS6 Materials and methods 436.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 436.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 466.2.1 Thermal Poling Treatments . . . . . . . . . . . . . . . . . . . . . . 466.2.2 Maker Fringe Technique . . . . . . . . . . . . . . . . . . . . . . . . 476.2.2.1 Theory of second harmonic generation . . . . . . . . . . . 487 Results and discussion 557.1 Poling and Maker Fringe measurements . . . . . . . . . . . . . . . . . . . 557.1.1 Poling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 557.1.2 Maker Fringe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 567.2 Mechanism of S.H.G. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 617.2.1 Structural modi�cations . . . . . . . . . . . . . . . . . . . . . . . . 617.2.2 Optical interference of modi�ed layer . . . . . . . . . . . . . . . . . 647.2.3 Localization of the active layer . . . . . . . . . . . . . . . . . . . . 667.2.4 Proposed model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 668 Conclusion 71III Tapered silica optical micro�bres for gas sensors 739 Introduction 7510 Materials and methods 7710.1 Modes in a cylindrical waveguide . . . . . . . . . . . . . . . . . . . . . . . 7710.1.1 Propagation constant . . . . . . . . . . . . . . . . . . . . . . . . . 8010.1.2 Electromagnetic �elds - Explicit forms . . . . . . . . . . . . . . . . 8110.1.3 Propagating power . . . . . . . . . . . . . . . . . . . . . . . . . . . 8210.2 Optical resonance in microcoils . . . . . . . . . . . . . . . . . . . . . . . . 83



CONTENTS 510.3 Optical cavity ring-down spectroscopy . . . . . . . . . . . . . . . . . . . . 8611 Result and discussion 8911.1 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8911.1.1 Propagation constant . . . . . . . . . . . . . . . . . . . . . . . . . 8911.1.2 Propagating power . . . . . . . . . . . . . . . . . . . . . . . . . . . 9011.2 Microcoils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9111.2.1 Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . 9211.2.2 Absorption measurements . . . . . . . . . . . . . . . . . . . . . . . 9311.2.3 Preliminary ring-down spectroscopy . . . . . . . . . . . . . . . . . 9812 Conclusion 101



6 CONTENTS



Part I
Charge transport innanostructured SnO2:SiO2 thin�lms

7





Chapter 1
Introduction
The design of nanostructured materials with speci�c physical properties is generally pur-sued by tuning nanoparticle size, concentration or surface passivation. An importantstep forward is to realize active systems where nanoparticles are vehicles for control-ling, in situ, some speci�c, tuneable features of a responsive functional material. In thisperspective, we have focused on the rational design of a nanostructured glass with elec-trically tuneable dielectric function obtained by injection and accumulation of chargeon embedded conductive nanocrystals. This enables to achieve electrically controlledswitching of semiconducting nanophases to charged polarisable states, which could leadto smart, �eld enhancement applications in nanophotonics and plasmonics. Nanostruc-tured materials are widely investigated due to their applicative potential for a wide set oftechnologies, spanning from advanced photonics to quantum computing and bio-medicalimaging, and as an important class of model systems for the study of physical propertiescontrolled by nanoparticle size and concentration, such as quantum con�nement e�ects inquantum dots[1]-[3], charge transport mechanisms determined by intrinsic and boundaryconductivity[4]-[6], and local �eld enhancement e�ects caused by polarization of conduc-tive nanoparticles[7]-[10]. In most cases, the optical, electrical and dielectric properties of9



10 CHAPTER 1. INTRODUCTIONa nanocomposite material can be considered and, indeed, are usually assumed to be deter-mined by the chemical and structural features of the nanophase and the host[11], as wellas by their reciprocal and sometime synergetic relationship[12]-[14]. However, a di�erentand challenging approach would be to realize nanostructured systems in which the ma-terial properties (functional and/or structural) can be modi�ed in situ by exploiting theresponse of the nanophase to external stimuli. An example of this is the electric control ofmagnetic states of semiconductor nanostructures that is currently object of investigationfor potential application in spin-based technologies. Similarly, the electric control of thecharged states of suitable ensembles of semiconducting nanoparticles in dielectric hostsmight be a promising strategy for the achievementing of variable-response dielectrics,which is are expected to have an to impact in several areas besides microelectronics, onaccount of the possibility of local �eld intensi�cation in �uorescent, electroluminescentlight emitting or non-linear optical materials as well as electrical drive of active pho-tonic structures. Indeed, nanoparticle charging processes are a matter of investigationintensively studied in Metal-Oxide-Semiconductor (MOS) systems with ultra-thin layersof metal or semiconducting nanoparticle nanostructures at tunnelling distance from thesubstrate, which may have for applicationss in new memory devices[15]-[20].In this work we study the feasibility of electrically driven responsive nanomaterialsfocussing on silica �lms with SnO2 nanoparticles thermally grown with designed size-dispersion and interphase features. In this model system, the dielectric function of theglassceramic material is externally tuned as a result of nanoparticles charging processesmediated by nanoparticle-to-nanoparticle electron transport in a tree-like percolating net-work. We analyse the principles of this phenomenon and describe our material at thenanometer scale, giving the details of the new synthesis strategy we developed for pro-ducing nanostructured �lms with highly controlled nanoparticles features. Finally, wereport charge transport and capacitance data that demonstrate the role of the nanophaseand con�rm the polarization e�ect enabled by tree-like percolating mechanisms.



Chapter 2
Materials and methods
2.1 Material synthesisTin-doped silica nanostructured glassceramics have been produced by sol-gel technique.Generally, preparation methods employing tin precursor molecules based on tin alkoxidesor tin chloride and nitrate can be easily give rise to segregation or incomplete hydrolysisduring the sol gel reaction. These precursor molecules are suitable for the synthesis ofSnO2 �ne powders for catalysis application, and can be used in the synthesis of SnO2-SiO2 mixed oxides without stringent requirements on phase homogeneity and crystal-sizedistribution. In the latter case, largely inhomogenous SnO2 clustering occurs with a broaddistribution of cluster size resulting in the formation of a material with poor optical qualityor even a completely opaque white material unsuitable for optical applications.Over the last few years, the group studied the structural and optical properties ofheavy Sn-doped silica prepared by solgel method, showing that high doping levels couldbe achieved, despite the low solublity of tin in silica glass, similarly to an oversaturedsystem. Starting from such a system, sub-micrometer SnO2 clustering was induced byincreasing the sinthesyis temperature and the Sn content above a critical value, giving11



12 CHAPTER 2. MATERIALS AND METHODStransparent, glass-ceramics, bulk samples.The main step consists in obtaining a starting low-density skeleton from the hydrol-ysis of organic molecular precursor of silicon and tin. During this step, tin segregationmust be carefully avoided to enable a controlled thermally activated nucleation of theSnO2 nano-phase during the slow condensation treatment from room temperature up toabout 1000 ◦C. Following this strategy several samples both bulk and �lm, of undoped,Er doped and Tb doped tin-silicate glassceramics, as well as pure silica reference mate-rial. The tin content varied from 0 to 30 %mol. Tin silicate bulk samples have beenfabricated by co-gelling tetraethoxysilane Si(OCH2CH3)4 (TEOS), dibutyl tin diacetateSn(CH2CH2CH2CH3)2(OOCCH3)2 (DBTDA) in pure ethanol, as a solvent, by addingH2O (TEOS/H2O 1:8 molar ratio, TEOS/ethanol 1:3 volume ratio, with tin precursorin the required molar ratio with respect to TEOS). Gelation was achieved leaving thesealed box containing the solution in a thermostatic chamber at 35◦C for a time be-tween 2 hours and 2 weeks. Evaporation times of 2 weeks are required to manifacturebulk samples. In the case of nanostructured �lms, sols are produced starting from tetramethoxysilane Si(OCH3)4 (TMOS) and DBTDA in tetrahydrofurane (THF), but othersolvents, silicon precursor and tin precursosr are suitable as well. In order to obtain �lmswith thickness comprise between 50-1000 nm, the colloidal properties of the sol can beusefully modi�ed by adding compounds of silicon with both leaving (hydrolysable) andnon-hydrolysable (as alkyl group) ligands. In this process the well known tin based siliconcure agent (DBTDA was employed as dopant in the sol-gel reaction as the precursor oftin oxide nanoclusters. Due to the catalytic e�ect of this molecular precursor on the solgel reaction to give the gel product, sol for spinning purposes has necessity to be highlydiluted, often giving too thin �lms unsuitable for photonic applications. In our scheme,the e�ective linking properties are balanced by a sort of chain terminators. Moleculesused for this purpose are: ethyl trimethyl silyl acetate (CH3)3SiCH2CO2C2H5 (TMSA)and trimethyl methoxy silane CH3OSi(CH3)3 (TMMS). These chemicals act as chain ter-



2.2. MATERIAL STRUCTURE 13minators and operate reducing the networking and the colloid dimension. The e�ect onthe sol properties is remarkable, and the stability and concentration of chemicals can beimproved and thicker �lms can be obtained.Rare earth (RE) nitrates or complexes were also added to produce RE-doped glass-ceramics; Er, Ce, Eu and Tb precursors were used, obtaining 200-5000 p.p.m. doping.After 5 or 6 days in thermostatic chamber to allow reaction of hydrolysis and condensa-tion, these sols were deposited on p-type silicon substrate or transparent fused quartz bythe spin coating technique. The obtained �lm were then sintered in controlled atmospherefrom room temperature to about 1000◦ C. As a result of the treatment organic residualsare removed, porosity collapses, the network densi�es and �nally the phase separation oftin (IV) oxide is succesfully induced. A �rst stage between room temperature and 400◦C,heating rate 5 ◦C/h, is kept under low partial pressure of oxygen (0.3-3.5% in inert gas,such as Ar) to avoid an excessive shock to the partially organic network of these �lms.At higher temperature, oxygen may be increased in order to adjust the phase-separationparameters and to obtain di�erent nanophase features as concerns nanoparticle size dis-persion and stoichiometry of the nanoparticle/glass interface. However, too high oxygenpartial pressure during thermal treatments causes the formation and growth of thermaloxide at the surface between substrate and deposited �lm. The heating rate during thesecond step of the densi�cation and phase separation processes may range between 3 to10◦ C/h.2.2 Material structureA crucial prerequisite for achieving ful�lling optoelectronic properties in planar geome-tries via nanostructured materials is the ability to fabricate planar structures with thick-ness up to several hundred nanometers, with higly controlled nanoarchitecture, especiallywith respect to nanoparticles size, concentration, reciprocal spatial arrangement and sur-



14 CHAPTER 2. MATERIALS AND METHODSface passivation. A large fraction of the current research on nanostructured materials isfocussed on the synthesis of nanoparticles with highly reduced size dispersion and ho-mogeneous spatial arrangement (often in single layer geometry) so as to maximize theexploitation of size-dependent quantum properties[27]. A size dispersed distribution ofnanoparticles can be obtained by techniques of nanophase growth in glass matrices, pro-vided that methods are found to assure a su�cient control of the dispersion parameters.Thermally activated growth of SnO2 nanocrystals in silica from sol-gel synthesis ful�lsthese requirements[28]-[29] and can be suitably implemented for the fabrication of planarstructures with thicknesses of several hundreds nanometers in a single deposition step.In the SnO2:SiO2 system, several parameters in�uence the nanophase and its morphol-ogy, especially because the nanoparticles growth is thermally activated and a�ected bythe presence of heterogeneous nucleation centres, such as dopant ions and point defects.Speci�cally, we found that the mean nanoparticle size in bulk samples can be increased byincreasing the maximum treatment temperature in the range of the critical temperature ofnanophase segregation (about 900±100 ◦C[30]), or by reducing the oxygen partial pressureduring nucleaton[29]. Other factors modify the nucleation features of the nanophase, suchas co-doping with rare earth ions, which increases the fraction of small nanoparticles[31]and passivates the nanophase/matrix interphase[28].Synthesis parameters also a�ect thenanoparticle-host interphase, with important consequences for the electric and dielec-tric properties. In particular, thermal treatments in low oxygen partial pressure, withrare earths doping or a fast heating rate, promote the formation of a nanoparticle shellwith a stoichimetric other then SnO2 as support by several results[28],[30]-[32]. The ef-fects of these parameters on bulk samples are summarized in �g. 2.1. According tothese evidences, we prepared several nanostructured SnO2:SiO2 �lms (thickness ∼600nm, nanoparticle concentration of the order of 1018 cm−3) on p-type silicon substrate, forwhich the nanophase features were varied by changing the synthesis conditions. Fig. 2.2shows SEM images of the �lm. Four di�erent region can be observed: silicon substrate
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Figure 2.1: TEM analysis of the structural e�ects induced in nanostructured bulk sam-ples SnO2:SiO2 (10% mol of SnO2) by the reduction of oxygen partial pressure duringthe thermally-activated growth of the nanophase and by erbium-doping of the material.Upper panel: Representative TEM images at equal magni�cation, showing the di�erentsize distribution of SnO2 nanoparticles embedded in the amorphous silica matrix. Bottompanel: Statistical distributions of SnO2 cluster size in the investigated samples.
(black), thermal grown silicon dioxide (white/grey), nanostructured silica (dark grey)and, in certain cases, tiny whiskers on the top surface of the sample. In these case thegrass lawn like e�ect was attributed to the formation of crystals on the surface of �lmsdue to segregation and consequent crystal growth along the c-axes. EDS analysis showedthat they were crystals of SnO2. Thus, sample were studied both with (as is) and with-out (cleaned) tiny crystals. Cassiterite whiskers were mechanically removed with a cottonbud. Film thicknesses were measured by m-lines guided mode measurement. Table 2.1summarizes the synthesis condition and thicknesses of the sample characterized in thiswork. Evidence of tin segregation in form of cassiterite nanocrystals in silica doped thin�lm have been found by UV-vis optical spectroscopy (see Fig. 2.3).



16 CHAPTER 2. MATERIALS AND METHODS

Figure 2.2: SEM images of thin �lms. In the image from bottom to top it is possible toobserve: silicon substrate, high temperature oxide layer (∼20 nm), nanostructured silica(∼0.7 µm) with (right panel - 1022asis) or without (left panel - 1032asis) tiny crystals ofcassiterite on its surface.

Figure 2.3: Optical transmittivity of thin �lm grown on silica substrate. Inset: Lowtemperature optical transmittivity showing thin �lm interference.Several �lms have been grown on transparent substrate (pure silica) and sinteredwith the same conditions used for �lms grown on silicon substrate. Optical absorptionmeasurements carried out on these �lm (see �g. 2.4) showed an indirect band gap ataround 3.3-3.6 eV consinstent with tin dioxide precipitation.



2.2. MATERIAL STRUCTURE 17Sample %Sn Atm.a Rateb Thickness (µm) Area (mm)cS813asis 9 Hi Fast 0.74 4.00x10.00S813clean 9 Hi Fast 0.74 4.00x10.00S821asis 13 Hi Fast 0.64 5.00x3.82S821clean 13 Hi Fast 0.64 3.90x5.12S1032asis 30 Hi Fast 0.42 5.20x4.10S1032clean 30 Hi Fast 0.42 5.40x3.32S813Rasis 9 Low Fast 0.68 4.22x3.52S813Rclean 9 Low Fast 0.68 4.90x3.12S821asis 13 Low Fast 0.60 4.22x5.16S821clean 13 Low Fast 0.60 3.65x5.00S1022asis 30 Low Fast 0.45 4.12x7.46S1022clean 30 Low Fast 0.45 3.46x4.12S1032Rasis 30 VHi Fast 0.40 4.3x5.62S1032Rclean 30 VHi Fast 0.40 5.66x4.06S551 0 Low Slow 0.55 5.00x7.00S233 8 Low Slow 0.575 8.74x6.9*S263 15 Low Slow 0.75 6.24x6.92*S269 20 Low Slow 0.74 5.60x6.12*SE3 15/Er 0.5 Low Slow 0.55 10.00x5.00S531 10 Hi Slow 0.55 10.00x4.00S1T1.0 8/Tb 0.03 Low Slow 0.425 19.00x7.50S2T2.1 20/Tb 0.1 Low Slow 0.425 10.50x13.20S2T1.0 20/Tb 0.03 Low Slow 0.42 17.20x8.00S2T1.2 20/Tb 0.03 Low Slow 0.4 12.80x9.90Table 2.1: Synthesis condition of samples under study.
aLow: O2 ∼0.3%, Hi: O2 ∼2%, VHi: O2 ∼3%
bFast: >7◦C/h, Slow: <7◦C/h
c3 nm Al + 10 nm Au, except * 3 nm Ti + 10 nm Au

Figure 2.4: Optical band gap analysis of a nanostructured thin �lm grown on transparentsubstrate.



18 CHAPTER 2. MATERIALS AND METHODSMoreover the observed absorbance (Fig. 2.5) scales with nominal tin concentrationand slightly depends on the sintering atmosphere re�ecting a modi�cation in the system,such as di�erent matrix/nanocrystal interphase.

Figure 2.5: Optical absorption at 190 nm as a function of nominal tin content and fordi�erent sintering atmospheres: low (white bars) and high (blak bars) oxygen partialpressure.Low temperature optical absorption (∼ 25 K, inset in Fig. 2.3) shows interferencephenomena with �lm thickness comparable with refractometric measurement. In factassuming a Fabry-Perot interference the spacing between adjacent maxima (or minima)depends on the optical path along the thin �lm:
∆λ =

λ2

2 · n · l ⇒ l ∼ λ2

2 · n · ∆λ
=

(335 nm)2

2 · 1.5 · 55 nm
= 680nm (2.1)where l is the �lm thickness, λ is the wavelength of observed maxima (or minima), n therefractive index of the �lm and ∆λ the spacing between maxima (or minima). Equation2.1 is a rough approximation with data extrapolated from �g. 2.3. The obtained valueof 680 nm is consistent with the measured value of 700 nm from m-line measurements.Finally, thin metal layers of Au, Al, Ti or Ca were sputtered on the �lms as gate electrodes,while the substrate were connected by conductive silver paint to a copper bar after HF



2.3. CHARGE TRANSPORT MEASUREMENTS 19attack of silicon surface.
Figure 2.6: Sketch of thin �lm device.2.3 Charge transport measurementsElectric measurements were carried out either by applying a static electric �eld betweenthe metal gate and the silicon substrate and measuring the current in stationary regime bya high sensitive amperometer or by extracting the conductance from complex impedancemeasurements under external electric bias. The two methods yielded to congruent re-sults; slight di�erences (see �g. 2.7) are ascribable to AC modulation used in impedancemeasurements.

Figure 2.7: i-V curves measured by impedance spectroscopy (empty circle) and in sta-tionary regime with a microamperometer (�lled circle).Conductivity was also studied as function of temperature: two di�erent experimentalapproaches were chosen. The �rst was adopted in order to study the electric behaviour



20 CHAPTER 2. MATERIALS AND METHODSon a large scale of temperatures. Thus samples were placed in a furnace and data werecollected both with impedance and static set-up from room temperature to 550 K every50 K. In the other experimental set up the measurements were focussed on resistanceas function of temperature in a short range close to room temperature from ∼10 ◦C to
∼80 ◦C. Temperature was measured with a thermocouple and increased by mean of aPeltier cell mounted on a copper bar whose extremity was immersed in ice as thermalbath. Current was measured with a picoamperometer using a calibrated voltage supplier(+ or - 5V) as d.d.p. source.
2.4 Capacitive measurementsCapacitive measurements were taken with a precision LCR meter (HP 4284A). Carewas taken for correction measurement evaluating both short and open circuit response. AMetal Oxide Semiconductor (MOS) capacitor with well known thickness and metalizationarea (furnished by STM microelectronics) was used as reference material. Capacitancesof nanostructured samples were compared with the expected geometrical value Cgeomde�ned as the capacitance of two plane parallel conductive plates of area A and with aseparation d:

Cgeom = ε0εr
A

d
(2.2)where ε0 = 8.85 · 10−12F/m is the vacuum permittivity, εr the relative permettivity ofthe dielectric. For nanostructured �lms with tin volume fraction ξ the relative permit-tivity was evaluated, within the formalism of the e�ective medium approximation, as theweighted average of component permittivities:

εr = ξ · (εSnO2

r ) + (1 − ξ) · (εSiO2

r ) (2.3)



2.4. CAPACITIVE MEASUREMENTS 21assuming εSiO2

r = 3.75 and εSnO2

r = 11.24.
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Chapter 3
Results and discussion
3.1 Percolation TheoryElectrical behaviour will be discussed within the theoretical frame of the so-called percola-tion theory. Charge transport in nanostructured composites can take place via percolativenanoparticle-to-nanoparticle hopping processes[23] if the concentration p of �conductivelinks�, i.e. the fraction of nanoparticles between whic charge carriers can hop[24], is equalto or larger than a critical value pc, called the percolation threshold. For p not exces-sivily larger than pc, non-connected islands of conductive links can still survive. How-ever, the number of non-connected islands rapidly decreases when p increases. Similar
p-dependence also pertains to the concentration of dead-end lines, which constitute thedendritic fraction of the connected network. Dead ends are network fringes that do notcontribute to the conduction through the trunk of the main network because only one linkconnects a dead end to the trunk. As a result, charge transport in a sandwhich-structuredevice incorporating a nanostructured �lm occurs exclusively through the trunk, whereascharges can be accumulated in dead ends if the Coulombic repulsive potential result-ing from the process is not excessively large. The idea, developed during this thesis, of23



24 CHAPTER 3. RESULTS AND DISCUSSIONchargeable nanostructured dielectrics is based precisely on the possibility of exploiting theconnected, but not-conductive, fraction of a percolative random network, which enablesthe simultaneous occurence of charge accumulation in dead ends and charge percolationthrough the conductive trunk (see Fig. 3.1).

Figure 3.1: Schematic representation of the electric conduction and charging processesin a 3D tree-like percolating network. (a) Representation of percolation trunk (green)and dead-end crown (blue) in a 3D cubic network of conducting links. Non connecteddomains are depicted in red. (b) Schematics of charge transport processes, comprisingboth conduction and charging, in a 3D disordered distribution of nanopartiicles embeddedin an insulating matrix.Although this parameter is, in general, not easily accesibile, numerical analysis ofsimple systems indicates that the number of sites in dead ends is comparable to thatin the trunk only for a restricted range of p-values just above the percolation threshold
pc[25]. In the case of a glass with embedded chargeable nanoparticles, such as the systemsinvestigate here, the 3D percolative structure is essentially determined by the spatial ar-rangement of the nanoparticles. In particular, the local di�erences in the charge transportbetween adjacent sites are gratly depedent on the distribution of nanoparticle distances,
D (characterized by a mean value, 〈D〉, and a spread, σD)[26]. At �xed 〈D〉 the smallerdistribution the distribution width σD, the larger the probability of �nding �rst-neighbournanoparticles close enough to yield a conductive link. Since D can approximately range



3.2. ELECTRIC TRANSPORT 25within the limits determined by the mean volume per nanoparticle, ρ−1, where ρ is thenanoparticle concentration, the spread of interparticle distances is approximately of thesame order of ρ−
1

3 , which in turn depends on the size distribution dn/dr:
σD ≈ ρ−

1

3 =

[
ξ−1

∫ ∞

0

ν(r)
dn

dr
dr

] 1

3 (3.1)where ν(r) is the volume of a nanoparticle with radius r and ξ is the volume fraction ofthe nanophase. In the simple case of Gaussian distribution centred at r, with standarddeviation σr, we obtain a relation between σD and σrof the form σ3
D = ξ−1(a〈r〉3+b〈r〉σ2

r ),where a and b are numerical constants of the order of the unity. As a result, a broaddistribution of inter-particle distances may be the key-factor for obtaining a conductingsystem just above the percolation threshold, which is the ideal condition for achievingcharge percolation together with chargeable dead ends.

3.2 Electric Transport
Current voltage measurements have been conducted on all the samples from -40 to +40 Vas gate voltages, two di�erent behaviours have been observed. Data in �g. 3.2 summarizesthe two class of samples.



26 CHAPTER 3. RESULTS AND DISCUSSION

Figure 3.2: Electric response of SnO2:SiO2 nanostrcuctured thin �lms. Representativei-V curves for rectifying (warm colours) and non rectifying �lm (cold colours)
Samples with rectifying electric rensponse are obtained by reducing the oxygen partialpressure during the synthesis, by doping the material with erbium ions (or other rareearth ions), or by changing the heating rate (warm colours in �g. 3.2). In all these cases,signi�cant electric transport is observed for negative bias only. By contranst, symmetricresponses (cold colours in �g. 3.2) are observed for �lm produced in higher oxygenpartial pressure or after low heating-rate thermal treatments. Thus the observed electricresponses cover a broad range of currents ranging more then three order of magnitudefrom few µA to several mA.Further di�erences is the temperature dependence at negative gate voltages (Fig. 3.3,upper panel): conductivity decreases for the rectifying �lms with increasing temperature,whereas the opposite is observed for un-rectifying ones.



3.2. ELECTRIC TRANSPORT 27

Figure 3.3: Upper panel: temperature dependence of i-V response. Lower panel: Arrhe-nius plot of current vs 1/kT for negative (coloured) and positive bias (black).As regard currents registered for positive gate bias the behaviour is similar in bothcases: currents increas with temperature. Let us consider the current density J as aproduct of several terms:
~J = e · n · ~υd = e · n · µ~E (3.2)where e is the charge of the individual particle (in the case of electron or holes e is theelementary charge, e = 1.6 · 10−19 C), n is the density per volume of the particles and

~υd the drift velocity of particles proportional to the charge mobility µ and the appliedelectrostatic �eld ~E. It is well known that for semiconductors, due to impurity ionization,the amount of available charge carriers (and current density) increases with temperature,as observed for positive gate voltages in all the systems under study. Moreover theobserved experimental data are, in general, more reproducible and stable for samples withsymmetric response. It is worth noting that data in Fig. 3.3 (upper panel) spread over abroad range of temperatures from room temperature up to 300 ◦C. A detailed analysis of



28 CHAPTER 3. RESULTS AND DISCUSSIONtemperature dependence has been carried out on a shorter range of temperatures (10-80
◦C) and summarized in Fig. 3.3 (lower panel). The charge transport phenomenologyin Fig. 3.2 and 3.3 can be rationalized by analysing the energy level structure of thecomposite system (see �g. 3.4) for SiO2, SnO2, and SnO-like non-stoichiometric interphasein the approximation of negligible band bending e�ects.

Figure 3.4: Energy band shceme of nanostructured �lm. Possible charge transport forelectrons (blue circles) and holes (pink circles) are indicated for negative (black arrows)and positive (red arrows) bias.The work functions of some metal electrodes are also reported[33]-[37]. The nanopar-ticle/host interphase, whose relative contribution to the nanophase depends on the syn-thesis parameters, is a SnO-like phase[28] with electric properties that di�er from SnO2.SnO2 is a wide band gap semiconductor (Eg=3.6 eV) with n-type character due to oxygenvacancy defects[29]-[35], in Kröger-Vinks notation:
Ox

O ↔ V ••
O +

1

2
O2(g) + 2e′ (3.3)whereas SnO is a semiconductor with energy gap of 2.3 eV and p-type character[36] due



3.2. ELECTRIC TRANSPORT 29to Sn vacancies that probably migrates toward silica matrix forming substituted silica:
Snx

Sn ↔ V
′′

Sn + Snx
Si(a − SiO2) + 2h•• (3.4)At negative voltages, holes can be injected from silicon into the valence band of SnO andcontribute to the electric current due to the electrons injected from the metal electrodeinto the conduction band of SnO2. When positive bias is instead applied at the gate,charge transport can only be sustained by electrons injected from p-type silicon substrateinto the conduction band of SnO2 and the related shallow electron levels. This processis expected to be hindered by a particular thick substoichiometric nanoparticle shell. Ac-cordingly, we register rectifying response in sample synthesized in conditions that induceoxygen substoichiometric or erbium- modi�ed interphases. In these cases, the electriccharacteristic at negative bias is determined by hole injection from p-type Si substrateinto SnO-shell like interphase. esWe note that injection process from electrodes and the conduction mechanism amongnanoparticles requires non-null activation energies, which give rise to thermally activatedcontributions to the conductivity. The electric response at positive gate biases, as well asnegative bias in the case of non rectifying �lms, re�ects this kind of conduction regimewith a typical Arrhenius plot behaviour (ln[i]vs.1/kbT , where kB = 8.62 · 10−5 eV/K isthe Boltzmann's constant ). Moreover for �lm growth with the same sintering conditionthe activation energy Ea (i.e. the opposite of Arrhenius curve slope, see Eq. 3.5) scaleswith nanophase content:

i = i0 exp[− Ea

kbT
] ⇒ ln[i] = const − Ea

kbT
(3.5)In particular, lower tin content corresponds to higher barrier indicating a hopping processbetween nanoparticle, however such hopping is not tunneling driven. Tunneling processeshave been studied and follow the Nordheim-Fowler (NF) formalism, in which the current



30 CHAPTER 3. RESULTS AND DISCUSSIONdensity J is described by:
J = C · E2e−

β
E

C =
e3m0

16π2~meffφ

β =
4
√

2meff

3e~
φ

3

2 (3.6)where e is the elementary charge, m0, meff are the electron mass in free space in thesemiconductor, and φ is the e�ective potential barrier. Since β is a positive constant itis possible to check possible tunnel e�ect by plotting ln[J/E2]vs.1/E and evaluating thenegative slope of the curves (see �g. 3.5).

Figure 3.5: Fowler Nordheim plot for negative (left panel) and positive bias (right panel),tunneling may occur for high voltages at positive bias.However, in our system the slope of curve in the Fowler-Nordheim plot are positive,except for high voltages. Instead we observed Schottky (or Poole-Frenkel) e�ect. In thesecases the current density is determined by the e�ective Coulomb potential that is necessaryto overcome to have charge �ow. Assuming Schottky e�ect the current density-electric�eld depedence for a �lm of thicness d has the following form:
J ∝ E exp[(β

√
E − φ)/kbT ]

β =
1

2
(

e3

πε0εrd
) (3.7)



3.2. ELECTRIC TRANSPORT 31In these cases, the response is not ohmic and we observe a linear dependence of ln(j)vs.√E(see Fig. 3.6), charge transport is mediated by a Schottky-like mechanism with an ex-pected relevant role of metal work function φ.

Figure 3.6: Schottky plot for negative (left panel) and positive (right panel) of nanostr-cutured �lm.Accordingly, we register more than one order of magnitudine larger currents withcalcium electrodes with respect to alluminum, gold and titanium, which instead showonly small di�erences between each other. This is interesting because the large Au workfunction locates its Fermi level below the electron levels of SnO2 and SnO phases, whichshould drastically reduce the e�ciency of electron injection with respect an Al gate. Thissuggests that, apart from devices with Ca gates, the conduction at negative voltage isgoverned by p-type electric transport sustained by holes injected from silicon substrateand mediated by SnO shells around the SnO2 nanoparticles. When the fraction of theconductive path with metal-like character - which is that related to SnO interphase - isdominant, the thermal coe�cient of resistivity may become positive. This change of signof the thermal coe�cient of resistivity is similar to that observed in granular metal oxidesas a function of the stoichiometry of the grain boundaries. It is worth noting that inthis regime we observe Ohmic i-V curves. Hole conduction within the nanostructured�lms is indeed consistent with the observed charging properties of these materials in C-Vmeasurements at negative bias voltage.



32 CHAPTER 3. RESULTS AND DISCUSSION3.3 Dielectric ResponseAlthough all investigated �lms show conductive behaviour due to nanoparticle-mediatedcharge transport, �lms grown with low oxygen pressure or co-doped with rare earth ionsalso display a large capacitance contribution at negative gate voltages (curves in warmcolours in Fig. 3.7).

Figure 3.7: C-V plots for nanostructured thin �lms. Film capacitance is displayed af-ter normalization to the geometrical capacitance. Chargeable systems shows dielectricresponse >1 (warm colours); conductive non-chargeable systems show negligible capac-itance (cold colours). Inset: anticlockwise capacitance hysteresis compatible with holetrapping.These synthesis conditions favour a broad distribution in nanoparticle size (see Fig.2.1) and nanoparticle with hole-type free conduction. The resulting �lms show rectifyingelectring response (see Fig. 3.2) and MOS-like C-V characteristics, with largely enhancedcapacity with respect to the pure oxide. By contranst, the capacitance of �lms withsymmetric electric response (curves in cold colours in Fig. 3.7) approaches its maximumvalue near null gate voltage, at which the barrier for hopping contrasts charge transportthrough the �lm, then becoming negligible at higher gate voltages. A clear indicationthat an enhanced capacitive response at negative gate bias largely correlates to a metal-



3.3. DIELECTRIC RESPONSE 33like conduction is provided by the analysis of transport and capacitance data. Fig 3.8reports the normalized capacitance as a function of the thermal behaviour of the chargetransport process, as re�ected by the slope of the Arrhenius plot of current vs. 1/kbT innon rectifying �lms (Fig. 3.3) and by the upper value of the semi logarithmic current vs.
1/kbT plot for �lms with nonlinear depedence on the temperature (see Fig. 3.3).

Figure 3.8: Correlation between enhanced dielectric respons and metal-like conductionfeatures at negative gate voltage. Capacitance at -16V is reported on y-axis after geo-metrical normalization, while x-axis reports the slope of the Arrhenius plot of current vs.1/kT. The value is the angular coe�cient of the linear regression of data in non-rectifying�lms, whereas it is the upper slope value for �lms with non-linear current vs. temperaturedependence.Since the slope of the Arrhenius plot is strictly related to the thermal coe�cient ofresistivity, the data in Fig. 3.8 suggest that increasing metal-like contributions to thecharge transport process (from largely negative to positive slope values) �nally cause thetransition toward systems with electrically enhanced capacitance. It is remarkable thatthe observed C-V response is largely di�erent, quantitatively, to what expected. In fact,upon switching between positive and negative gate bias, the capacitance undergoes aprogressive increase with an initial smooth step from depletion condition of a MOS (inthe pF range) toward the expected capacitance value of the oxide (Eq. 2.3), as in thecase of MOS in the accumulation regime. Nevertheless, MOS-like nanostructured �lms



34 CHAPTER 3. RESULTS AND DISCUSSIONshow a surprising further increase of capacitance at negative bias, which leads to a secondsteep step, up to C-values that are 5 times larger than expected (curve in warm colours inFig. 3.7). It is worth noting that, concomitant to the capacitance enhancement, the �lmconductance is not null but instead increases with the negative voltage (i-V data in Fig.3.2). Electrodes are not blocked and the �lms are able to sustain a constant current atany applied voltage which indicates the occurrence of a charging process concomitant tocharge transport supplied by hole injection from the substrate. A hole charging process ina fraction of the nanoparticle population (corresponding to dead ends) is consistent withthe increase of capacitance and can quantitatively account for the enhancement factorobserved in the experiments. As in the case of a dielectric host with embedded metalparticles, charged conductive shells make the voltage drop across a layer of nanoparticlesnegligibile if the amount of the charge accumulated in the layer is comparable to the charge
Q accumulated on the electrodes. Taking ξ = 0.1, 〈r〉 = 2.5 nm, a layer thickness of theorder of the nanoparticle size (about 5 nm), and a nanoparticle concentration of about1012 cm−2, we can estimate Q from Q = C0∆V , with C0 = 3.5 nF being the capacitancebefore charging. The obtained values range between 3.5 and 7 ·108 C when ∆V changesfrom -10 to -20 V, which corresponds to a surface density of 4-8·108 |e|/cm2. This amountof charge corresponds to an excess of one hole per nanoparticle in no more than 50% ofthe nanoparticle population. Such a fraction is however rather large, in terms of crown-to-trunk ratio in a percolative network, and points to a condition really just above thepercolation threshold, which is consistent with the observed critical role of nanoparticlesize dispersion in the charging process. With regard to the e�ect on the capacitance, wenote that if charging a single layer of nanoparticle remove the voltage drop across a portionof the �lm that approximately corresponds to the nanoparticle diameter, it also causes anincrease in the e�ective capacitance, which we can estimate using ∆C = C0(L/(L−δ)−1),where δ is the thicness of the charged nanoparticle layer and L is the �lm thickness.According to this expression, ∆C/C0 < 1% for a single layer of nanoparticles. This is



3.3. DIELECTRIC RESPONSE 35the reason why no relevant capacitance enhancement has ever been reported in studies ofmemory devices based on 2D nanoparticles layer. By contrast, in our system, we need toconsider a 3D multilayered structure and an e�ective thickness of the polarisable regionoccupied by layers of polarisable dead ends. This e�ective thickness can be simpli�edas δ[L/(δ + η)], where the factor in square brackets is the number of polarisable layersin the �lm, as roughly modelled by the ratio between the total �lm thickness, L, andthe sum of single-layer mean thickness, δ, and mean inter-layer distance, η. As a result,in a 3D multilayered structure of dead ends we expect a capacitance enhancement of
∆C/C0 ∼ δ/η. By substituting δ and η with the mean nanoparticle size d and the meaninterparticle distance D we obtain ∆C/C0 ∼ 1 (since d and D are comparable, as we cangather from TEM analysed by Eq. 2.1), which corresponds to an increase of a factor 2and is consistent with our experimental results for some of the investigated �lms (Fig.3.7). However, in several other cases, the increase of the e�ective dielectric function issigni�cantly larger, up to a factor 5. This suggests that, in terms of the conductiveand charging properties, the networks of chargeable dead ends is, in fact, sensibly morecomplicated than a simple layered-structures of charged nanoparticles. In these morecomplex architectures, the e�ective δ is likely to be determined by the thickness of thepolarisable domains extending over few nanoparticles that share the excess of free chargeinjected into the dead ends, In this case we may expect δ/η sensibly larger than one,as suggested by experimental evidences. Interestingly, upon increasing the voltage from-20 to -40 V, the capacitance slightly decreases and, in some cases, shows an hystereticbehaviour. The decrease of C is expected to be a limiting e�ect to the charging processdictated by both the limit to the concentration of dead ends in the nanoparticle networkand the e�ect of increasing bias in unblocking some dead ends with a consequent partialdischarging of the system. The hysteresis manifests the charge trapping in the dead-endsfor bias voltages progressivel decreasing below the threshold values above which dead endbecome unblocked. This mechanism regards the fraction of nanoparticles that require



36 CHAPTER 3. RESULTS AND DISCUSSIONhigher energy for the hopping mechanism and that are charged at a higher bias in theforward charging process.



Chapter 4
ConclusionIn summary, we have demonstrated the feasibility of a simultaneous chargeable and con-ductive system based on semiconducting nanoparticles in a dielectric medium. The ob-served increase in the dielectric function, with respect to mean-�eld e�ects, is consis-tent with a polarization process of electrically charged nanocrystals. The quantitativeanalysis of the nanoparticle charging processes supports the co-existence of charge trans-port through the nanostructured material and nanoparticle dielectric polarization. Thisachievement represents a �rst step towards a new type of functional silicon-compatiblenanostructured materials for electrically-responsive systems with switchable plasmonicproperties. Moreover, the high conducibility observed for negative bias in non-rectifying�lm is ascribable to percolative motion of both electrons and holes, this premise is thekey point for new functional materials for light emitting diode application, in which thep-n junction is located at the nanophase itself. Preliminary results of electroluminescencecarried on these materials have demonstrated that SnO2:SiO2 thin �lm are able to emitultraviolet light, acccordingly to the SnO2 energy gap. However, further investigation,in particular on the observed cavity modes, are needed in order to explain the observedphenomena. 37
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Second Harmonic Generation inpotassium niobium silicate glasses
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Chapter 5
Introduction
Second Harmonic Generation (SHG) in transparent glasses and glass ceramics has receivedmuch interest in the last years in the area of photonics. Since such materials combinegood mechanical and optical properties with non-linear behavior they could open theway to innovative applications in solid state laser, waveguides, electro-optics, tunable�ber gratings and so on. In fact amorphous and nano- or micro- crystalline materialsrespect to single crystals (currently the main solution for non linear application) havebetter workability and lower production costs. However SHG in any type of materialis possible if and only if the medium itself leaks in inversion symmetry. Such conditionalways occurs in piezoelectric and ferroelectric crystals such as mono potassium carbonate,lithium niobate, perovskites, quartz. On the other hand the isotropy of glasses forbidsany 'even' non linear process. In 1991 Myers et al.[58] found a simple and reproducibleway to induce a permanent second order non linearity in silica glasses. This processes,known as thermal poling, relies on the creation of a large electrostatic �eld inside theglass when heated (∼ 300 ◦C), with a large voltage applied (several kV) and then cooleddown to room temperature with voltage still applied. The second-order non linearity isinduced through a third-order non linear process χ(2) = 3χ(3)EDC . The static electric41



42 CHAPTER 5. INTRODUCTION�eld inside the glass is reached mainly by a depletion layer caused by the migrationof alkali ions (rarely from the preferred reorientation of defect matrix and OH groups)toward the anode, hence a thin charged layer breaks the inversion symmetry allowing thesecond-order nonlinear processes. Up to now several variants of thermal poling have beenemployed to induce non linear processes in glasses: corona poling, UV-poling, electron-beam poling, all-optical poling but, so far, none of these techniques have been proved toproduce nonlinearities as stable as in thermal poling[44]-[51]. What seems to be a limitfor silica glasses is that the nonlinearity values achieved in bulk glasses (∼ 1pm/V) aremore than one order of magnitude lower than the χ(2) values in other nonlinear materialsuch as LiNbO3 (-33 pm/V). For this reason, during last years, numerous studies havebeen devoted to glasses with various compositions such as lead silicate, titanium silicate,lithium niobium tellurite, potassium cesium niobium silicate, niobium borophosphate,lanthanum borate and others. In these cases beyond the depletion layer the SHG isachieved by recrystallization of the glass in form of active nano- and micro- crystallinedomains.Aim of this work is to study activation mechanism and characteristics of second har-monic generation in potassium niobium silicate glasses, after thermal poling treatments.



Chapter 6
Materials and methods
6.1 MaterialsNiobium potassium silicate glasses with various composition have been prepared at theUniversity Federico II of Naples - Italy by a melt-quenched method. Glasses were preparedfrom reagent grade precursor: KNO3 (or K2CO3), Nb2O5, and SiO2. The right amountof starting reagents were weighted to obtained 300 g of glass, powders were then mixedand melted in a platinum crucible for 1.5 h at 1530-1560 ◦C. The melt were quenched bypouring out the melt into another crucible and then annealing for 1 h at temperaturesclose to glass transition temperature TG as determined by Di�erential Thermal Analysistaking the in�ection point at the slope change. Flat bubble-free glass samples of about10mm X 10 mm and 1-4 mm thickness were fabricated. In order to obtain samples withplane, parallel optical surface suitable for non linear optical measurements glasses weremechanical polished with a professional lapping machine (Logitech 1-PM51). Tab. 6.1reports the composition of the samples under study, it can be expressed by the generalformula xK2O· xNb2O5·(1-2x)SiO2. 43



44 CHAPTER 6. MATERIALS AND METHODScomposition (mol%)sample K2O Nb2O5 SiO2 TG(◦C)KNS 202555 20 25 55 not detectedKNS 232750 23 27 50 684KNS 252550 25 25 50 688KNS 303040 30 30 40 634Table 6.1: Glass composition and glass transition temperatures of the studied glasses.Refractive indices and optical transmittance were investigated before poling treat-ments. Since a precise determination of the optical dispersion in the material is crucialfor nonlinear optical characterization the refractive index n(λ) was measured at �ve di�er-ent wavelengths (633, 825, 1061,1312, and 1533 nm) using a prism coupler refractometerMetricon 2010. Table 6.2 and �gure 6.1 resume the measured refractive indices of thesamples under study. measured n(λ)sample 633 nm 825 nm 1061 nm 1312 nm 1533 nmKNS 202555 1.7801 1.7641 1.7548 1.7487 1.7449KNS 232750 1.7886 1.7728 1.7633 1.7573 1.7538KNS 252550 1.7805 1.7488 1.7403 1.7334 1.7296KNS 303040 1.79250 1.7763 1.7672 1.7614 1.7577Table 6.2: Measured refractive indices of the studied glassesThe n-value at 532 and 1064 nm (respectively the fundamental and second harmonic)was evaluated by �tting the measured values with a three parameters Sellmeier equationand extrapolating the relative values:
n2(λ(µm)) = a +

b

λ2 − 0.352
+

c

λ2 − 1.82
(6.1)Table 6.3 reports the results of the �t and the extrapolated values of refractive indicesfor all samples.



6.1. MATERIALS 45�tting parameters calculated valuessample a b c 2ω (532nm) ω (1064 nm)KNS 202555 2.957 0.1026 -0.0301 1.79366 1.75445KNS 232750 2.981 0.1038 -0.0370 1.80228 1.76303KNS 252550 2.663 0.1894 -0.340 1.80305 1.73791KNS 303040 2.990 0.1046 -0.044 1.80612 1.76684Table 6.3: Fitting parameters for the Sellmeier (eq. 6.1) and extrapolated values forfundamental frequency and second harmonic.

Figure 6.1: Refractive indices (square KNS303040, empty circle KNS232750, �lled circleKNS202555, and triangle KNS252550) and Sellmeier (solid line) �tting (eq. 6.1). Dashedlines refer to fundamental frequency and second harmonic.
Transmittance spectra of samples were investigated with a UV-vis spectrophotometer(Cary 900) in the range 190-1100 nm, �gure 6.2 shows a representative spectrum ofpotassium niobium silicate glass.



46 CHAPTER 6. MATERIALS AND METHODS

Figure 6.2: Transmittance spectrum of KNS 232750.Optical grade samples are transparent in the range 400 - 1100 nm and their transmit-tance spectra are independent of the chemical composition.6.2 Methods6.2.1 Thermal Poling TreatmentsThermal poling treatments have been carried out at the Politecnico di Torino. As alreadymentioned, thermal poling is a method for inducing a second order nonlinearity otherwiseforbidden in amorphous materials due to the inversion symmetry of such systems in amacroscopic scale. Thermal poling consists in applying large electrostatic �eld whilethe sample is kept in an oven at relative high temperatures. Hence the experimentalset up comprises a high voltage supply, a mu�e furnace, and temperature and currentindicators. In our system the current was measured as a voltage drop at the end of aresistance and recorded during the experiment. In order to avoid thermal runaway andsample breakdown voltage was increased in steps of 200 V up to 1.8 kV. Thermal polingtreatments were carried out in air at 500 K.



6.2. METHODS 476.2.2 Maker Fringe Technique
Measurements of the second-order non linearity induced in glass by thermal poling areseldom very precise and are nearly always comparative measurements rather than ab-solute measurements. An absolute determination of the non linear coe�cient requiresa precise determination of the spatial and temporal evolution of the fundamental andthe generated beam. Since these parameters are di�cult, if not impossible, to determineother measurement solutions are preferred. Such di�culties are overcome with a com-parative method. In the Maker Fringe Technique (MFT), �rst developed by Maker etal. in 1962, the nonlinear coe�cient and thickness of the active layer of the material un-der investigation is obtained with respect to a material with known nonlinear properties,e.g. α-quartz. Nowadays, this technique is one of the most widely used methods for themeasure of SHG in poled materials. In such experiment the laser beam is focused onthe sample and the generated second harmonic is measured as a function of the incidentangle. The SH intensity exhibits an oscillating behavior resulting from the interferencebetween the fundamental and second harmonic waves. Due to the dispersion of the ma-terial the two waves travel with di�erent velocities and their phase relationship at theoutput surface of the sample depends on the actual path traveled inside the glass. Fora �xed pair of refractive indices (at the fundamental wavelength and second harmonic),the distance between peaks depends only from the thickness of the active layer, while theintensity of the observed pattern depends on the SHG e�ciency of the system (see �gure6.3).
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Figure 6.3: Simulated pattern of a Maker Fringe Measurement for a glass with di�erentnon linear layer and second order susceptibility.It is worth noting that for non linear thickness smaller than a critical value (for glassestypically 10 µm) from Maker Fringe Technique is impossible to infer the extent of theactive region, but it's however possible to measure the value of χ(2).6.2.2.1 Theory of second harmonic generationSince second harmonic generation is a non-trivial solution of Maxwell's equation, a back-ground theory is necessary in order to clarify the equation used to �t the MF pattern[66,82]-[88]. In the following discussion we will assume that samples are perfectly transparent(e.g. non absorbing materials). Let us consider a fundamental laser beam, of �xed power
Pω, linearly polarized −→

Eω electric �eld and wave vector −→kω, which is incident on a planeparallel nonlinear sample of thickness L. Let ϑ be the incidence of the light beam on thesample measured between the beam direction and surface normal, allowing for rotation



6.2. METHODS 49of the sample around an axis perpendicular to −→
kω. The following discussion gives the the-oretical background of SHG within this experimental con�guration. The starting pointare the Maxwell's equations in MKS system:

∇ · ~D(t) = ρ ∇ · ~H(t) = 0

∇× ~E(t) = −∂ ~B(t)
∂t ∇× ~H(t) = ∂ ~D(t)

∂t + ~J
(6.2)where

~D(t) = ε0
~E(t) + ~P (t)

~B(t) = µ0

(
~H(t) + ~M(t)

)

1
c2 = ε0µ0

(6.3)we assume that the medium does not contain free charge (ρ = 0) and is a nonmagneticmaterial ( ~M = 0). In such conditions eq. 6.2 can be rearranged as follow:
∇×∇× ~E(t) = − 1

c2

∂2 ~E(t)

∂t2
− µ0

∂2 ~P (t)

∂t2
(6.4)or in the frequency domain:

∇×∇× ~E(ω) = −ω2

c2
~E(ω) + µ0ω

2 ~P (ω) (6.5)For electric �eld small compared to the atomic electric �eld (∼ 3 · 108V/cm) the polar-ization response of the medium is linear to the applied external �eld:
~P (ω) = ε0χ

(1) ~P (ω) (6.6)where χ(1) is the linear electric susceptibility, a tensor of order two, that for isotropic me-dia is a proportionality factor depending on the index of refraction: n(ω) = <
√(

1 + χ(1)
).When the applied external �eld is of the same order of magnitude as the atomic electric�eld, the non linear response can not be neglected anymore. In this scenario the polar-



50 CHAPTER 6. MATERIALS AND METHODSization can be expressed as the sum of a linear (Eq. 6.6) and a nonlinear contribution
~P (ω)NL:

~P (ω) = ε0χ
(1) ~E(ω) + ~PNL(ω) (6.7)By substituting eq. 6.7 in eq. 6.3, the nonlinear equation describing the wave propagationis obtained:

∇×∇× ~E(ω) = −ω2

c2
εr

~E(ω) + µ0ω
2 ~PNL(ω) (6.8)where εr = 1 + χ(1) is the linear dielectric tensor. Solutions for SHG of eq. 6.8 consist ina set of two equations one describing the �eld at fundamental frequency ω and the otherone for the component at 2ω. These equations are not independent one each other andare coupled through the nonlinear polarization ~P (ω)NL by:






~P (2)(ω) = 1
2ε0χ

(2)| ~E2ω
~Eω

~P (2)(2ω) = 1
2ε0χ

(2)| ~Eω
~Eω

(6.9)Eq. 6.9 is the starting point to solve the non linear wave equation (Eq. 6.8), however isnecessary to introduce some further approximation:
• The solution will be in the form of plane waves propagating in the z direction :

~Eω = ~E0,ω(x̂, ŷ, ẑ) · ei~k·~r = ~E0,ω(x̂, ŷ, ẑ) · ei ω
c

nω±kz (6.10)
• The electric �eld vector is always orthogonal to the wave vector so the left side ofeq. 6.5 can be simpli�ed:

∇×∇× ~E(ω) ⇒ −∂2 ~E(ω)

∂z2
(6.11)Assumption of the Slow Varying Envelope Approximation, this approximation can bejusti�ed if the phase and amplitude variations are small over distances of the order of the



6.2. METHODS 51wavelength: ∣∣∣∣∣
∂2 ~E0(ω)

∂z2

∣∣∣∣∣ �
∣∣∣∣∣k

∂ ~E0(ω)

∂z

∣∣∣∣∣ (6.12)Finally the expression of the derivative of amplitude is derived:
∂ ~E0(ω)

∂z
= i

µ0ω
2

2k
~PNL

ω e−ikz (6.13)The �nal goal of this physical model is to obtain the equation of the output signal of theMFT. Thus we have �rst to evaluate the case of the ideal model and then apply somecorrection for the real case. First of all we will examine the boundary conditions of oursystem. Due to dispersion the two waves traveling in the medium will propagate withslightly di�erent velocities and directions. The two di�erent directions of the pump beamand the generated wave can be evaluated by Snell's law:
θω = arcsin

(
sin θ
nω

)

θ2ω = arcsin
(

sin θ
n2ω

) (6.14)Eq. 6.13 for fundamental and generated wave becomes:
∂ ~E0,ω

∂z′
= iµ0ω2

2kω

~PNL
ω e−ikωz′

∂ ~E0,2ω

∂z′′
= iµ0ω2

2k2ω

~PNL
2ω e−ik2ωz′′

(6.15)where ~E0,ω = êωE0,ω and ~E0,2ω = ê2ωE0,2ω with the versors êω and ê2ω oriented in thepropagation direction of pump and SH beam. Thus, making the scalar product of eq.6.15 with the versors, the system can be rewritten in a more convenient form:
∂ ~E0,ω

∂z′
= iµ0ω2

2kω
êω

~PNL
ω e−ikωz′

∂ ~E0,2ω

∂z′′
= iµ0ω2

2k2ω
ê2ω

~PNL
2ω e−ik2ωz′′

(6.16)



52 CHAPTER 6. MATERIALS AND METHODSThe explicit form of the second order nonlinear polarization ~PNL of eq. 6.9 is given by:





~P
(2)
ω = ε0χ

(2)|ê2ω êω
~E∗

0,2ω
~E0,ωei(k2ω cos(θ2ω−θω)z′−kωz′)

~P
(2)
2ω = ε0χ

(2)|êω êω
~E∗

0,ω
~E0,ωe2i(k2ω cos(θ2ω−θω)z′−kωz′′)

(6.17)The spatial derivative of generated harmonic is obtained by substituting Esq. 6.17 intoeqs. 6.16:
∂E0,2ω

∂z′′
= i

µ0 (2ω)
2

2k2ωc2
deff (z′′) |E0,ω |2 e−i∆k′′z′′ (6.18)where ∆k′′ is the projection of the wave vector mismatch along the second harmonicdirection:

∆k′′(θ) = proj~k2ω

(
~k2ω − 2~kω

)
= k2ω − 2kω cos (θ2ω − θω) =

=
4π

λ
(n2ω − nω cos (θ2ω − θω)) (6.19)It is more convenient to express the wave vector mismatch in the real space. In this casean important parameter for nonlinear characterization, the so called coherence length, isde�ned:

Λc =
π

∆k
=

λ

4(n2ω − nω)
(6.20)Eq. 6.18 has been also introduced the e�ective nonlinear optical coe�cient deff a param-eter strictly related to χ(2). deff is de�ned as a scalar parameter rather than a tensor,thus its value depends on the particular geometrical con�guration (including polariza-tions) under study and it is de�ned as the projection of the nonlinear polarization vectoralong the direction of the second harmonic electric �eld:
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ω is a three order tensor:
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(6.22)
However due to crystal symmetry (or to the symmetry of the point group of the systemunder study) the 6X3 matrix representing the polarization tensor simpli�es to a fewelements. Taking L as the active nonlinear layer and integrating eq. 6.18 the electric �eldand the intensity of the generated harmonic are obtained:

E0,2ω(L) = i
ω

n2ωc
|E0,ω|

∫ L
cos θ2ω

0

deff (z′′) e−i∆k′′z′′

dz′′ (6.23)
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2 (6.24)In order to apply practically eq. 6.24 further corrections for real cases are needed. Infact eq. 6.24 gives the intensity of the second harmonic inside the material, whereasexperimentally the only detectable powers are outside the material. Thus correctionfactor for re�ection between air-sample and sample-air interfaces have to be included.



54 CHAPTER 6. MATERIALS AND METHODSThe following considerations rely the case of polarization of the incident electric �eldlying in the incidence plane (the plane containing both the normal to the surface andincident light beam), called p − pol. Re�ection losses are calculated by the well knownFresnel's equations for transmitted light:
T ω(θ) = 1 −

(
nω cos θ−cos θω

cos θω+nω cos θ2ω

)2 Air-sample interface
T 2ω(θ) = 1 −

(
cos θ2ω−n2ω cos θ
n2ω cos θ+cos θ2ω

)2 Sample-air interface
T (θ) = (T ω(θ))2 · T 2ω(θ) Total Fresnell loss coe�cient (6.25)Moreover the last correction is the beam factor correction, that is a measure of the beampower per unit area inside and outside the material due to refractions. We can derive thebeam correction factor a(θ) from geometrical considerations:
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cos θ beam correction factor (6.26)Introducing the correction parameters in eq. 6.24 and solving the integral the expressiondescribing the output of the MF pattern (second harmonic power as a function of incidenceangle) is �nally obtained:
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Chapter 7
Results and discussion
7.1 Poling and Maker Fringe measurements7.1.1 PolingPoling treatments were carried out with the con�guration described in 6.2.1. Steel screws,10 mm in diameter, were used as blocking electrodes. Since this work was exploratory thethermal poling strategies were not uniform in poling treatment. Table 7.1 summarizesthe magnitude and duration of applied voltage on the samples under study.sample Voltage (V) / DurationKNS 202555 200/5'→400/5'→600/5'

→800/5'→ 1000/5'→1200/5'
→1400/5'→1200/5'→oven o� (0.5 d)KNS 232750 200/2h→400/30'→600/30'→800/30'
→1000/15'→1200/15'→1400/15'

→1600/15'→1800/20'oven→ o� (0.5 days)KNS 252550 200/5'→400/5'→600/15'
→800/45'→1000/1h→oven o� (0.5 d)KNS 303040 200/2h→400/2h→600/1h→oven o� (0.5 days)Table 7.1: Poling treatments of the sample under study. Table resumes the voltage stepsand their duration in minutes. After the last voltage step oven were turned o� with thed.d.p. still applied. 55



56 CHAPTER 7. RESULTS AND DISCUSSIONCurrent-time and temperature of the poling processes are summarized in �g. 7.1, theobserved currents are of the order of 0.5 µA, that corresponds to current density of severalhundreds of µA/cm2.

Figure 7.1: Current (black, left axis) and temperature (blue, right axis) variations duringpoling thermal treatment. Spikes correspond to voltage steps, see Tab. 7.1.The spikes, followed by an exponential decrease, in current-time plot occur in con-comitance to voltage steps, moreover, from such a plot it is possible to estimate the totalmobilized charge:
Q =

∫ tfin

tin

Idt (7.1)As an example for KNS 232750, the calculated value for mobilized charge results to be1.4 C cm−2, corresponding to the charge of K+ ions in 10 µm thick layer.7.1.2 Maker FringeOptical bench improvement In section 6.2.2 we have derived the expression under-lying the non linear characterization measured with the Maker fringe technique. Eq. 6.27



7.1. POLING AND MAKER FRINGE MEASUREMENTS 57gives the second harmonic power measured as a function of the angle of the incidentpumping beam and the normal at the surface of the sample. Below we give a brief de-scription of our experimental set up. A scheme of the optical bench is depicted in �g.7.2.

Figure 7.2: Sketch of the optical bench.The pump beam is the 1064 nm spectral line of a Q-switched Nd3+:YAG laser; rep-etition rate of 10 Hz, pulse duration of ∼ 10 ns, pulse energy of ∼ 70 mJ, spot 0.7 cmin diameter. Since the light coming from the laser cavity may contain additional wave-lengths beyond the 1064 nm line a �rst Pellin-Broca prism spatially separates spuriouslight. Then light is linearly polarized by mean of Glan-Thompson polarizer and an ad-ditional �lter (F1) cuts the light in the green region of visible. A lens system focuseslight onto the sample (L1 and L2 are confocal, usually fL1 = 160 mm and fL1 = 80 mm)and collimates the output on the active region of a photomultiplier tube P.M.T.. Beforeentering the P.M.T. infrared light is deviated in a black hole with a harmonic separator,



58 CHAPTER 7. RESULTS AND DISCUSSIONand �nally an interference �lter centered at 532 nm transmits the second harmonic tobe analyzed. In our �rst experimental set up the sample was mounted on a goniometricsample holder and measurements were taken every 2 or 4◦ from -90◦ to 90◦. Fig. 7.3(left panel) shows a measure carried on the quartz reference, fringes are clearly visible,but the pattern is still asymmetric, particularly for −20 6 θ 6 20, that is the one usedfor calibration.

Figure 7.3: Maker Fringe Pattern of a quartz slab (thickness 1.23 mm) before (left panel)and after (right panel) optical bench improvement.In order to signi�cantly improve the Maker fringe measurement the manual gonio-metric stage had been replaced with a motorized one. The remote control of the stepperwas coupled with the signal coming from the oscilloscope using the software LabView.Fig. 7.3 (right panel) shows the quartz signal after the optical bench improvement. Thepattern is symmetric which respect θ = 0 and the high angle resolution (tenth of degree)clearly resolves the fringes. The �tting equation of Maker fringe pattern is the following:
P2ω(θ) = K

[
a(θ)T (θ)

n2ωn2
ω

L2

(cos θ2ω)
2 deff

2sinc2

(
∆k′′L

2 cos θ2ω

)] (7.2)where the terms in eq. 7.2 have been divided in three classes:blue: scaling factor peculiar of the speci�c experimental set-up: spot size, focus,P.M.T. voltage, pump power...



7.1. POLING AND MAKER FRINGE MEASUREMENTS 59black: refers to optical properties speci�c of the material under study. These param-eters depends mainly on refractive indeces at ω and 2ω.
red: non linear optical parameters to be measured (except for reference material)
Measurement of second order nonlinear parameters consists in the calibration of the op-tical bench with quartz, then the pattern is �tted in order to evaluate K. Then thequartz crystal is replaced by the glass under study, and eq. 7.2 (with the right scalingfactorK) is used to �nd the non linear thickness L and deff from which the second ordersusceptibility χ(2) is derived.
Maker Fringe measurement Following the procedure described in 7.1.2, we havedetermined the non linear coe�cient and thickness of poled glasses except for KNS 252550,for which the signal was too low. Fig. 7.4 resumes the Maker fringe patterns of samples,all measurements are collected in the same experimental condition.
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Figure 7.4: Maker fringe patterns and quartz signal �tting of poled glasses, units arethe same for the four plots. Red circles in KNS232750 represent the SH signal in a zoneoutside the poled region.Thus, the second harmonic intensity in the four graphs are plotted in the same unitsand can be compared. For each sample, measurement with the anode (�lled circles)and the cathode (empty circles) as front surface in the Maker fringe con�guration arecompared. Furthermore, a representative control measurement with laser beam focusedoutside the electrode region is shown in red in the case of KNS232750. Indeed, in allsamples, SH signal turns out undetectable outside the electrode regions. Some generalconclusion can be inferred:
• SHG in potassium niobium silicate glasses arises as an e�ect of thermal polingtreatment
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• SH intensity is only one order of magnitudine lower than 1 mm quartz sample
• The pattern with only two modulation peak in 180◦ suggests that the non linearthickness is probably less than 10 µm
• Asymmetry of SHG with respect to the two surfaces suggests a nonlinear layerlocalized at one surface, transmission and/or surface scattering determining thedi�erent e�ciencyFurther experiments (described in 7.2) have been carried out in order to better understandthickness, morphology and localization of the active layer. Table 7.2 resumes the resultsof non linear optical parameters.

deff (pm/V)sample L(µm) Anode CathodeKNS 232750 9.1 1.73 1.95KNS 252550 not detectableKNS 303040 8.8 0.31 1.21KNS 202555 7.8 0.14 0.26Table 7.2: Non linear thickness and e�ective nonlinear optical coe�cient of poled glasses.Anode and cathode refer to the front face.
7.2 Mechanism of S.H.G.7.2.1 Structural modi�cationsStructural modi�cation caused by poling are evidenced by µ-Raman spectroscopy. Fig.7.5 shows Raman spectra at the surface of the four materials, outside (black) and insidethe the electrode region (Green=cathode, red=anode).
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Figure 7.5: Raman spectra of poled glasses, spectra were taken: outside the poled region(black), at the cathodic (green) and anodic (red) surface.Outside the electrodes regions, the spectra show di�erences from sample to sampleascribable to the di�erent composition. Furthermore, di�erences are also noted KNS232750 and KNS303040 (samples with highest deff , cfr. tab. 7.2), within the singlesample, between regions inside and outside the zone faced to the anode during poling.No relevant di�erence is instead observed in the cathode region. So, these results indicatethat poling treatment modi�es the material inducing a structural modi�cation in theregion below the anode. The Raman spectra of unpoled regions exhibits three importantbroad bands:650-720 cm−1: NbO6 without non bridging oxygen770-850 cm−1: NbO6 octahedra sharing a corner with at least one other NbO6 octahe-dron



7.2. MECHANISM OF S.H.G. 63870-910 cm−1: vibrational modes of highly distorted NbO6 octahedra having at leastone bond pointing toward an alkali ion: Nb-O· · ·K+. This is also the feature withthe highest relative amplitudeOn the other hand, for the Raman spectra collected on the anodic region the most im-portant feature is located at 690 cm−1 and a new band at 1065 cm−1 appear. This latterband lies outside the niobium related frequencies and it is ascribable to SiO4 tetrahedra.Moreover, the confocal optics of the µ-Raman spectrometer was exploited to perform theanalysis of the structural modi�cations along the thickness of the sample KNS 232750.Fig. 7.5 shows spectra taken at di�erent depth from the anode surface at steps of 1 µm.

Figure 7.6: Confocal Raman mapping of KNS 232750, spectra were taken at di�erentdepths from anodic surface.After a few µm the spectra resemble that of the unperturbed material, and no furthermodi�cation is observed. Going from the anodic surface toward the interior of the sample,the spectrum gradually changes, showing an increase of the component at 896 cm−1 anda decrease of the bands at 690 cm−1 and 1065 −1.
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Figure 7.7: Spatial evolution of raman signals at 690 and 1065 cm−1 normalized respectto the mode at 896 cm−1.
In order to have an estimation of the depth of the structural modi�ed layer in �g.7.7 we have plot the relative amplitude of the components at 690 cm−1 and 1065 −1normalized respect to the peak at 896 cm−1 vs. the depth. This analysis show a gradualpro�le of about 7 µm thick.

7.2.2 Optical interference of modi�ed layerA further con�rmation of the formation in the poled area of a layer with di�erent opti-cal properties with respect to unpoled area is highlighted from optical absorption spec-troscopy. Fig. 7.8 shows optical transmission in the 200-1000 nm range before and afterthe poling processes for samples showing SHG.
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Figure 7.8: Optical transmission of poled glasses, inside and outside the poled regionshowing thin �lm interference.Although the transmittance is, in general, lowered by the moderate opalescence ofthe treated region, there is a signi�cant modulation that can be ascribed to thin �lminterference. Probably due to a slight change in the refractive index after structuralmodi�cation. By modeling the periodic pattern with a Fabry-Perot like interference onecan deduce the thickness d of the layer from the spacing between ripples by the equation:
T ∝ exp

[
i

(
2π

λ

)
2dn

] (7.3)Thus according to eq. 7.3 the thickness d is about 5-6 µm for sample KNS 232750, of



66 CHAPTER 7. RESULTS AND DISCUSSIONthe same order of magnitude as that of thickness L measured either by mean of MakerFringe technique and from Raman spectra analysis.7.2.3 Localization of the active layerTo clarify where the active layer is located, we measured second harmonic signal as func-tion of pump beam power after mechanical removal of ∼ 20 µm of material from eitherthe anode and cathode surface.

Figure 7.9: SH signal as a function of pump power after mechanical removal of anodic(black) and cathodic (red) surface.Evidence of the localization of the active layer is given in �g. 7.9, showing thatthe intensity at 532 nm, the non linear origin of which is con�rmed by the quadraticdependence on the incident power, is indeed much more depleted after removal of theanode surface (�lled circle) than after removal of the cathode region (empty circles),thus clarifying that the non-linear portion is located under the anode, that is the samestructurally modi�ed.7.2.4 Proposed modelSome relevant facts may be remarked from the reported results:
• the optical nonlinearity is related to structural modi�cations inside the amorphousmaterial taking place within the non-linear thickness
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• the structural modi�cations follow a charge transport process with a total displacedcharge consistent with the number of alkali ions contained in a depletion layer ofthe same order of the non-linear layer
• the material keeps a glass structure after the poling treatment
• the observed nonlinearity is stable over several months after the poling processThese features bring us to pay particular attention to the mechanism of charge trans-port during poling, as well as to the structural modi�cations of the material, in orderto clarify the possible origin of the poling-induced nonlinearity in the investigated glass.Since stainless steel electrodes strongly reduce the possibility of ionic injection, the polingprocess in our case is merely capacitive and all the current or the most part of it pro-duces charge accumulation. The current, sustained by pre-existent charge carries, indeeddecays exponentially in the time. Main charge carriers during the poling process in theinvestigated glass are mobile K+ ions that go away from the anode surface toward theinterior of the glass producing a K+ depletion layer under the anode surface. This de-pletion layer, similarly to other poled glasses, is responsible for the second order opticalnonlinearity (SON) induced by the thermal poling. In the literature, the thickness ofthis layer depends on glass composition as well as on poling condition, and can reachseveral µm (3-7)[51]. In our case, from three independent experimental methods (Makerfringes, optical interference fringes, and confocal Raman mapping) the data indicate thatthe poling-induced nonlinearity is consequent to a structurally modi�ed layer 7 ± 1 µmthick. Both the Raman spectrum (showing the enhancement of the degree of networkcross-linking and the decrease of alkali-terminated non-bridging groups) and the value ofthe integrated poling current (which is congruent with the charge of all the mobile K+ions contained in a volume equal to the estimated modi�ed layer) bring to propose thatthe poling process creates a K+ depleted layer with a consequent modi�cation of the glassstructure.



68 CHAPTER 7. RESULTS AND DISCUSSIONBefore discussing the source of SON from such a layer, we have to justify such a drasticdepletion process looking for a sustainable transport mechanism. In fact, in a glass with anumber of charge carriers of the order of 1022 cm−3, alkali depletion cannot occur on sucha scale without a charge compensation, as reported by Mariappan and Roling[68]. Theyfound in poled glass a Na+ depletion layer about 1.5 +m thick and demonstrated that itshould be less than 10 nm thick without charge compensation. The need of charge com-pensation was raised by other authors too ([68],[69],[46]) that hypothesized the existenceof free mobile O2− in the glass followed by oxygen evolution at the anode, although ina glass oxygen migration is somewhat unlikely. Others charge compensation mechanismswere proposed, as injection of protons, but all the literature data claim that none of themcan account for a µm wide depletion layer, at least when the number of charge carriers isof the order of 1022 cm−3. A possible explanation may be drawn from the structural roleof alkali ions in glasses. Cations in a glass are distributed in the interstices of the networkand they either modify such network by breaking its connectivity producing non-bridgingoxygen atoms (NBO) or they compensate the negative charge of some structural units as[AlO4/2]−, [NbO6/2]− or [BO4/2]−. As a result, moving from modifying or compensatingpositions, mobile alkali cations can migrate along percolating paths running randomlythrough the network, jumping between almost equivalent positions, with an Arrheniustemperature dependence of the conductivity. Cation migration leaves an excess of nega-tive charge that drives structural changes of the anionic network of the glass[68],[69]. Suchstructural modi�cation could become irreversible if a charge compensation occurs, andstructural changes are indeed testi�ed by the Raman spectra in Fig. 7.5 Similar e�ectswere seen also by Carlson et al.[46] by IR re�ection spectra in alkali-lead silicate glass.They found that the depleted anodic surface area was more polymerized than the unpoledsurface and, heating the glass for 1 h at 600 ◦C, they observed surface crystallization ex-cept for the poled area. This latter fact indeed evidences the higher cross-linking of thepoled area and indicates that poling-induced structural changes are lasting to the heating.



7.2. MECHANISM OF S.H.G. 69The decrease of electric current during the poling is only partially to be attributed to thebuild-up of charges, since it is mainly related to the increase of electric resistance of thedepleted layer that can also overtake several orders of magnitude [68],[69]. This increaseof resistance can be related both to the decrease of charge carrier concentration (alkaliions) and to the increase of glass network cross-linking.The above considerations, giving some insight into the relations between the role ofalkali ions on the network and the structural changes consequent to alkali removing fromthe depletion layer, may be further elaborated starting from the work of Greaves and Ngai[70]-[71], which suggested that the alkali hopping in silicate glasses is associated with achange in the neighboring NBOs and BOs con�guration. Speci�cally, two close oxygenatoms can change their role without changing their position. The mechanism of NBO-BObond switching was proposed to occur in melts and in glasses at temperature below Tgand more recently in the modeling of ion migration in glasses [72]-[73]. Following thisapproach, NBOs can randomly move in an oxide glass by means of NBO-BO switchingprocesses caused by thermal �uctuations, enabling alkali ions to move to new positionswhere charge compensation is given by nearby NBO, without any real transport of oxygenatoms in the single NBO-BO switching event [74]-[75]. Nevertheless, the whole process,because of the disappearance of NBO in the depletion layer and the consequent increaseof cross-linking, is indeed equivalent to an oxygen migration compensating the potassiumcharge. According to this picture, the system during thermal poling cannot be consideredas a simple electrolytic cell and the glass cannot be treated as a simple electrolytic solution.In particular, the electric current produces transformations in the glass that are more thana simple building up of space charge. When alkali cations move away from the anode tothe inner of the glass, the anionic network of oxygen atoms in the alkali depleted layertransforms itself becoming more polymerized owing to the lower content of NBOs. Thedecrease of contributions of non-bridging Nb-O bonds in the Raman spectrum in Fig.7.5 con�rms this model, which also explains the change of electric response. As the



70 CHAPTER 7. RESULTS AND DISCUSSIONpoling process proceeds, the alkali concentration in the layer near the anode graduallydecreases and the cross-linking increases leading to a higher electrical resistance [69]. Asa consequence, almost all the applied voltage drops in the alkali depleted layer and onlyin this layer structural changes are produced. In fact Ziemath et al. [76], comparingre�ectance infrared spectra of anodic, cathodic and unpoled surfaces, found pronouncedchanges at the anodic surface only. The increase of polymerization degree of the glassanionic network is sometimes the starting point for further and more drastic structuraltransformations as phase separation. An and Fleming [77]. also reported that phaseseparation stabilizes the SON of poled glass retarding its loss upon annealing. In ourpotassium niobiosilicate glass, from the inner of the glass toward the anodic surface,the intensity of the bands at 690 and 1065 cm−1 increases, indicating that less distortedNbO6 octahedra are formed together with SiO4. The increase of NbO6 octahedra withoutNBOs indicates that the glass becomes progressively more polymerized. Therefore, themigration of K+ ions induces a structural change in the depleted layer with a decreaseof NBOs, related to a mechanism of NBO-BO bond switching that enable K+ ions tomove along the electric �eld. Such a mechanism allows to spread the charge piled up bythe poling process on a thicker layer. Based on this analysis, the observed second orderoptical nonlinearity is likely to depend upon more than one process, because the built-inelectric �eld generated by the depletion of K+ ions is accompanied by extremely importantstructural processes that may have a crucial role in determining both the relatively largenon-linear susceptibility with respect to poled silica and also the time stability of itsvalue. In fact, on one hand, the structural re-adjustment in the depleted layer closes thebackwards path to K+ ions for a di�usion-induced alkali redistribution into the sample; onthe other hand, the reconstructed network possesses a largely more reticulated niobiumsub-network, suitable to give an own contribution to the second-order nonlinearity of thesystem.



Chapter 8
ConclusionOur investigation of poling e�ects in potassium niobium silicate glasses has shown arelevant second order optical nonlinearity that we have demonstrated to be related tostructural modi�cations accompanying the poling process. The structural changes, in-vestigated with several di�erent analysis, result from a charge transport mechanism thatcauses network reconstruction in an alkali depleted layer with thickness as comparablewith that of the non-linear layer. Structural and electrical data depict a di�erent polingmechanism with respect to that proposed up to now for silica-based materials, also ex-plaining the observed stability of the induced nonlinearity over several months after thepoling. The stable and relatively high nonlinearity, together with the perspective of opti-mizing the poling conditions so as to minimize transmittance lowering, make this systempromising for further studies on the feasibility of waveguides and integrated devices.
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Part III
Tapered silica optical micro�bresfor gas sensors
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Chapter 9
IntroductionIn the last years tapered silica �bres[95]-[98] have attracted much interest in photonicresearch, because of peculiar properties emerging in waveguide with lateral dimensions ofthe same order of the guided modes. In particular, in these structures the large evanes-cent �eld enables some interesting properties: such as micro�uidic sensors and high Qresonators fabricated by coiling the tapered �bre, non-linear e�ects and supercontinuumgeneration. In this project, carried out at the University of Southampton (UK) in thegroup of Dr. Gilberto Brambilla, we explore the feasibility of an innovative optical ab-sorption device, based on cavity ring down spectroscopy. In this case we are interestedin a sensor for in-line application: a �uidic channel wrapped with tapered �bre in whichthe analyte can �ow. The large power fraction outside the �bre interacts with the �ow-ing medium and any change in the environment optical properties (refractive index orabsorption coe�cient) lead to a modi�cation of the recorded light intensity propagatingin the �bre. The idea is to exploit ring down time of a silica tapered microcoil resonatoras an indicator of the absorption coe�cient of a gas (or a liquid) �owing in the channel.
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Chapter 10
Materials and methods
10.1 Modes in a cylindrical waveguideAn optical �bre consists in a core-cladding structure in which light travel along its length.The refractive index of the core n1 is higher than that of the surrounding cladding n0,thus the light beam, for angles lower than a critical angle, is con�ned inside the core bytotal internal re�ection. The simplest case of optical �ber is the step-index �ber wherethe refractive index of both core and cladding are constant along the radius of the �ber.In tapered �bres air acts as cladding material and the mode is con�ned inside the �breitself. Light launched into one end of the �bre is guided along the core, i.e. it propagatesmainly in the �bre region, although the intensity distribution may extend beyond thewaveguide. Aim of this section is to provide a general theoretical background for thesimulation of the mode pro�le (shape and energy) along a tapered �ber as a function ofthe main experimental parameter: refractive index of the medium surrounding the �ber,operational wavelength and �ber radius. The results of the modeling will be discussed in??[100].Once more, as in 6.2.2.1, the starting point are Maxwell's equation (Eqs. 6.2 and 6.3),77



78 CHAPTER 10. MATERIALS AND METHODSassuming ρ = 0, ~J = 0, ~M = 0, c = 1√
ε0µ0

, and n =
√

εrµr :
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∂ ~H
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∂t
(10.1)If we consider an electromagnetic wave having angular frequency ω and propagatingin the z direction, the electric and magnetic �elds can be expressed as:

~e = ~E(~r) exp[i(ωt − βz)]

~h = ~H(~r) exp[i(ωt − βz)] (10.2)where β = k · n = 2π
λ is the propagation constant and ~r is the direction in the planetransverse to the propagation axis. Substituting eq. 10.2 in 6.2 and 6.3, the following setof equations are obtained in cylindrical coordinates:
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2Ez (10.4)However, this set of partial di�erential equation do not determine univocally the electro-magnetic �eld. We must know the boundary condition in order to choose the correct wavefunction from the in�nite solution of the Maxwell's equation. Thus, for a discontinuityin the refractive index from medium 1 (�bre) to medium 2 (surrounding medium) the



10.1. MODES IN A CYLINDRICAL WAVEGUIDE 79tangential components of electric and magnetic �eld should satisfy:
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t (10.5)where the superscript indicate the medium and the subscript the tangential componentto the boundary. Moreover, the electric and magnetic �elds must vanish at in�nity.Substituting eqs. 10.2 into 10.4 we obtain two set of equations as:
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) (10.7)The modes in a waveguide consist of TE modes (Ez = 0), TM modes (Hz = 0) and hybridmodes (Ez 6= 0, Hz 6= 0). We have assumed linearly polarized (LP) modes as solution ofMaxwell's equation. However, even if the complete solution is beyond the scope of thisthesis, we will introduce some important parameters for optical �bre. In particular we willde�ne the normalized transverse wave numbers u and w and the normalized frequency v
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2 (10.8)10.1.1 Propagation constantIn order to simulate the propagation of an electromagnetic wave inside and outside anoptical �bre a precise knowledge of the propagation constant β is necessary. From eq.10.8 we know that the value of β has some constrain, in particular we have:

n0k 6 β 6 n1k (10.9)Thus, its value has been calculated by solving the above equation using the u − wrelation (Eq. 10.8)1.
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] (10.10)It is worth noting that the solution of eq. 10.10 gives the exact value of the propagationconstant. In fact, for tapered �bre, unlike step-index �bre, the approximation n1/n0 ∼ 1is no longer valid. Hence the weak guiding approximation should not be applied in tapered1The wave functions in cylindrical waveguides are usually Bessel function of order n (n ∈ Z). A Besselfunction is a solution y(x) of the general Bessel's di�erential equation: x2 d2y
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10.1.2 Electromagnetic �elds - Explicit formsFields inside the �bre (0 6 r 6 a):
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s (10.13)10.1.3 Propagating powerThe power carried by an optical mode is de�ned as the surface integral of the Poyntingvector ~S = ~e × ~h along the z−axis:
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] (10.16)10.2 Optical resonance in microcoilsOne of the main advantage in using optical micro�bre is the possibility to easily fabricateoptical resonators. The operation principle is to make a microcoil with a pitch of thesame order of both the wavelength of the propagating wave and the diameter of the �bre;in such conditions self-coupling between adjacent turns is achieved and resonancesmayoccur. Microcoil resonators are complementary to the two established methods used toobtain optical resonator: the classic Fabry-Perot interferometer (standing waves) and theoptical ring resonator (traveling waves). In Fabry-Perot etalons the resonance is due tothe multiple re�ection that light experiences at two mirrors at the end of the cavity. Inring resonators resonance take place between the traveling wave in the closed loop andin the adjacent waveguide. In microcoil resonators there are not turning points and theclosed loop is absent, however the wave traveling along the coil can, in part, recirculatein the loop providing the resonance condition. The following analysis will take in accountthree important parameters: L the loop length, γ = 1 − Γ2 is the fractional power loss(Γ is the amplitude loss per pass), and K the power coupling coe�cient. The scatteringmatrix ¯̄S describes the linear relationship between the incoming amplitude ~E1 and theoutgoing wave amplitude ~E2: ~E2 = ¯̄S ~E1. In the case of single loop the scattering matrixhas the following form:
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(10.17)where exp[−(α + iβ)L] is the transmission coe�cient of the feedback loop. Introducing
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84 CHAPTER 10. MATERIALS AND METHODSphase shift we obtain from eq. 10.17 the relative intensity transfer:
|S21|2 = Γ2 K + σ2 − 2σ
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(10.18)This last equation is periodically modulated with a free spectral range FSR = c/neffLwhere neff is the e�ective refractive index f the �bre (β = neffk). At resonance wave-length λ0 the amplitude of the scattering matrix |S21|2 reaches the minimum value:
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√

K)2
(10.19)Thus, if the coupling coe�cient reaches the critical value Kr = 1 − σ2 the interference istotally destructive and the resonator acts as a notch �lter and there is no transmission.Beyond these considerations, it is helpful to relate some experimental output (summarizedin Fig. 10.1) to the theory described above.

Figure 10.1: Representative transmission spectra of an optical resonator (L=1mm, n =
1.5)In particular we are interested in an analytical de�nition of:Free Spectral Range (FSR) is the frequency di�erence between maxima (or minima),



10.2. OPTICAL RESONANCE IN MICROCOILS 85and it is the inverse of round trip time:
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c
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β · L (10.20)

Full Width at Half Maximum (FWHM) of an interferometer can be derived fromeq. 10.19, in fact it is de�ned as the frequency in which a detuning equal to |S21|2 =

(1/2)(1 + |S21|2min):
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Finesse (F) It is de�ned as the FSR divided by the full width at half maximum(FWHM) of resonance in the interferometer. It is independent of the length ofthe loop, and it is determined from the losses and coupling e�ciency of the system:
F ≡ FSR

FWHM
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] (10.23)
Q-Factor(Q) the quality factor Q of an oscillating system is a measure of the intensityof the damping of its oscillation. Thus, Q can be represented as the ratio of theenergy stored respect to the energy dissipated per cycle can be view as: Q = ω ×Energy StoredPower Loss . However the simplest representation for a resonance with maximumat frequency ν0:

Q =
ν0

FWHM
(10.24)



86 CHAPTER 10. MATERIALS AND METHODS10.3 Optical cavity ring-down spectroscopyAs already mentioned, the central idea of the project is the exploitation of the pecu-liar microcoil resonance properties for sensors based upon optical absorption. Moreover,these optical absorptions are not direct, but estimate from the decay time of light pulseslaunched in the micro�bres. Thus, before describing the physics of such a phenomenonin microcoils, we will shortly discuss the basis of this technique. Optical ring-down spec-troscopy refers to a spectroscopic method that enables the measurement of the opticalextinction coe�cient of gases. In its classical con�guration, the medium to be analyzed isplaced between two higly re�ecting mirrors (typically R>99.9%) and a laser beam entersthe cavity. Then the laser is turned o� and the optical absorption coe�cient is estimatedby the exponentially decaying light intensity leaking from the cavity. During the decay,light is re�ected back and forth several times (depending on the cavity �nesse) and thee�ective optical path length can reach few kilometers, enabling measurements of eitherstrong absorptions of species present in trace amounts or weak absorptions of abundantspecies.The intensity of light within the cavity is determined as an exponential function oftime:
I(t) = I0 exp (−t/τ) (10.25)the decay constant τ is the ring-down time. Its value depends on the speed of light in themedium, the optical losses due to mirrors and spurious e�ects (γ), the cavity length (l),the re�ectance (R) and the absorption coe�cient of the absorbing medium (α):

τ =
tr

2[(1 − R) + γ + αl]
(10.26)where tr = nl/c is the round trip time of a laser pulse in the cavity. Thus a measureof the decay time for an empty cavity permits the evaluation of tr/2[(1 − R) + γ], while



10.3. OPTICAL CAVITY RING-DOWN SPECTROSCOPY 87the presence of absorbing species lead to an increase of denominator in eq. 10.26 anda consequent decrease in the ring-down time. The di�erence between empty and �lledcavity gives the absorption coe�cient of the species under study. It is worth noting thatusually this kind of technique is applied in meter sized cavities with very high �nesse (R ∼

99.99%), so a rough estimation of ring down time (without losses and absorbing speciesin the cavity) is about 20 µs, value largely measurable with the current technologies.
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Chapter 11
Result and discussion
11.1 SimulationIn this section we will examine the main parameter estimated from the equations givenin 10.1. The program used for simulation is Mathematica 7 (Wolfram Research), �rst wewill analyze results for propagation constant β. The parameter β has been evaluated as afunction of wavelength, �bre diameter and for two di�erent surrounding medium: air andTe�on. The β value is the starting point for all the simulations, in fact from its value isit possible to �nd the shape of the propagating electromagnetic �eld (inside and outsidethe optical �bre) and the power carried by the mode. Moreover we simulate the expectedring-down time for optical �bre microcoils.11.1.1 Propagation constantThe propagation constant β has been evaluated by means of eq. 10.10 under the constraintthat n0k 6 β 6 n1k, �g. 11.1 shows the value of propagation constant as a function of�bre diameter embedded in Te�on and air. No dispersion has taken in account for air(assuming n = 1) and Te�on (n = 1.3), while for silica �bre a Sellmeier equation was89



90 CHAPTER 11. RESULT AND DISCUSSIONadopted (λ expressed in µm):
n(λ)2 =

0.6961663 λ2

λ2 − (0.0684043)2
+

0.4079426 λ2

λ2 − (0.1162414)2
+

0.8974794 λ2

λ2 − (9.896161)2
(11.1)

Figure 11.1: β values as a function of �bre diameter embedded in te�on (red) and incontanct with air (black), for λ=1.55 µm (left panel) and λ=0.63 µm (right panel)11.1.2 Propagating powerThe propagation constants calculated in 11.1.1 allows to simulate the electromagnetic�eld propagating in the �bre; �g. 11.2 shows the intensity pro�le of a beam in a �brewith radius 0.5 µm (A) and 1.5 µm (B).

Figure 11.2: Simulation of electromagnetic �eld intensity. λ=1550 nm, coating Te�on(n=1.3); (A) 0.5 µm �bre radius and (B) 1.5 µm �bre radius.



11.2. MICROCOILS 91The intensity pro�le outside the �bre follows an exponential decay: the smaller the�bre and the greater its extension be. Fig. 11.3 shows the propagating power inside amicro�bre as a function of �bre diameter, for a propagating wavelength of 1550 nm and630 nm, for system surrounded by air and Te�on.

Figure 11.3: Propagating power inside the �ber as a function of �bre diameter embeddedin te�on (red) and in contanct with air (black), for λ=1.55 µm (left panel) and λ=0.63
µm (right panel).In the following we summarize some general conclusion about the propagating powerin a tapered micro�bre, in particular we have weaker con�nement for:

• small �bre diamater
• closeness between refractive indices of silica �bre and surrounding medium
• large wavelengths11.2 MicrocoilsIn order to fabricate the device some preliminary experiments have been performed onmicrocoils. In particular several micro�bres have been fabricated starting from commer-cial telecom silica �bres (external diameter 125 µm). The �bre is �xed on two translation



92 CHAPTER 11. RESULT AND DISCUSSIONstages with submicron precision, the central part of the �bre is heated with a microfur-nace close to glass transition temperature. A software controls the translation stages andthe �bre is pulled since the length of the tapered zone and its diameter reach the desiredvalue. The typical length of the tapered �bre was 6-8 mm with �nal diamaters rangingfrom 1.5 to 3 µm. Then the optical �bre microwire is wrapped on a rod with low refrac-tive index, usually a PMMA rod (1 mm in diameter) coated with Te�on, and �nally theoptical response of these microcoils were studied. Fig. 11.4 shows the response of a coilmade with a 2µm �bre with di�erent number of turns.

Figure 11.4: Optical response of microcoil resonators.We used a 1550 nm laser as light source and an optical spectrum analyzer as detector.Even if the losses are quite high, it is clear the resonance condition given by the interferenceof the evanescent �eld of di�erent turns coupling to each other. The oserved free spectralrange (Eq. 10.20) of ∼0.46 nm (that corresponds to ∼5.8·1010 Hz), is consistent with ane�ective refractive index of neff ∼ 1.58.11.2.1 Device fabricationThe two ends of a PMMA rod (1 mm in diameter, 2 mm length) are inserted in two Te�onpipelines (internal diameter 1 mm, external diameter 1.2 mm). A tapered optical �ber(with a diameter 1 < r < 3 µm) is then wrapped on the PMMA rod (Fig. 1 A) and the



11.2. MICROCOILS 93structure is coated with Te�on (Fig. 1 B). After thermal treatment (20 min at 80 ◦C)the PMMA rod is removed by dipping the device in acetone for 1 day (Fig. 1 C).

Figure 11.5: Schematic of device fabrication procedure.
In order to insure mechanical stability the device is �xed on a glass slide with a UV-curing polymer as low-loss glue. The ends of the �uidic channel are connected by a heat-shrink tubing to te�on pipeline with a diameter of 1.5 mm, then the device is completedwith two valves and the liquid (or gas) to be analyzed is inserted with a syringe.

11.2.2 Absorption measurementsThe device has been tested with aqueous solutions of an organic dye (Brilliant Blue FCF
λmax=630 nm) at di�erent concentration and using a supercontinuum generator as lightsource.
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Figure 11.6: Optical response of microcoil with empty channel.Fig. 11.7 reports the signal recorded with an Optical Spectrum Analyzer after baselinecorrection with the �uidic channel �lled with pure water.

Figure 11.7: Signal loss at �ber end (C=0.5 C0, dots) and optical absorption measuredwith a spectrophotometer (C=0.02 C0, solid line) after baseline correction with purewater.The spectrum shows three absorption maxima centered at about 615, 628 and 640nm, it is worth noting that the measure is hardly a�ected by the noise �uctuation of thelight source. However the spectrum shape is in good agreement with the peak registeredwith a spectrophotometer (full line in Fig. 11.7). Before analyzing the behaviour of such



11.2. MICROCOILS 95device with dyes at di�erent concentation, let us considerate the expected absorption fora coil in contact with an absorbing species.Part of the evanescent �eld of the guided mode is directly exposed to the absorbinganalyte �owing in the channel, thus leading to optical losses. In this model we assumeno coupling between adjacent turns and all the optical losses will be ascribed to theevanescent �eld absorption. Optical absorption follows an inverse exponential power lawthat depends on: the concentration C and the molar extinction coe�cient ε of the analyte,and the optical path length L. However in a tapered �ber not all the light interacts withthe absorbing specimen but only the fraction of the evanescent �eld in contact with the�uidic channel, thus the well-known law of absorption is corrected by an e�ciency factor
κ that depends both on the molar absorptivity and the radius of the optical �ber. Thelight intensity, I, measured at the �ber end is related to the incident intensity I0 by thefollowing equation:

I(λ) = I0Exp[−κ(ε, a, λ) · C · L] (11.2)A �rst approach to estimate the κ value is to consider the attenuation of the electro-magnetic �eld outside the �ber and in contact with a �uid of molar absorption ε. Startingfrom the propagation constant β(λ, a) the total electromagnetic power can be expressedas a sum of three contributions: internal, external in contact with the Te�on layer andexternal in contact with the analyte.
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96 CHAPTER 11. RESULT AND DISCUSSIONThe e�ciency factor, for a given molar absorptivity, is calculated from the ratio be-tween the response without and with the absorbing analyte:
κ = 1 − Pabs

Ptot
= 1 − Pin + Pteflon + Psample · exp[−ε · x]

Ptot
(11.4)Fig. 11.8 shows the κ factor as a function of the �ber radius for a tapered �ber incontact with Te�on and Brilliant Blue FCF dye solution (assuming x → ∞ and ε =

α(λmax) = 50cm−1, where α(λmax) is the absorption coe�cient for a dye solution withconcentration C0 and λ=630 nm).

Figure 11.8: E�ciency factor κ as a function of �ber radius.
Thus we carried out absorption measurement as function of nominal concentration ofdye solution. Fig. 11.9 shows the averaged optical losses in the range 610-650 nm as afunction of the nominal concentration of the analyzed solutions.
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Figure 11.9: Optical loss as a function of nominal concentration: C/C0. Dashed linerepresents the theoretical value for C = C0, solid line is a �tting curve assuming adsorptionprocesses.Optical losses grow with the nominal concentration, however the expected linear rela-tion (Eq. 11.2) is not observed. Within the experimental error, the measured optical lossfor C = C0 is in accordance with the calculated value (dashed line in Fig. 11.9) using Eq.11.2 and 11.4.The non-linear behaviour observed in Fig. 11.9 has been interpreted as a consequenceof a di�erent physical mechanism relying the absorption process. Eq. 11.2 is valid onlyfor an analyte homogenously dispersed in a solution (e.g. a dye solution in a cuvette), butin our system the entire process is a�ected by strong interaction between the nano�berssurface and the surrounding environment. Thus it is possible that the major contributionto the optical absorption comes from the dye molecules directly bound at the silica surfaceexpose to the �uidic channel. On the other hand the tapering process modi�es the silicasurface properties, with formation of defect sites and hydroxile groups and consequentchemical and physical degradation. Moreover these sites enhance the interaction betweenanalyte and substrate, via physical bonds such as dipole-dipole interaction, hydrogenbond, and Van der Waals forces. In this scenario the e�ective concentration has to



98 CHAPTER 11. RESULT AND DISCUSSIONbe corrected taking into account the adsorption processes. In particular a Langmuiradsorption law has been used to �t data in �g. 11.7 (solid line). In surface science thecovering of a single layer of adsorbate onto a non-interacting surface is described by thefollowing equation:
Θ =

α · C
1 + α · C (11.5)Where Θ is the fraction of the occupied surface sites, C the concentration of theadsorbate, and α is a constant proportional to the binding energy, and represents the�sticky e�ciency� of the system.11.2.3 Preliminary ring-down spectroscopyThe device fabricated with the same procedure described in 11.2.1 has been tested forring-down spectroscopy.

Figure 11.10: Optical response of microcoil with empty channel.The test has been performed with a pico second mode locking laser (λ = 1.55 µm).Since the signal decay was too fast for life-time measurement carried with traditionaltechnique (such as oscilloscope locked to laser pulses), the pulse duration was measuredwith a telecom analyzer. Fig. 11.11 shows the gaussian temporal distribution of the beam



11.2. MICROCOILS 99before and after microcoiling, as expected the microcoiled �ber shows an e�ective delaytime of the order of 10 ps as expected from Eq. 10.26 (Fig. 11.13).

Figure 11.11: Time delay of as is (black line) and coiled micro�bre (red line)
However the experimental setup does not permit any accurate measurement becauseof time limitation. Tests performed with acetylen as gas analyte showed changes in thetime pro�le of the beam, but not stable signal was recorded.In order to �nd the ideal conditions for such sensor we simulate ring-down time as afunction of recirculating power. The �rst step is to relate the �nesse of a coil resonatorto the recirculating power.
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Figure 11.12: Recirculating power as a function of microcoil �nesse.Fig. 11.12 shows the relation between these two parameters, assuming low losses.

Figure 11.13: Ring down time of empty channel as a function of turn number and recir-culating power in the cavity. (λ=1550 nm, te�on coating)Then the ring-down time (for an empty channel) was evaluted as a function of recir-culating power and number of turns, analysis of this simulation is depicted in �g. 11.13.As expected the ring down time increases with the number of turns and the �nesse ofthe resonator, however ring down time long enough to be measured without excessiveexperimental complication, may be found in coils with very large number of turn (>100).



Chapter 12
ConclusionGas sensors based on tapered optical micro�bres have been investigated by both numeri-cal simulation and preliminary experimental tests. In particular, microcoils with internalempty channel have been prepared, the device was mechanical solid and robust. Absorp-tion measurements on �uids �owing in the channel have been performed on both liquidand gas phases. In the �rst case Brilliant Blue FCF was adopted as analyte, spectrawere recorded as a function of nominal solution concentration. The recorded optical re-sponse depends on analyte concentration, but the observed behaviour seems to rely on an
adsorption process rather than a classical Lambert-Beer law. Finally, a �rst experimen-tal test on ring-down time measurement in microcoil resonator has been performed. Theexpected delay, of few tenths of nanoseconds, was detected, but we encountered strongtime limitation in the experimental setup. Thus, the ring-down spectroscopy has notbeen emploied for absorption measurement. However, the feasibility of such a device wassimulated clarifying the suitable conditions for these applications in terms of microcoil�nesse and turns number.
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