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Abstract 

Tilted fiber Bragg grating (TFBG)-based refractometers are inexpensive, compact, lightweight, 

and immune to electromagnetic interference and have high chemical resistance. In recent years, 

many kinds of metal films-coated TFBG refractometers were investigated for enhancing the 

surrounding refractive index (SRI) measurement sensitivity, resulting from the several orders of 

magnitude enhancement of the electromagnetic field intensity in the immediate vicinity of 

various ultrathin metal films or nanostructures. Thus, the measurements of the optical properties 

of the ultrathin metal coatings (especially gold coatings) on optical fibers are essential for 

optimizing the TFBG sensing performance.  

In this thesis, we firstly measured the properties of the high order cladding modes of 

standard optical fibers in real-time during the deposition of gold nanoparticle layers by chemical 

vapour deposition (CVD). Then, the geometry and size-dependent effective medium properties 

of ultrathin gold CVD films deposited on the bare cladding of single mode optical fibers are 

characterized by measuring the polarized transmission spectra of TFBGs at near infared 

wavelengths. This allows the preparation of gold nanoparticle layers that strongly discriminate 

between radially and azimuthally polarized cladding mode evanescent fields, with important 

consequences in the plasmonic properties of these layers. 

Finally, the optical properties of an ultrathin discontinuous gold evaporation film in 

different dielectric surroundings are investigated experimentally by measuring the polarization-

dependent wavelength shifts and amplitudes of the cladding mode resonances of TFBG. The 

experimental results are compared to predictions from two widely used effective medium 

approximations, the generalized Maxwell-Garnett and Bruggeman theories for gold particles in a 

surrounding matrix. 

The results of this thesis show that the TFBG probe can either work as a bulk witness 

sensor for monitoring the thin film growth on silica substrate or be used as an “ellipsometry” tool 

for the optical properties measurements of the thin films coated on TFBG surface. 
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Chapter 1: Introduction 

1.1 Measurements of optical properties of ultrathin gold films 

Gold material with its high metallic conductivity, strong plasmonic activity, and superior 

chemical stability plays an important role in optoelectronics and nano-optical devices. The 

electromagnetic field intensity in the immediate vicinity of various thin gold films and 

nanostructures can be enhanced by several orders of magnitude [1-5]. This phenomenon has led 

to a number of applications in plasmonic sensing [6,7], surface-enhanced Raman scattering [8], 

and thermo-plasmonics [9]. Once fabricated, the intensity and wavelength dependence of the 

plasmonic enhancement are related to the material and geometric parameters of metallic 

nanostructures: the size [2,3], pattern [4,5], as well as the frequency-dependent permittivities of 

the gold and surrounding materials [1,10]. The linear relative complex permittivity of metal 

material )()()( 21  ir  is a frequency-dependent function, which expresses the 

fundamental electronic responses to incident light. While size and geometric patterns can be 

extracted with modern imaging and surface profilometric tools, the complex permittivity is 

typically obtained from the reflection and transmission measurements of the metallic film with 

analysis using Drude model parametrization and Kramers-Krönig relations [11-17]. However, it 

is now clear that the frequency-dependence of the complex permittivity is inconsistent due to the 

surface morphology of the thin gold films, even for the bulk films with thickness higher than the 

mean free path of the conduction electrons (20-45 nm) [18,19]. Based on precise spectroscopic 

ellipsometry measurements, the frequency-dependent dielectric constant functions of the bulk 

gold films deposited on different substrates [19] and with different deposition methods [18] can 

be evaluated.  
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In ellipsometry measurements [20], a complex ratio of the Fresnel reflection coefficients 

is measured from a polarized light with in-plane (s) and out-of-plane (p) components reflected 

from the sample surface, which can be expressed as, 

   i

sp err tan      (1.1) 

where tan(Ψ) is the amplitude ratio and Δ is the phase difference of the reflected p- and s-

polarized components. For the simplest model of isotropic, homogeneous and semi-infinite thick 

film, the complex permittivity can be directly calculated from the measured Ψ and Δ, 





























2

22

21
1

1
)(tan1)(sin)()()(




 ir   (1.2) 

where Φ is the angle of the incident polarized light. However, for real ellipsometry 

measurements, a multi-layer model with deduced optical properties and thickness parameters 

must be established for fitting the experimental ellipsometry data due to the imperfect flatness of 

the sample surface (typically caused by oxide overlayer and roughness). Furthermore, in order to 

understand the physical mechanisms behind the complex permittivity and the collective electron 

response of the gold material, especially for the low-frequency region (including NIR region),   

the Drude-Sommerfeld free electron model is usually used for explaining the dielectric constant 

functions of the bulk gold films obtained from the ellipsometry measurements [18,19]. In the 

Drude-Sommerfeld model, gold material is considered as a gas of noninteracting electrons that 

can have motion driven by an oscillating electric field. The dielectric function can be regarded as 

the solution of the equation of the motion, which can be written as 







 

i

p

r 2
)(     (1.3) 
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where ωp is the plasma frequency, Γ is the electron relaxation rate, and ε∞ is the background 

dielectric function caused by interband transitions. The three effective parameters can be 

extracted by fitting the calculated dielectric function to the experimental ellipsometry data.  

On the other side, these approaches that were developed for bulk (i.e. continuous) metals 

films are less suitable for ultrathin metal films thinner than the electron mean free path [21] or 

aggregates of metal nanoparticles (NPs) with individual sizes of the order 50 nm and less [22,23].  

In the latter case, it was suggested to modify the collision frequency of free electrons (electron 

relaxation rate Γ) by an approximate, empirically determined size-dependent parameter in the 

Drude model [24]. However, it remains difficult to measure the complex permittivity of such 

nanostructures directly without resorting to various theoretical models for the electromagnetic 

mixing formulas between the NPs and their surroundings [25]. It is therefore desirable to 

investigate the permittivity or complex refractive index of ultrathin metal film by several 

different optical methods. Spectroscopic ellisometry can still obtain the complex permittivity of 

homogeneous thin films, with decreasing accuracy and resolution as the films get thinner [26,27]. 

Furthermore, when the films are not isotropic this method becomes significantly less reliable and 

requires non trivial computations to extract the five parameters of interest (real and imaginary 

part of the refractive index for TE and TM light, plus the thickness if it is not determined by 

other means) [28]. Therefore, as the most common tool for investigating the evolution of optical 

properties of the growing metal films [29-36], especially around the insulator-to-metal transition 

or percolation threshold (defined as a nominal thickness where the real part of complex 

permittivity falls from positive to negative during the insulator-to-metal transition) [37,38] (6.5-7 

nm for physical vapor deposition gold films [34]), most researchers have only considered the 

isotropic situation in the ellipsometry model. Besides, the spectroscopic reflectance or/and 
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transmittance technique based on single polarization incidence (TE case) at infrared wavelengths 

was also reported for investigating the complex permittivity or conductivity of ultrathin gold 

films around the insulator-to-metal percolation transition (with thickness 1-29 nm), combined 

with an effective medium approximation (EMA) (mixing formulas) and the Drude model [39-41]. 

The obtained dielectric functions of the growing thin gold films are only available for the in-

plane direction due to perpendicular incident light. However, even the EMA models failed in 

fitting the dielectric functions of the ultrathin gold films around the percolation threshold, 

measured by the ellipsometry [34,36] and optical reflectance or/and transmittance methods [39-

41]. It is important to note that a scaling approach was reported for predicting the complex 

conductivity of the percolating gold films, which shows good agreement with the experimental 

data over the complete film growth process [39,40].  

Moreover, for metallic thin films above the percolation threshold (i.e. for films with a 

negative real part of the permittivity), the surface plasmon resonance (SPR) technique can also 

be used to investigate the complex refractive index and thickness of metal films [42,43], but only 

for TM polarized light and only for a limited range of dielectric refractive indices for the 

substrate and cover materials of the thin films (for instance, for gold films with thicknesses only 

from 16.6 nm to 66.1 nm [43]). In particular, SPR cannot be excited at an ultrathin metallic film-

air interface at infrared wavelengths because the anomalous size-dependent permittivity of the 

metal becomes positive [44], which occurs below the percolation threshold in gold film growth. 

In a more recent advance, interferometric picometrology was developed to measure the in-plane 

(TE) component of the complex refractive index of ultrathin gold films (with thickness 0-10 nm) 

with two individual wavelengths and a linearly polarized light beam at normal incidence [45]. In 

this new method, the complex index can be calculated from the amplitude change and phase shift 
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of the complex reflection coefficient. Therefore, the evolutions of the anisotropic complex 

permittivities (for both of in-plane and out-of-plane directions) of the ultrathin gold films during 

the insulator-to-metal transition process have never been reported based on the present 

measurement techniques.  

1.2 Tilted fiber Bragg grating refractometer 

For decades, optical fibers have been used as sensing elements to measure refractive index of 

liquids and thin films. In recent years, there has been a growing interest in surrounding refractive 

index (SRI) sensors, owing to rapid developments in the biological and chemical fields which 

resulted in great demand for high throughput and accurate acquisition techniques for analyzing 

biochemical molecules. Optical fiber sensors hold numerous advantages over conventional 

electrical based sensors. The former are inexpensive, compact, lightweight, and immune to 

electromagnetic interference and have high chemical resistance. In a conventional optical fiber, 

light is confined in the fiber core with minimal losses. However, for chemical or SRI sensing 

using optical fiber, light needs to interact with an analyte in order to obtain its spectral properties. 

There are two main methods to introduce the SRI-dependence on the properties of the light 

propagating in the fiber core: 1. Modify the geometrical parameters of the optical fiber 

waveguide by etching [46], polishing [47], or tapering [48] the cladding layer; 2. Fabricate an in-

fiber core-cladding modal coupler to excite cladding modes that have evanescent fields around 

the cladding surface [49-51]. While the SRI sensitivity can be achieved with these two methods, 

the mechanical strength of the optical fiber sensors based on cladding-modified structures and 

most of the core-cladding modal couplers (such as optical fiber interferometers) are quite low, 

which limits the stability of the measurement.  
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So how to get the core mode light to “see” the SRI changes while keeping the optical 

fiber durable? Due to the photosensitivity of the germanium-doped silica optical fibers, the 

refractive index of the fiber core area can be modulated by exposing to UV light. By using the 

phase-mask method [52], grating planes with specific patterns can be inscribed in the core, which 

can be divided into two groups of long period gratings and short period gratings. Tilted fiber 

Bragg grating (TFBG) belongs to the short period grating family, which can couple the forward 

propagating core mode into backward propagating core mode and cladding modes based on the 

phase matching condition [53], 

 cos/)(  cl

eff

co

effcl nn     (1.1) 

where λcl is the wavelength position of the cladding mode resonance, co

effn  and cl

effn  are the 

effective indices of the core mode and cladding mode, respectively, Ʌ is the period of the grating 

planes, and θ is the tilt angle of the TFBG. Due to the evanescent fields of the cladding modes 

excited by TFBG, the effective indices of the cladding modes are dependent on the SRI. As 

shown in Fig. 1.1, the SRI sensing principle of TFBG refractometer can be explained by a simple 

total internal reflection theory. When the SRI is lower than the effective index of a cladding 

mode, this cladding mode can be guided in the optical fiber. But when the SRI is increased to the 

effective index of the cladding mode, the mode becomes cut-off. And if the SRI is larger than the 

effective index value, the cladding mode becomes lossy and radiates out of the optical fiber 

waveguide. Because of the large number of cladding modes with different effective indices, the 

SRI value can be determined by the position of the cut-off mode. The SRI measurement range of 

the TFBG refractometer lies from 1 to the refractive index of silica of ~1.45. However, in most 

publications about TFBG refractometers [54-59], the authors only measured the SRI-induced 

wavelength shifts or amplitude changes of the guided cladding modes, which aim at determining 
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the SRI sensitivity of the modes. It is important to note that these kinds of measurements cannot 

get the absolute SRI values that also are dependent on the operating wavelength of incident light. 
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Fig. 1.1. (a) Schematic diagram of a TFBG refractometer immersed in liquid. (b) Schematic diagram of 

the corresponding prism-based bulk refractometry. Arrows A, B, C indicate the leaky mode, cut-off mode, 

and guided mode, respectively. The SRI is equal to the effective index of the cut-off mode B. 

1.3 TFBG with metal coatings 

It is expected that depositing metal films on the cladding of an optical fiber will have an impact 

on the guided cladding modes of such fibers and may lead to new applications in sensing, all-

optical switching, and nonlinear optics. TFBGs are ideally suited for such studies because of 

their capability to excite a number of cladding modes whose properties can be probed very 

precisely by measuring the wideband spectral response of the grating transmission [53,60]. 

Furthermore, due to the breakup of the circular symmetry caused by the tilted grating planes, the 
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polarization state of the incident core mode controls the orientation and polarization of the 

excited cladding modes at the cladding boundary [53]. This is of utmost importance for metal 

coatings as the boundary conditions for metal-dielectric interfaces depend very strongly on the 

polarization state of the light. For example, cladding modes with radial polarization (P) at the 

cladding boundary can be excited selectively and be used to couple light into surface plasmon 

waves on metal-coated fibers. A gold-coated TFBG refractometer based on surface plasmon 

resonance (SPR) was demonstrated using this technique [61], and shown to yield a great 

enhancement in the minimum surrounding refractive index (SRI) detection level [62], compared 

to non-TFBG fiber SPR devices [63,64]. And it is worthwhile to note that SPR-based optical 

fiber sensors are mainly used at visible and short infrared wavelengths (less than 800 nm), 

mostly for historical and technological reasons that no longer apply. But high quality commercial 

optical fibers are now available at very low cost for optical communications with near infared 

(NIR) wavelengths. Using such fibers in the NIR, TFBG-based SPR sensors can be used for 

remote sensing applications, in addition to having the advantage of larger penetration of the SPP 

wave into the surrounding medium and hence potential higher sensitivity [53]. Finally, it was 

recently demonstrated that by depositing oriented silver nanowires on optical fibers, a localized 

SPR at communication wavelengths can be excited by cladding modes with azimuthally 

polarized (S) evanescent electric fields that are parallel to the nanowires [65].  

In order to optimize the performance of these TFBG-SPR sensors, the optical properties 

(complex permittivity) of the thin metal coatings on optical fibers must be measured precisely. 

However, a common issue with common thin film measurement techniques is that they are not 

well suited for curved surfaces. For the geometry considered here, a conformal coating on a 125 

μm diameter optical fiber, the curvature represents a challenging measurement problem. In 
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certain cases, and for very thin films that perturb electromagnetic waves very little, the best way 

to obtain a high measurement accuracy is to use frequency-domain techniques, such as 

measuring the frequency shifts of resonator structures that have high quality (Q) factors [66-68].  

The curvature of the fiber surface might also be viewed as a problem in the sense that the film 

could grow differently than on planar substrate, or have different optical properties, thereby 

negating the possibility of using the TFGB for process monitoring.  However, the radius of 

curvature (62.5 m) and wavelength (1.5 m) are so much larger than the film thicknesses 

considered that on the scale of the film the fiber surface appears very “flat”.  

It will be shown in this thesis that very high accuracy measurements of the anisotropic 

properties of thin metal films can also be obtained with TFBGs, due to the inclination of the 

grating planes along a specific direction which causes two families of polarized cladding modes 

with radial or azimuthal electric fields at the fiber cladding boundary to be selectively excited by 

using linearly polarized input core-guided light [53,69]. Fig. 1.2 illustrates the simulated electric 

fields of four typical polarized cladding modes with the same radial order (number of zeros in 

field amplitude as a function of radial coordinate) in standard single mode fiber for 

telecommunications. TM0m and EHnm modes are radially polarized and result from P-polarized 

core mode input while the TE0m and HEnm modes are azimuthally polarized and result from S-

polarized input. P- and S-polarizations refer to the orientation of the input electric field in the 

plane of incidence and out of the plane of incidence on the tilted grating fringes, respectively. In 

the following these mode families will be referred to as TM and TE to shorten the text. Due to 

the orthogonal electric fields at the interface of the fiber cladding with its surroundings, the TM- 

and TE-polarized cladding modes show distinct responses to surrounding refractive index (SRI) 

changes, but more strongly so when metal coatings or particles are present [53,70-73].  
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Fig. 1.2. Electric field distributions of four typically vectorial cladding modes ((a) EH1m, (b) HE1m, (c) 

TM0m, and (d) TE0m) coupled from the S- and P- polarized core modes by TFBG, respectively. (Note that 

the grating planes are parallel to X axis and tilted away from the Y axis.) 
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1.4 Statement and organization of thesis 

In this thesis, we firstly investigate the spectral responses of polarized cladding modes, including 

the wavelength shifts and amplitude changes induced by growing gold films on the optical fiber 

surface. Then, the polarized evanescent electric field of resonantly excited optical fiber modes 

are used to probe ultrathin gold films deposited on the surface of the fiber in order to investigate 

the effective medium properties (refractive index and absorption) of the films at infrared 

wavelengths. The excitation of the probing optical modes is carried out with a TFBG inscribed in 

the core of the optical fiber over lengths of several millimeters. The grating couples up to 99% of 

the light launched in the core to individual cladding guided modes and thus provides high signal 

to noise ratio resonances with Q-factors (resonance wavelength/resonance width) of ~10,000 

[53]. Changes in the spectral properties of these cladding mode resonances were used to measure 

the complex permittivity of the coatings averaged over the full length of the gratings (5-10 mm 

in our experiments). A four-layer cylindrical waveguide model built in FIMMWAVE software 

(by Photon Design) with vectorial finite differences (FDM)-based complex mode solver was 

used for this purpose. Compared with the ellipsometry method, the TFBG method further allows 

the separate measurement of film properties for TE (in-plane electric field) and TM light (out-of-

plane) and as a result can detect the presence of birefringence or dichroïsm. These polarization-

resolved measurements are obtained by exciting separately cladding-guided modes with 

azimuthally or radially polarized electric field at the cladding-coating boundary, which 

correspond respectively to TE and TM light polarizations for the electric field penetrating into 

the deposited coatings [69].  

Chapter 1 presents a short literature review containing the introduction of the 

measurement methods of the optical properties of the thin metal films, and the background of 



12 
 

SRI sensing principle and polarization-dependent properties of the TFBG-excited cladding 

modes.  

Chapter 2 mainly introduces the experimental and simulation methods used in the PhD 

thesis, including the gold film deposition methods on optical fibers, the simulation models for 

extracting the effective properties of fiber-optic cladding modes and effective optical properties 

of the gold coatings, and the effective medium approximation models, such as the Maxwell-

Garnett mixing formula and the Bruggeman mixing formula. 

Chapter 3 reproduces the research article “W. Zhou, et al, Polarization-dependent 

properties of the cladding modes of a single mode fiber covered with gold nanoparticles, Opt. 

Express 21(1), 245-255 (2013).” This article shows that the polarized-properties of the high 

order cladding modes of standard optical fibers can be measured in real-time during the 

deposition of gold nanoparticle layers by chemical vapour deposition (CVD). These effects are 

discussed in terms of the evolving metallic boundary conditions perceived by the cladding modes 

as the nanoparticles grow. 

Chapter 4 reproduces the research article “W. Zhou, et al, Effective permittivity of 

ultrathin chemical vapor deposited gold films on optical fibers at infrared wavelengths, J. Phys. 

Chem. C 118(1), 670-678 (2014).” It demonstrates that the geometry and size-dependent 

effective medium properties of ultrathin gold films deposited on the bare cladding of single mode 

optical fibers by chemical vapour deposition (CVD) can be characterized by measuring the 

polarized transmission spectra of in-fiber gratings at wavelengths near 1550 nm. And it is found 

that the CVD gold films are essentially isotropic, apart from a small increasing dichroïsm 

between the in-plane and out-of-plane component of the imaginary part of the refractive index at 

thicknesses larger than 25 nm. 
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Chapter 5 reproduces the research article “W. Zhou, et al, Anisotropic effective 

permittivity of an ultrathin gold coating on optical fiber in air, water, and saline solutions, Opt. 

Express 22(26), 31665-31676 (2014).” In this article, the optical properties of an ultrathin 

discontinuous gold film (deposited by E-beam evaporation) in different dielectric surroundings 

are investigated experimentally by measuring the polarization-dependent wavelength shifts and 

amplitudes of the cladding mode resonances of a TFBG. These results show that the film has 

stronger dielectric behavior for TM light than for TE, a trend that increases with increasing 

surrounding index. 

Chapter 6 shows some preliminary results about an investigation of the anisotropy of the 

optical properties the ultrathin gold evaporated films (3-8 nm) during the insulator-to-metal 

transition process, based on the polarization-dependent spectral responses of coated TFBGs. It 

indicates that the optical properties of the gold films in the in-plane direction are metallic, while 

behaving as an insulator in the out-of-plane direction. Therefore, the percolation threshold of the 

growing gold evaporated film occurs at a lower thickness value for the in-plane direction than 

the out-of-plane direction.  This investigation will be continued as future work. 

Chapter 7 concludes the main results proposed in this thesis, the remaining issues of the 

TFBG model for calculating the complex permittivity of the metal coatings, and discusses the 

potential solutions for future work. 
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Chapter 2: Methods 

In this chapter, we introduce the main methods used in this thesis, including theories, simulation 

models, and experimental methods.  

2.1 Perturbation theory 

 

Fig. 2 1. Electric field distributions of TE- and TM-polarized cladding modes with identical radial orders 

in a single mode optical fiber.  

In order to understand the polarization-dependent spectral responses of the TE- and TM-

polarized cladding modes caused by ultrathin gold coatings, a simple perturbation theory for 

simulating the polarized attenuations in a slab optical waveguide induced by a small permittivity 

change Δε resulting from the gold coating is applied. Fig. 2.1 shows the 2D electric field 

distributions of a pair of TE and TM cladding modes with an identical radial order of 10, where 

the electrical fields follow the perpendicular and parallel directions with respect to the interface 

of cladding and surrounding. Based on the centrally symmetrical distributions of the electric 

fields, we can consider a simplified model of the optical fiber waveguide as a three-layer slab 

waveguide (as shown in Fig. 2.2) supporting a pair of TE and TM modes, where the y-direction 
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has no variation. Based on Maxwell’s equations and the boundary conditions, the wave equations 

(scalar eigenvalue equations) of the TE and TM modes can be respectively expressed as, 
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where β is the propagation constant, ck 0 is the wavenumber in vacuum, ε(x) is the relative 

permittivity of the waveguide materials, Ey and Hy are the electric and magnetic components of 

the TE and TM modes in y direction, respectively. And the Ey and Hy functions can be expressed 

similarly as, 

)](exp[)(),,( ztixEtzxE my       (2.3) 

)](exp[)(),,( ztixHtzxH my       (2.4) 

where )(xEm  and )(xHm are the transverse spatial shapes, or eigenfunctions of the guided modes. 
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Fig. 2.2. Schematic drawing of a symmetric three-layer slab waveguide. An additional metal layer results 

in a permittivity perturbation that is different for TE and TM modes. 
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 When an additional metal layer applied in the optical waveguide, the change of the 

permittivity profile (Δε(x)) leads to a small perturbation of the discrete eigenvalues Δβ
2
, 

22

0

2       (2.5) 

where β0 is the initial propagation constant of a specific guided TE or TM mode without the 

perturbation. When the permittivity change Δε has an imaginary component, a mode attenuation 

arises that can be written as (Eq. (15) in Ref. [1]), 

}Im{}Im{2 21

0        (2.6) 

It is important to note the attenuation coefficient is defined for the electric field intensity instead 

of its amplitude. The above derivation only includes first order effects of the perturbation (only 

the the eigenvalues change, not the eigenfunctions). Due to the correspondence between Eqs. 

(2.1) and (2.2) and the one-dimensional Schrödinger equation, the bound state perturbation 

theory indicates that the first order change in the eigenvalue Δβ
2
 induced by the small change of 

the permittivity Δε(x) can be  expressed as the expectation value of the perturbation in the 

unperturbed state [1,2], 
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where, 
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Though 2

TM has an additional second term dependent on the permittivity perturbation of Δε(x) 

caused by the lossy metal layer, the second term can be eliminated for the step-index waveguides. 
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Therefore, to first order the polarization-dependent spectral responses of the cladding modes in 

optical fibers caused by the addition of a thin gold coating, i.e. the wavelength shifts and 

amplitude changes of the mode resonances, are mainly determined by the perturbations of their 

propagation constants (i.e. complex effective indices) and such measurements can lead back to 

the properties of the perturbing films.  However since the films at those thicknesses are not 

continuous, effective medium techniques must be applied. 

2.2 Effective medium approximations 

 

Fig. 2.3. SEM images of 5 nm thick gold evaporation film (left) and 50 nm thick gold CVD film (right). 

In this section, we review two effective medium approximation (EMA) models that are 

frequently applied on simulating the optical properties of mixtures of two materials. For the 

ultrathin gold coatings on optical fiber surfaces, the films can be regarded as mixtures of gold 

inclusions and air dielectric background without considering the silica substrate (optical fiber) 

effect. From Fig. 2.3(a), it is very clear that the gold evaporation film with thicknesses around 5 

nm is composed of gold nanoislands with random shapes and distributions. Even when the gold 

film grows up to a continuous state (such as the ~50 nm gold CVD film shown in Fig. 2.3(b)), 

the top layer of the gold film should be still considered as a mixture layer of gold and air due to 
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the significant surface roughness. Thus, the complex refractive indices (permittivity) of such 

gold coatings simulated from the spectral responses of the TFBG cladding mode resonances are 

in reality the effective refractive indices of gold-air mixtures. And this is the main reason that we 

use the EMA models to verify the obtained results from the TFBG data. 

 The effective permittivity of a mixture εeff is defined as the relation between the average 

electric field <E> and flux density <D>, expressed as [3], 

ED eff       (2.11) 

The average electric field and flux density can be expressed by weighing the internal Ei and 

static external field Ee with the corresponding volume fractions, 

eeii EfEfD  )1(      (2.12) 

ei EffEE )1(       (2.13) 

where εi and εe are the permittivities of the inclusions (gold) and surroundings (air), respectively, 

and f is the volume filling factor of the gold material. Combining Eqs. (2.11), (2.12) and (2.13), 

the effective permittivity εeff can be written as 
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where ei EEA / . For the simplest case of spherical dielectric inclusions, the field ratio A can be 

derived from Maxwell electromagnetic equations and related boundary conditions as, 
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It is important to note that Eq. (2.15) reflects another coefficient called polarisability, which 

relates the dipole moment of the individual inclusion to the external field. By substituting Eq. 
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(2.15) into Eq. (2.14), we can obtain the well-known Maxwell-Garnett mixing formula for the 

spherical inclusion situation, 
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It can be seen that the effective permittivity is only determined by the individual permittivities 

and the volume fraction without size-dependence in this EMA model. 

    

Fig. 2.4. 2D (left) and 3D (right) schematic diagram of spheroidal gold nanoparticles deposited on fiber 

surface (assuming that the fiber surface of small area (μm
2
) is located in the xy plane), interacting with 

evanescent field of polarized cladding mode. The gold spheroids are oblate so that the major axis a and 

minor axis (polar axis) b are parallel and perpendicular to the xy plane, respectively. 

Based on the microscopic images of the thin gold films taken with SEM and AFM, the 

film morphologies can be identified. For most of the gold films in this thesis, we usually 

regarded the films as a layer of oblate gold nanospheroids embedded within air dielectric matrix 

in the EMA models (as shown in Fig. 2.4). Due to the requirement for the quasi-static 

approximation that the size of the scatterers (gold nanospheroids) is considerably smaller than 

the wavelength of the operating field, the time-dependent electromagnetic field of the fiber-optic 

modes becomes identical to a static field at a given time instant in small regions of the gold films. 

And it means that the EMA models are independent to the wave-propagation properties of the 
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mode fields. The two EMA formulas are used for modeling the oblate spheroidal inclusions in 

this thesis, one based on the generalized Maxwell-Garnett (M-G) formula [4] and the other on 

the generalized Bruggeman formula [5]. Thus, the generalized M-G and Bruggeman formulas 

can be respectively expressed as, 
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where NTM,TE is the depolarization factor for TM or TE-polarization. For the case of spherical 

inclusions, NTM,TE is equal to 1/3. While for the oblate gold spheroids, the depolarization factors 

of the TM- and TE-polarizations can be defined as a function of the aspect ratio x of the oblate 

spheroid [3], 
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where 1/ 22  bae , a and b are the length of the major and minor axes, respectively. With 

Eqs. (2.11) and (2.12), the complex refractive indices (permittivities) of the effective medium 

coating for the out-of-plane (TM) and in-plane (TE) directions can be calculated. 

2.3 OptiGrating (by Optiwave) and FIMMWAVE (by Photon Design) 

The OptiGrating [6] software was using for calculating the imaginary part of effective index of 

cladding mode, based on the amplitude attenuation of the cladding mode extracted from the 

gold-coated TFBG. By adjusting the modulation amplitude of the refractive index of grating and 

the overlap integral between the core mode and cladding mode, the amplitude of the selected 

cladding mode resonance of the bare TFBG can be simulated in OptiGrating. Then, the 
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amplitude attenuation of the cladding mode induced by the gold coating can be introduced into 

the model by adding an imaginary part to the effective index of the cladding mode. Fig. 2.5 

shows the spectral evolution (top) of an attenuating cladding mode with increasing imaginary 

part of the effective index, and the corresponding fitting curve (bottom) of the resonance 

amplitude versus the imaginary part of the mode propagation constant. It is very obvious that the 

cladding mode profile becomes shallower and broader with an increased imaginary part.  

 

Fig. 2.5. Spectral evolution (top) of an attenuating cladding mode with increasing imaginary part (near 

1498 nm), compared with a cladding mode without attenuation (1500 nm). Fitting curve (bottom) of the 

cladding mode resonance amplitude versus the corresponding imaginary part.  
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 The FIMMWAVE [7] software was used for supporting the calculation of the real part of 

effective index of cladding modes and for retrieving the effective refractive indices of the gold 

coatings, based on the measured effective indices of the cladding modes of the gold-coated 

TFBGs. From the phase matching condition between core mode and cladding mode in a TFBG, 

the real part of the effective index can be expressed as 
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where λco and λcl are the wavelengths of the core mode and the cladding mode resonances, 

respectively, and )( co

co

effN  , )( cl

co

effN   and )( cl

cl

effN   are the effective indices of the core mode at 

λco and λcl, and the cladding mode at λcl, respectively. )( co

co

effN   and )( cl

co

effN   are calculated by 

adjusting the operating wavelength in FIMMWAVE and solving for the single mode of the core. 

The mode solver in FIMMWAVE is based on vectorial finite differences, where only the radial 

dimension is discretized.  The aim of the simulation is to find the complex refractive index of the 

thin gold film ( ff ikn  ) that reproduces the spectral shifts extracted from TFBG spectrum, for 

each film thickness and for each mode polarization. Separate calculations for TE and TM modes 

allow the determination of any anisotropy (birefringence in nf or dichroism in kf) in the deposited 

coatings. 

2.4 Deposition methods of gold coatings  

Due to the cylindrical structure of optical fibers, the chemical vapor deposition (CVD) technique 

was used to deposit conformal gold coating around the optical fiber surface [8]. In this thesis, 

two kinds of gold CVD precursors were used, which were gold (I) iminopyrrolidinate ([Au(Me2-

t
Bu-ip)]2) and gold (I) guanidinate ([Au(NiPr)2CNMe2]2). By simply heating the gold precursors 

to specific temperatures (350 °C for [Au(Me2-
t
Bu-ip)]2 and 250 °C for [Au(NiPr)2CNMe2]2) 
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under a base pressure of 5 mTorr, the precursors vaporize and decompose in the deposition 

chamber. Then the gold nanoparticles begin to nucleate on all exposed surfaces including the 

optical fiber cladding.  

 Moreover, another gold physical vapor deposition (PVD) method (gold evaporation) was 

also applied for coating the gold film on optical fibers (TFBGs), because of the anomalous 

optical properties of the gold CVD films [9]: different from the gold CVD, the gold evaporation 

is highly directional and cannot coat uniform films on optical fiber surfaces. So in order to have a 

relatively uniform gold coating around the fiber circumference by PVD, two gold deposition 

steps were conducted consecutively with the fiber being rotated by exactly 180° between the two 

deposition runs using a custom designed fiber holding fixture. It is important to note that the 

orientation of the grating planes of the TFBG can be determined with high precision by 

observing the scattering patterns of visible light injected in the fiber, thereby allowing the 

alignment of the fiber grating plane tilt with the two PVD deposition steps.  This alignment 

method is decribed in further detail in chapter 6. 

2.5 Experimental setup of the optical measurements  

OSA

BBS PC

3-dB 

coupler

TFBG

(b)

TFBG

OSABBS PC

(a)

 

Fig. 2.6. Schematic diagram of experimental setups for TFBG transmission (a) and reflection (b) spectra 

measurements. The measurement setup is dependent on the style of TFBG probe, which is based on the 
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gold deposition methods. Basically, the reflective TFBG probe with a gold mirror on the end is used in 

gold CVD; while the normal TFBG sensing head is used in gold evaporation chamber. 

The TFBG transmission and reflection measurement systems are shown in Figs. 2.6 (a) and (b), 

respectively. The fiber-coupled broadband source (BBS) (JDSU BBS1560) launches light from 

1520 to 1620 nm in the same type of single mode telecommunication fiber is used for the TFBG. 

Even though the fibers are not of the polarization maintaining type, a polarization controller (PC) 

(JDSU PR2000) that contains one polarizer, a half-waveplate and a quarter-waveplate, can be 

used to generate a state of polarization that will evolve to a linear state either parallel (p-

polarized, or TM) or perpendicular (s-polarized or TE) at the grating. By rotating the half-

waveplate and the quarter-waveplate in turn, the TFBG cladding resonances can be adjusted to 

the largest amplitudes that indicate the correct TM- or TE-polarization state. And the two 

polarization states can be switched by rotating the polarizer by 90 degree. As long as the fiber 

paths are not moved during the experiments, the polarization state remains stable. As indicated 

earlier, when the polarization state of incident light at the TFBG contains only TE- or TM-

polarized light, the electrical field of the excited high-order cladding modes are predominantly 

azimuthal or radial at the cladding boundary respectively and the associated TFBG resonances 

occur at different wavelengths. For the reflective TFBG measurement system (Fig. 2.6(b)), the 

light goes through the grating twice and returns towards the light source in the same fiber; a 

50:50 fiber coupler picks off part of the reflected light to be measured by an optical spectrum 

analyzer (OSA) (ANDO AQ6317B) with a nominal resolution of 0.01 nm. Fig. 2.7 shows parts 

of a 10 degree tilt TFBG transmission spectra measured under TE-polarized, TM-polarized and 

un-polarized incident light, with the maximum transmission normalized to the same level. The 

correct orientations of the PC provide TM- and TE-polarized cladding modes resonances with 
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the maximum amplitudes, while un-polarized light results in pairs of resonances with each 

approximately coupling only half the light (3 dB deep). 

 

Fig. 2.7. Measured 10° TFBG spectra under TE-polarized, TM-polarized and un-polarized incident lights. 

The Bragg resonance is around 1610 nm. 
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Chapter 3: Polarization-Dependent Properties of the 

Cladding Modes of a Single Mode Fiber Covered with Gold 

Nanoparticles
1
 

The properties of the high order cladding modes of standard 

optical fibers are measured in real-time during the 

deposition of gold nanoparticle layers by chemical vapour 

deposition (CVD). Using a tilted fiber Bragg grating 

(TFBG), the resonance wavelength and peak-to-peak 

amplitude of a radially polarized cladding mode resonance 

located 51 nm away from the core mode reflection 

resonance shift by 0.17 nm and 13.54 dB respectively 

during the formation of a ~200 nm thick layer. For the 

spectrally adjacent azimuthally polarized resonance, the corresponding shifts are 0.45 nm and 

16.34 dB. In both cases, the amplitudes of the resonance go through a pronounced minimum of 

about 5 dB for thickness between 80 and 100 nm and at the same time the wavelengths shift 

discontinuously. These effects are discussed in terms of the evolving metallic boundary 

conditions perceived by the cladding modes as the nanoparticles grow. Scanning Electron 

Micrographs and observations of cladding mode light scattering by nanoparticle layers of various 

thicknesses reveal a strong correlation between the TFBG polarized transmission spectra, the 

grain size and fill factor of the nanoparticles, and the scattering efficiency. This allows the 

preparation of gold nanoparticle layers that strongly discriminate between radially and 

azimuthally polarized cladding mode evanescent fields, with important consequences in the 

plasmonic properties of these layers. 

                                                           
1
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3.1 Introduction 

The interaction between propagating light waves and nanometer-sized gold particles presents 

many interesting features that have been studied in several contexts [1,2]. It is therefore expected 

that depositing gold nanoparticles on the cladding of an optical fiber will have an impact on the 

cladding-guided modes of such fibers and may lead to new applications in sensing, all optical 

switching, and nonlinear optics. Tilted fiber Bragg gratings (TFBGs) are ideally suited for such 

studies because of their capability to excite a number of cladding modes whose properties can be 

probed very precisely by measuring the wideband spectral response of the grating transmission 

[3-4]. Furthermore, due to the breakup of the circular symmetry caused by the tilted grating 

planes, the polarization state of the incident core mode controls the orientation and polarization 

of the excited cladding modes at the cladding boundary [4]. This is of utmost importance for 

metal coatings as the boundary conditions for metal-dielectric interfaces depend very strongly on 

the polarization state of the light. For example, cladding modes with radial polarization at the 

cladding boundary can be excited selectively and be used to couple light into surface plasmon 

waves on metal coated fibers. A gold-coated TFBG refractometer based on Surface Plasmon 

Resonance (SPR) was demonstrated using this technique [5], and shown to yield a great 

enhancement in the minimum surrounding refractive index (SRI) detection level [6], compared 

to non-TFBG fiber SPR devices [7,8]. In all these fiber-based SPR configurations the quality and 

uniformity of the (typically) 50 nm thick metal layer is critical but also difficult to control; 

especially to make it uniform around the circumference of the fiber. The gold coatings in the 

papers mentioned above were fabricated by sputtering or evaporation techniques, which require 

fiber rotations to obtain approximately uniform films. Better uniformity gold films are expected 

from conformal coating approaches such as electroless plating and chemical vapour deposition 
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(CVD) which have been demonstrated for gold and copper respectively [9,10].  Recently, a new 

precursor for gold CVD was developed [11] and the present work deals with an investigation of 

the effect of this new CVD coating process on the properties of the cladding modes of such 

coated fibers. As shown in Fig. 3.1, we used single-ended 10º tilt TFBGs inserted in the CVD 

process chamber and monitored their transmission spectrum from the input side by using the 

reflection from a gold mirror deposited on the fiber end. This avoids having to loop back the 

fiber inside the chamber. The wavelengths and amplitudes of resonances associated with 

cladding modes of different polarization states were obtained throughout the CVD process. The 

observations obtained from inside the fiber using the TFBG resonances were compared with 

scanning electron microscope images of the films at various stages of deposition, and with 

infrared camera images of the light scattered out of the fiber by the nanoparticles. The results 

indicate three different regimes according to the density and thickness of the CVD gold 

nanoparticle coatings. In particular, during the coating process we observed a well defined 

transition between isolated nanoparticles and a semi-continuous film that has a strong impact on 

the optical properties of the optical fiber cladding modes. 

 

Fig. 3.1. Schematic diagram of TFBG coated by gold nanoparticles (the arrows show how the incident 

core guided light (red) goes through the grating twice, each time coupling light to cladding modes). The 

light remaining in the core (straight green arrow) returns to the interrogation system. 
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3.2 Principle and sensor fabrication 

In order to clarify how nanoscale metal coatings influence cladding mode resonances, a brief 

review of TFBG properties is required before the description of the experiments. A periodical 

refractive index perturbation with tilted grating planes along the core axis couples the forward-

propagating core mode to a number of backward-propagating cladding modes in addition to a 

backward-propagating core mode (the “Bragg” mode). The wavelength of the resonance of the 

Bragg mode, λBragg and of the ith order cladding mode resonance 
i

cladding  in the transmission 

spectrum of TFBG can be expressed as [12] 

 cos/2  BraggBragg Neff
     

(1) 

 cos/)(  i

cladding
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i

cladding NeffNeff
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where NeffBragg is the effective index of core mode at the Bragg wavelength, Λ is the grating 

period, θ is the tilt angle of the grating planes, 
i

BraggNeff  and 
i

claddingNeff  are the effective indices 

of  the core mode and ith cladding mode at the wavelength of the ith cladding resonance. The 

guiding properties of these cladding modes and hence of Neffcladding depend on the permittivity of 

the medium in which the cladding is located. Therefore we expect the wavelengths of the 

cladding mode resonances to shift during the deposition of gold nanoparticles on the fiber. The 

amplitudes of these cladding resonances would also change under the influence of the imaginary 

part of the complex refractive index of gold (as shown for LPGs in [13]) and of the loss due to 

scattering by the nonuniform layer of nanoparticles on the surface of the TFBG.  

We further expect these effects to depend strongly on the polarization state of the 

cladding modes at the cladding boundary.  The tilted grating planes break the azimuthal 

symmetry of the fiber and two orthogonal polarization states of the electrical field input light can 
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be defined relative to the tilt plane: S-polarized light with the electrical field perpendicular to y-z 

plane and P-polarized light with the electrical field parallel to y-z plane (as shown in Fig. 3.1). In 

previous reports, we showed that when the polarization state of the light at the TFBG contains 

only S- or P-polarized light (two extreme cases), the electrical field of the excited high order 

cladding modes also has radically different polarization properties [5,14]. Simulations obtained 

with a finite difference mode solver [15], and shown in Fig. 3.2, indicate that S-polarized light 

can only couple into  high order cladding modes that have their  electrical field tangential to the 

cladding boundary, while P-polarized light excites cladding modes with predominantly radial 

electrical fields. This difference is highlighted in Fig. 3.3, where two transmission spectra of the 

same grating under S- and P-polarized light interrogation (measured in air without coating) show 

clearly different sets of resonances that occur in closely spaced pairs. Similarly to TFBGs with 

uniform thin metal layers, we use this polarization selectivity to obtain additional information 

about the gold nanoparticle coating as it grows. 

 

Fig. 3.2. Simulated electrical fields of a high-order cladding mode excited by P- (left) and S-(right) 

polarized light. The figures represent a small area of 4 by 4 μm
2
 close to cladding boundary (indicated by 

a horizontal line at Y = 142.5 μm). All results were calculated with FIMMWAVE. 
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Fig. 3.3. Experimental transmission spectra of 10º TFBG with S- and P-polarized input light in air, inset: 

detailed spectra from 1550 to 1556 nm. 

The TFBGs were written in hydrogen-loaded photosensitive CORNING SMF-28 fiber 

with a pulsed KrF excimer laser using the phase-mask method. The Bragg wavelength is around 

1610 nm so that important cladding modes are observed in the middle of the C-band (near 1550 

nm). The length of TFBG is only 4 mm long in order to minimize the impact of eventual coating 

thickness non-uniformities on the grating response. A tilt angle of 10º leads to a large number of 

strong, high order cladding mode resonances that have larger evanescent field penetration 

outside the cladding. In order to have a single entry port in the furnace used for the CVD process 

and to avoid bending the fiber, a reflective sensing configuration of TFBG was implemented by 

cleaving the fiber 1.5 cm downstream from the TFBG and coating the end with a sputtered gold 

mirror (Fig. 3.1). This configuration further enhances the response of the TFBG since core-

guided light goes through the grating twice. The gold mirror at the downstream end was prepared 

separately by conventional sputtering, and its thickness (several microns) is such that the 
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addition of more gold on the fiber end (during the nanoparticle deposition process) has no effect 

on its reflectance.  There is unavoidable growth on the fiber end but it has no influence on the 

properties of the cladding modes at the location of the grating (a few cm away).    

3.3 Experiment and results 

Figure 3.4 illustrates the experimental setup of the gold CVD system and the in situ spectral 

measurement system. The fiber was fixed on a metal boat and the end containing the TFBG was 

inserted into a vial filled with a single-source gold precursor ([Au(NiPr)2CNMe2]2) [11]. 

 

Fig. 3.4. Schematic diagram of gold CVD system and spectral monitoring setup. The optical sensing 

analyzer includes a scanning laser source with a wavelength range from 1520 to 1570 nm and a 

synchronized photodetector. 

The fiber and vial were located in a deposition chamber made of stainless steel, the 

chamber itself being located within a heating furnace. At the beginning of the experiment the 

chamber was pumped down to a base pressure of 30 mTorr and then the furnace temperature 

ramp (11 °C/min) program was set to 255 ºC. Since the reaction chamber is situated far from the 

main thermocouple, temperature measurements were collected on a second thermocouple fitted 

further down the furnace tube to account for any thermal lag.  As the temperature increases, it 
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reaches the vaporization and decomposition point of the highly volatile precursor (~220 °C) and 

the gold nanoparticles begin to nucleate on all exposed surfaces including the cladding of the 

TFBG. EDS analysis performed on the fibers and planar samples with this gold compound 

showed no significant or detectable impurities (only signals for Si, O, and Au).  The process self-

terminates when the precursor has fully reacted and the furnace is then allowed to cool down. 

The whole process takes about 10 minutes and the onset of the deposition itself occurs after 

approximately 8 minutes, as corroborated by changes in the TFBG response. With this 

methodology, the final thickness of the gold nanoparticle coating on the fiber is determined by 

the amount of precursor in the vial. For instance, the film thickness from a 30 mg sample of 

precursor was typically ~200 nm. In other experiments wherein the mass was varied, a linear 

relationship was found with respect to the film thickness, and a nominal growth rate of 5 nm/s 

(starting from onset of deposition) was calculated from ex-situ thickness calculations using 

WSXM 5.0 image processing software [16]. Finally, the impact of the strong temperature 

changes on the spectral positions of the resonances was removed from the data analysis by 

recording the wavelength shift of the Bragg mode and subtracting it from the shifts of the 

cladding modes.  The Bragg mode is well isolated from the cladding boundary (therefore from 

any effect resulting from the deposition) and it has been verified that all cladding mode 

resonances have the same intrinsic temperature dependence as the Bragg mode [12]. It must be 

noted that this deposition configuration yields coatings that vary in thickness as a function of 

distance from the precursor source.  We usually work with longer TFBGs (between 10 and 20 

mm long) in order to have narrower resonances to enhance the Q-factor and thus the minimum 

detectable level of sensors, but if the coating thickness varies over this length, the net effect is a 

chirp of the grating properties and widening of resonances. Also, we need only to deposit the 
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particles on the fiber sections where the grating is located, because these are the only locations 

where light is emitted into the cladding. 

Before the deposition, the polarization of the incident light was adjusted to the exact S- or 

P-polarization state using an electronic polarization controller (PC) (JDS Uniphase) that contains 

one polarizer, a half-waveplate and a quarter-waveplate. This combination allows the preparation 

of arbitrary polarization states at the fiber input, which can compensate for any change of 

polarization state induced by fiber loops and twists in the optical path leading to the TFBG. The 

optimum launch polarization is simply determined by observing the transmission spectrum and 

maximizing either one of the two sets of transmission resonances. The spectral evolution was 

recorded continually during the deposition by an optical sensing analyzer (Micron Optics Si720) 

with a measurement frequency of 5 Hz. Even though S and P polarized spectra were obtained 

during separate experiments, it was verified that the results were reproducible for identical 

process parameters. 

Figure 3.5 shows the evolution of the TFBG reflective transmission ranging from 1550 to 

1560 nm (where the cladding modes have the largest amplitudes for 10º TFBG) with S- and P-

polarized light. The origin of the time scale in Fig. 3.5 is determined by the moment when the 

precursor begins to evaporate, as indicated by a small pressure rise in the chamber (near 8 

minutes into the process, as mentioned above). Basically, both the S- and P-polarized spectra go 

through a similar evolution in that all cladding modes become much attenuated at first, and then 

re-grow back to a shape very similar to the original one measured in air. There are subtle 

differences however: the initial attenuation occurs faster and lasts longer for P-polarized light, 

but most importantly the re-appearance of the resonances as the thickness increases is 

accompanied by a strong wavelength shift for S-polarized light but hardly any at all for the P-
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polarized case. This is further clarified in quantitative terms by plotting the amplitude and 

wavelength of one pair of resonances near 1559 nm as shown in Fig. 3.6. 

 

Fig. 3.5. TFBG spectral evolutions of during gold nanoparticles deposition under S- (a) and P-polarized 

(b) light (the color scale represent the amplitude of the resonances). Spectra are acquired every second 

and temperature-corrected with reference to the Bragg mode shifts. 

The results indicate that the amplitudes of S-resonances decrease by 15 dB in the first 25 

s of deposition and recover completely after 60 s. Still in the first 25 seconds, the resonance 
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wavelength red-shifts by about ~0.08 nm. Most importantly, near the minimum amplitude point 

the wavelength discontinuously blue-shifts by ~0.4 nm and stays relatively constant for the 

remainder of the deposition, as the resonance gradually regains its full amplitude. The P-

resonances also decrease in amplitude but by a slightly smaller amount and about 10 seconds 

later than the minimum of the S-resonance. The most significant difference however is that the 

wavelength shift of P-resonances is completely antagonistic to that of the S-resonance: it first 

increases slowly by about 0.06 nm, then decreases by 0.05 nm and when the amplitude minimum 

is reached near the 35 second point, jumps discontinuously upward by 0.14 nm. The net result is 

that there is an interchange of the S- and P-resonances during the deposition. This confirms our 

previous finding, obtained for continuous, 50 nm-thick sputtered gold films [6] that the S- and P- 

resonances were interchanged between air-clad and metal-clad fibers. 

 

Fig. 3.6. Normalized amplitude (a) and wavelength (b) evolutions versus time of gold deposition under S- 

and P-polarized light. The vertical dashed lines bound the minimum amplitudes for each polarization, 

highlighting the simultaneous occurrence of the corresponding wavelength change discontinuities. 
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Fig. 3.7. SEM images of gold nanoparticles deposited on the TFBG surface with different deposition 

times (with a scale of 500 nm). (a) Beginning, (b) middle, and (c) end of TFBG spectral evolution. (d) 

Sectional image of gold film in a small area with an inset of coated TFBG sectional view. 

In order to further investigate the origin of the results obtained, we obtained scanning 

electron microscopy (SEM) images of the surface morphology of the gold nanoparticles 

deposited on three TFBG samples with different amounts of precursor in the vial (yielding 

different thicknesses and shorter process durations). Figure 3.7 shows the surface morphology of 

the growing gold film at beginning (a), middle (b), and end (c) of the whole TFBG spectral 

evolution, as determined by comparing the final TFBG spectra with those of the “full” process 

shown in Figs. 3.5 and 3.6. Also included (Fig. 3.7(d)) is an image of one of the fiber cross 
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sections that were obtained to estimate the average coating thickness for each case. This 

correlation yields average thicknesses of 50, 100, and 200 nm for films equivalent to process 

durations of 20, 35, and 80 seconds on Fig. 3.7 (i.e. before the point of maximum attenuation, 

near the maximum and, finally later in the deposition). Average grain sizes were measured from 

SEM images to grow linearly with time from 55 ± 3 nm at 21 seconds, to 122 ± 10 nm at 50 

seconds. Individual grains become difficult to identify beyond that time. The films are all quite 

rough but the metal coverage increases from very sparse (46.41%), to relatively dense (72.92%) 

(but with gaps remaining), and finally to complete, although with a rough top surface. Finally, 

two further TFBGs were prepared with thicknesses corresponding to deposition times of 20 s and 

40 s, i.e. when the coated TFBG have the largest amplitude differences between S- and P-

resonances according to Fig. 3.6. 

The last two gratings were used to investigate how much of the cladding guided light was 

scattered by the coatings under these circumstances. We used a broad band source (BBS), 

polarization controller, and optical spectrum analyzer (OSA) to achieve spectra with precise S- 

and P-polarized input light, and then imaged the IR-scattering emitted at right angle from the 

fiber axis with an infrared camera. The measured spectra and associated IR-scattering images 

with S- and P-polarized light are shown in Fig. 3.8. By comparing the spectra and the images of 

the two TFBGs, it is very clear that there is a strong correlation between the scattered light 

intensity and attenuation of the TFBG resonances (the brightest scattering occurring for Fig. 

3.8(c), P-polarization, that also shows the strongest resonance amplitude attenuation). In 

comparison, uncoated TFBGs with similar grating periods look totally dark at these wavelengths 

because the evanescent field of cladding modes is non-radiative in the direction away from the 

fiber surface. 
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Fig. 3.8. Reflective transmission spectra and IR-scattering images under S- and P-polarized lights of the 

coated TFBG with spectral response times of ~20 s (a,b) and 40 s (c,d). 

3.4 Discussions 

It is now clear that the attenuation of the amplitudes is mostly due to scattering by the metal 

nanoparticles rather than absorption of light by the metal. Furthermore we can extrapolate this 

finding by claiming that the full recovery of the resonance amplitudes (both S- and P-polarized) 

arises when the coatings “fill up” and no longer allow the light to leak out (this spectral recovery 

was also observed for thick electro-plated gratings in [9]. The almost full recovery of the 

resonance amplitudes also confirm that very little energy is dissipated in the metal itself, 

otherwise the resonances would remain lossy, losing amplitude and increasing in spectral width 

as a result. 
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The peculiar wavelength shift differences observed between the two polarization states 

can be explained by the granular nature of the films grown. Based on previous reports about the 

anomalous permittivity of thin metallic film [10,17,18], the real part of the complex refractive 

index of a thin film composed of gold nanoparticles increases significantly above the value for 

bulk gold (a value near 0.55 at these wavelengths) when the particle densities are sparse and the 

sizes are small. So during the initial growth of the nanoparticles, a thin material layer with a 

relatively large average refractive index is formed on the cladding, resulting in a red-shift of both 

kinds of cladding mode resonances. Recalling from elementary electromagnetic theory that 

tangential fields cannot penetrate high-conductivity metals, S-polarized light (tangential to the 

cladding surface) can only exit the cladding through the gaps in the coating, while P-polarized 

light (normal to the interface) can tunnel across the gold particles and also exits from the air gaps. 

In order to confirm this idea and get a deeper insight into the experimentally observed process, 

the solution of the full problem of the interaction of the evanescent field of various cladding 

modes with the films shown in Fig. 3.7 will require exhaustive additional investigations. In the 

meantime, in order to validate some of the hypotheses brought forth to explain our experimental 

results, 2D-finite difference time domain (FDTD) numerical simulations of a much simplified 

configuration were carried out (with software from Lumerical Solution, Inc.). We modeled a 

linear array of conducting disks with a diameter of 40 nm and a center-to-center spacing of 50 

nm (Fig. 3.9). The disks were surrounded with air and had a complex refractive index (n-ik) of 

0.51-i10.8. The simulation domain was meshed with cells on a 0.2 nm grid. The incident 

electromagnetic field was a plane wave pulse centered at wavelength of 1.5 μm with its electric 

field vector E lying in the plane of the simulation domain. Two orthogonal cases were 

investigated: a) wave incident from the bottom of the image with the vector E oriented 
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horizontally (corresponding to azimuthally polarized modes, from S-polarization coupling); b) 

wave incident from the left with the vector E oriented vertically (approximating a radially 

polarized evanescent field, i.e. a mode generated by P-polarized light).  

 

Fig. 3.9. Simulated intensity distributions of electric fields on single layer gold nanoparticles interacted by 

S- (a) and P-polarized (b) light in free space. The incident light propagates along Y-axis in S case, while 

along X-axis in P case. 

The optical intensity distributions around the metal disks under these two excitation 

conditions are shown in Fig. 3.9. It is very clear that the light with the electric field tangential to 

the nanoparticle layer (S-polarization) is strongly localized between the metal particles but is 

forbidden to go through the particles themselves. On the other hand, light associated with P-

polarized excitation of the TFBG (case b) has strong electric field maxima on the top and bottom 
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of the nanoparticles while being “forbidden” in between because it is polarized tangentially to 

the metal there (and the gap is too narrow). Given these simulated results, we can infer that as the 

particles grow and the air gaps decrease, light from S-polarized resonances reaches a point, when 

most of the gaps between particles close, where it can no longer penetrate the nanoparticle 

coating and becomes bounded by what appears from the inside of the fiber as a continuous (i.e. 

bulk) metal film with a low refractive index of 0.5, hence the large sudden blue shift of the 

resonances. On the other hand, when the air gaps close the P-resonances continue to probe 

deeply into the metal and to continue to red shift slowly as long as their evanescent field can 

tunnel across the whole layer thickness (apart from some irregular behaviour in the transition 

zone where the gaps become small before closing). The net result is that the presence of the 

nanoparticles introduces loss for the cladding modes propagating underneath. This loss is 

reflected in the attenuation of the cladding mode resonances (they become less pronounced, as 

seen on Figs. 3.5 and 3.6, and especially 3.8(c)). Figure 3.8 clearly shows that most of the 

attenuation arises because of scattering, by opposition to absorption by the metal.  If absorption 

was involved, the resonances would not recover their full amplitudes (see Fig. 3.6(a)) as the 

films become continuous and thicker.  Finally, for the most strongly attenuated cladding modes 

(and strongest scattered light), the total net loss of the core guided mode for P-polarized light (as 

determined by its transmission spectrum) is only about 5 dB: this means that about 70% of the 

light is extracted from the core and transferred to the nanoparticles and their surroundings. 

Regardless of the validity of these hypotheses, the main conclusion remains that we have 

identified, from the TFBG spectral signature, the conditions where the HE (and TE) cladding 

modes become isolated from the fiber surroundings while allowing EH (and TM) modes to 

tunnel across and scatter efficiently off the nanoparticles. 
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3.5 Conclusion 

We have demonstrated that there is a significant correlation between the near infrared polarized 

transmission spectra of 10º TFBG inscribed in standard single mode fibers and the optical 

properties gold particle coatings with thicknesses ranging from zero to ~200 nm, and formed 

using a recently developed chemical vapour deposition process. In particular we identified 

spectral signatures corresponding to coatings yielding different states of light confinement, 

scattering, and polarization. For instance, for films with particle sizes near 50 nm and 100 nm 

respectively we can selectively scatter out of the fiber light polarized predominantly azimuthally 

or radially and thus control the plasmonic enhancement properties due to these disordered 

nanostructured metal films [19,20]. However, the optimum film thickness and uniformity will 

vary from application to application and the scattering properties further depend on the size of 

individual nanoparticles and the porosity of the films, parameters that cannot be controlled 

independently at the present time with this method. What we show here is that the film thickness 

can be controlled by stopping the deposition before the precursor is exhausted and that several 

film conditions can be obtained as a result.  Further experiments with different process 

temperatures, residual pressure in the chamber, or additional reactants would provide a richer 

parameter space but the results obtained so far are sufficient for developing interesting devices. It 

is to be pointed out that the purpose here was not to control the polarization of the guided light, 

as can be done very efficiently using un-coated TFBGs with large tilt angles [21], or by using 

graphene coatings on side polished fibers for instance [22], but rather to excite coatings on fibers 

with radially or azimuthally polarized light at infrared wavelengths. As a side benefit, we have 

also confirmed the usefulness of the TFBG as a process monitor for thin film coatings of CVD 

gold on other substrates in the same process chamber, in situ and in real time. 
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Chapter 4: Effective Permittivity of Ultrathin Chemical 

Vapor Deposited Gold Films on Optical Fibers at Infrared 

Wavelengths
2
 

The geometry and size-dependent effective medium 

properties of ultrathin gold films deposited on the bare 

cladding of single mode optical fibers by chemical vapour 

deposition (CVD) are characterized by measuring the 

polarized transmission spectra of in-fiber gratings at 

wavelengths near 1550 nm.  The real part of the complex 

refractive indices of films with average thicknesses ranging 

from 6 to 65 nm are about 10 times higher than that of bulk 

gold at these wavelengths, while the imaginary part values 

are 2 orders of magnitude lower. The films are essentially isotropic, apart from a small 

increasing dichroism between the in-plane and out-of-plane component of the imaginary part of 

the refractive index at thicknesses larger than 25 nm. Unlike gold films prepared by other means, 

the optical properties of the coatings do not converge rapidly towards bulk values at thicknesses 

larger than 10 nm but remain characteristic of gold films prepared by very slow physical 

deposition processes.  The modified Clausius-Mossotti theory for anisotropic structures was used 

to confirm that the observed properties arise from a persistent granularity of the film at larger 

thicknesses, with metal filling fractions increasing from 30% to 68% and particle aspect ratios 

from 0.8 to 1.0 (spherical). These conclusions are supported by nanoparticle shape measurements 

obtained by Atomic Force Microscopy and Scanning Electron Microscope images. 

  

                                                           
2
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of Physical Chemistry C 118(1), 670-678 (Jan. 2014).” Copyright 2014, American Chemical Society. 
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4.1 Introduction 

The electromagnetic field intensity in the immediate vicinity of various ultrathin metal films and 

nanostructures can be enhanced by several orders of magnitude [1-5]. This phenomenon has led 

to a number of applications in plasmonic sensing [6,7], surface-enhanced Raman scattering [8], 

and thermo-plasmonics [9]. There are many of those applications that can be implemented using 

coated optical fibers and it is important in such cases that the thin metals films be coated 

uniformly around the fiber circumference. This is most easily done using liquid phase or gas 

phase chemical deposition techniques, because the more widely used thin film coating 

techniques such as evaporation and sputtering cannot reliably produce uniform thicknesses 

around curved surfaces. Once fabricated, the intensity and wavelength dependence of the 

plasmonic enhancement are related to the material and geometric parameters of metallic 

nanostructures: the size [2,3], pattern [4,5], as well as the permittivity of the metal and 

surrounding material [1,10]. While size and geometric patterns can be extracted with modern 

imaging and surface profilometric tools, the complex permittivity is typically obtained from the 

reflection and transmission measurements of the metallic film with analysis using Drude model 

parametrization and Kramers-Krönig relations [11-13]. However, it is now clear that these 

approaches, which were developed for bulk (i.e. continuous) metals films are less suitable for 

ultrathin metals [14] or aggregates of metal nanoparticles (NPs) with individual sizes of the order 

50 nm and less [15].  In the latter case, it was suggested to modify the collision frequency of free 

electrons by an approximate, empirically determined size-dependent parameter in the Drude 

model [16].  However, it remains difficult to measure the complex permittivity of such 

nanostructures directly without resorting to various theoretical models for the electromagnetic 

mixing formulas between the NPs and their surroundings [17]. It is therefore desirable to 
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investigate the permittivity or complex refractive index of ultrathin metal film by several 

different optical methods. Spectroscopic ellipsometry can obtain the complex permittivity of 

homogeneous thin films, with decreasing accuracy and resolution as the films get thinner [18,19]. 

Furthermore, when the films are not isotropic this method becomes significantly less reliable and 

requires non trivial computations to extract the five parameters of interest (real and imaginary 

part of the refractive index for TE and TM light, plus the thickness if it is not determined by 

other means). For metallic thin films, i.e. for films with a negative real part of the permittivity, 

the surface plasmon resonance (SPR) technique can also be used to investigate the complex 

refractive index and thickness of metal films [20,21], but only for TM polarized light and only 

for a limited range of dielectric refractive indices for the substrate and cover materials of the thin 

films. In particular, SPR cannot be excited at an ultrathin metallic film-air interface at infrared 

wavelengths because the anomalous size-dependent permittivity of the metal becomes positive 

[22]. In a more recent advance, interferometric picometrology was developed to measure the in-

plane component of the complex refractive index of ultrathin gold films with a single wavelength, 

linearly polarized light beam at normal incidence [23]. In this new method, the complex index 

can be calculated from the amplitude change and phase shift of the complex reflection coefficient.  

A common issue with all thin film measurement techniques is that they are not well 

suited for curved surfaces. For the geometry considered here, a conformal coating on the surface 

of a 125 μm diameter optical fiber, the curvature represents a challenging measurement problem. 

Finally, for very thin films that perturb electromagnetic waves very little, the best way to 

increase the measurement accuracy is to use frequency-domain techniques, such as measuring 

the frequency shifts of resonator structures that have high quality (Q) factors [24-26]. It is this 

type of approach that is presented here with a resonating waveguide structure that is especially 
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easy to fabricate and to measure [27]. The objective of the present study is two-fold: the 

development of a technique to measure the permittivity of thin metal films on optical fibers, and 

the characterization of such coatings made by a relatively high temperature chemical vapor 

deposition (CVD) process. 

The polarized evanescent electric field of resonantly excited optical fiber modes is used 

to probe ultrathin gold films deposited on the surface of the fiber in order to investigate the 

effective medium properties (refractive index and absorption) of the films at infrared 

wavelengths. Conformal gold films with different thicknesses were deposited on the cladding of 

optical fibers by CVD, as previously reported for other metals or gas precursors [28-30]. The 

excitation of the probing optical modes was carried out with a tilted fiber Bragg grating (TFBG) 

inscribed in the core of the optical fiber over lengths of several millimeters. The grating couples 

up to 90% of the light launched in the core to individual cladding guided modes and thus 

provides high signal to noise ratio resonances with Q-factors (resonance wavelength/resonance 

width) of ~10,000 [27]. Changes in the spectral properties of these cladding mode resonances 

were used to measure the complex permittivity of the coatings averaged over the full length of 

the gratings (5 mm in these experiments). The method further allows the separate measurement 

of film properties for TE (in-plane electric field) and TM light (out of plane) and as a result can 

detect the presence of birefringence or dichroism. These polarization-resolved measurements 

were obtained by exciting separately cladding-guided modes with azimuthally or radially 

polarized electric field at the cladding-coating boundary, which correspond respectively to TE 

and TM light polarizations for the electric field penetrating into the deposited coatings [31].  In 

parallel, scanning electron microscope (SEM) and atomic force microscope (AFM) images of the 

films that were deposited were used to provide shape, roughness, and average thickness data, 
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thus completing the characterization of the films. An effective medium model for the deposited 

thin films was used to determine their complex permittivity in terms of the measured parameters. 

Finally, we extracted the metal volume filling fraction and aspect ratio of the NPs in the films by 

modelling the measured effective medium permittivity of the films composed of ellipsoidal gold 

NPs under TE and TM polarizations with a modified Clausius-Mossotti equation. 

4.2 Experimental section 

TFBG probe fabrication. TFBGs were written in hydrogen-loaded CORNING SMF-28 fiber 

with a pulsed KrF excimer laser using the phase-mask method [27]. This fiber is a standard 

telecommunication grade fiber that guides only one core mode at wavelengths between 1300 and 

1620 nm. The grating period (555.2 nm) is chosen to reflect the core guided light at the “Bragg” 

wavelength around 1610 nm. At shorter wavelengths between 1520 and 1600 the core guided 

light is coupled to the 125 μm diameter cladding of the fiber, which acts as a highly multitude 

waveguide. Figure 4.1 shows the reflected transmission spectrum of a TFBG in air prior to 

coating. Each of the resonances corresponds to a wavelength at which core guided light is 

coupled to a specific group of polarized cladding modes. The length of the TFBG was chosen to 

be only 5 mm long in order to minimize the impact of an eventual thickness gradient on the 

measured quantities if the deposition was not uniform. A tilt angle of 10° was chosen in order to 

excite a large number of strong, high-order cladding mode resonances across the measurement 

range of our instrumentation (centered around 1550 nm). While TFBGs are normally measured 

in transmission, we implemented a reflective sensing configuration in order to have a single 

entry port in the deposition chamber and to avoid bending the fiber (Figure 4.2). This 

configuration was implemented by cleaving the fiber 1.5 cm downstream from the TFBG and 

coating the flat end with a sputtered gold mirror. While the outside face of the end mirror also 
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gets coated during CVD, this has no influence on the measured properties as the mirror is thick 

enough to be impervious to additional coatings. A consequence of the reflective configuration is 

that the core guided light goes through the grating twice and therefore that the grating power 

transfer function is squared. 

 

Fig. 4.1. Typically reflected transmission spectrum of bare TFBG under TM and TE polarizations. 

Sample preparation. Figure 4.2(a) illustrates the experimental setup of the gold CVD system. 

The fiber was located in a stainless steel deposition chamber, which itself was mounted within a 

furnace. An evaporator containing a vial loaded (under N2) with a gold(I) iminopyrrolidinate 

([Au(Me2-
t
Bu-ip)]2) CVD precursor was situated at the end of the chamber and surrounded by 

heating tape for external resistive heating by a Variac. At the beginning of the experiment the 

chamber was evacuated to a base pressure of 5 mTorr and then the furnace temperature 

(substrate temperature) was set to 350 °C. After the substrate achieved constant temperature, the 

evaporator was heated to a temperature of ~160 °C to initiate volatilization of the precursor. 

Onset of deposition occurs when the evaporator temperature reaches ~130 ºC, at which point the 
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vaporous precursor saturates the chamber, effectively depositing on all exposed surfaces 

including the cladding of the TFBG. The deposited precursor then thermally decomposes into 

pure gold by a reaction that is still under investigation but that was confirmed to occur at 

temperatures above 300 °C [32]. High-resolution X-ray photoelectron spectroscopy (XPS) 

analysis performed on witness slides coated with this gold material showed no significant or 

detectable impurities. Since the gold precursor is thermally stable between 150 °C and 300 °C, 

the thickness of the gold film can be controlled by adjusting the amount of precursor, the 

temperature of the deposition chamber, and the location of the samples to be coated relative to 

the inlet of the evaporator into the deposition chamber. A small piece of bare optical fiber and 

witness slides were coated simultaneously for ex situ microscopic imaging of the surface 

morphology of the gold films. These additional samples were located 3-5 mm away from the 

TFBG to ensure a similar coating environment. 

 

Fig. 4.2. Schematic diagram of experimental process: (a) Gold CVD setup for optical fiber; (b) TFBG 

spectral measurement system. A source (BBS) followed by a polarization controller generates a broad 

spectrum of light that is linearly polarized either parallel (TM) or perpendicular (TE) to the tilt plane of 
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the grating.  The core-guided light going through the grating is reflected by a gold mirror, goes through 

the grating a second time and is detected by an optical spectrum analyzer (OSA). 

Optical measurements. The measurement system is shown in Figure 4.2(b). The fiber-coupled 

broadband source (JDSU BBS1560) launches light from 1520 to 1620 nm in the same type of 

single mode telecommunication fiber is used for the TFBG. Even though the fibers are not of the 

polarization maintaining type, a polarization controller (JDSU PR2000) can be used to generate a 

state of polarization that will evolve to a linear state either parallel (p-polarized, or TM) or 

perpendicular (s-polarized or TE) at the grating. As long as the fiber paths are not moved during 

the experiments, polarization remains stable. As indicated earlier, when the polarization state of 

incident light at the TFBG contains only TE- or TM-polarized light, the electrical field of the 

excited high-order cladding modes are predominantly azimuthal or radial at the cladding 

boundary respectively and the associated TFBG resonances occur at different wavelengths 

[27,31]. The light transmitted through the grating twice returns towards the light source in the 

same fiber and a 50:50 fiber coupler picks off part of the reflected light to be measured by an 

ANDO AQ6317B optical spectrum analyzer with a nominal resolution of 0.01 nm.  

By using the TFBG spectral measurement system shown in Figure 4.2(b), the 

polarization-dependent permittivity of the thin gold film can be interrogated by in-plane (TE) 

and out-of-plane (TM) light and measured very easily by the polarization-dependent spectra of 

the TFBG. The system is completely fiber-coupled and therefore no optical alignment is required.  

While TFBGs can usually be used to monitor coatings formation (and in situ process 

temperature) during deposition [28,29], it was not possible here. The thermal decomposition 

temperatures exceed the range over which FBGs are stable and therefore induce irreversible 

spectral changes upon return to room temperature. Therefore, all results shown here compare a 

coated and bare TFBG, with the bare spectrum measured after removing the coating (instead of 
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prior to deposition), in order to remove the effect of the thermally induced spectral changes. 

Separate TFBGs were used for each coating thickness, and different thicknesses were obtained 

by changing the amount of gold precursor in the evaporator. Coatings were removed by etching 

in Aqua Regia (a fresh mix of nitric acid and hydrochloric acid with volume ratio of 1:3). This 

methodology yields accurate comparative spectral information about the wavelength shift and 

amplitude attenuation of the TFBG resonances induced by the gold coatings. 

Microscopy. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were 

performed on Tescan and Agilent (Molecular Imaging) PicoSPM II systems, respectively. 

Imaging of fiber samples and coated witness slides was carried out by SEM for grain size 

analysis and AFM for surface morphology and thickness. In view of the roughness of the 

deposited coatings, the thickness data was calculated from the average step height at the 

boundary of films interrupted by abrasion of a small section.   

4.3 Results 

Surface characterization of gold CVD films. Figure 4.3 shows AFM images (a-d) and effective 

height profiles (e) of the gold films with various effective thicknesses. The effective height 

profiles were obtained by adding the average step height from scratched samples to the middle of 

the AFM surface height distributions of undisturbed coatings. As evidenced on the AFM images, 

the gold films are all composed of roughly spherical NPs regardless of average thickness. The 

thinner film (6 nm) appears to be made up of individual NPs (because the height distribution 

extends over ± 6 nm around the mean), while the AFM profiles of thicker films do not penetrate 

down to the substrates. In fact, the size distribution is nearly identical (± 15 nm) for the 40 and 

the 65 nm thick films. Furthermore, the lateral size of the NPs on the AFM images does not 

differ much (apart from the thinnest film). In order to eliminate possible measurement artefact 
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due to the convolution of the AFM tip size with the profiles of the NPs, SEM analysis was made 

on the flat witness slides for each thickness, as shown in Figure 4.4. It is important to note that 

the apparently very high curvature of the fiber surface (1/(62500 nm)) should have no effect on 

the deposition rate for the effective thicknesses used here (6-200 nm). ImageJ software was used 

to measure the average lateral sizes of representative samples of the gold NPs at each thickness. 

The average lateral sizes (approximate diameters) are tabulated in Table 1 along with the 

thickness parameters extracted from the AFM measurements. The major size differences occur 

for the thinnest and thickest films measured (6 and 200 nm respectively), with somewhat more 

modest changes (lateral sizes between 42.6 and 61.5 nm) for thicknesses between 13 and 65 nm.  

It is very clear that thin gold films deposited by this kind of CVD precursor grow by NP 

nucleation and do not become more uniform, even for the 200 nm thick gold film shown in 

Figure 4.4(f). 

 

Fig. 4.3. (a-d) AFM images of gold CVD films deposited on planar slides with effective thickness of 6, 13, 

40, and 65 nm. (e) Two sample height profiles as well as height histograms of the AFM images shown in 

(a-d). The centers of the effective height distributions are displaced by the average step height of the film 

for each sample. 
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Fig. 4.4. (a-f) SEM images of gold CVD films coated on optical fibers at various effective thicknesses 

(indicated at bottom-left of each image). The scale bar is 500 nm. 

 

Table 4.1. Average thickness, thickness distribution (standard deviation and full width at half maximum 

(FWHM) of the Gaussian fitting curve of the height histograms), and average lateral size of gold NPs (±5 

nm) extracted from AFM and SEM pictures of CVD gold samples. 

Average thickness/nm 6 10 13 18 25 40 65 200 

Standard deviation/nm 2.8 2.2 3.5 5.1 3.6 6.2 5.1 5.5 

FWHM/nm 6.7 5.3 8.2 11.9 8.4 14.5 12.0 13.0 

Lateral size/nm 36.2 40.1 42.6 54.7 n.a. 50.6 61.5 77.6 

 

TFBG spectral responses. Figure 4.5 shows the experimental wavelength shifts and amplitude 

attenuations of a pair of cladding modes (one TE and one TM) with effective indices near 1.378. 
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For each resonance, the peak-to-peak amplitude (Ap-p) is defined as the difference between the 

minimum transmission of a resonance and the nearest maximum in the spectrum, while the 

wavelength is determined as the mid-point of the spectral dip. These measured values are used to 

calculate changes in the effective index of the mode through equations 1 and 2. The effective 

index is a measure of the mode phase velocity along the axis of the fiber, and it depends on the 

wavelength, the material indices, and the waveguide geometry.  A mode effective index of 1.378, 

combined with the refractive index of the fiber cladding (1.4440) corresponds to light from this 

mode striking the cladding-coating boundary at an angle of incidence of 72 degrees.  The 

addition of a coating on the fiber leads to a change in the real and imaginary parts of the mode 

effective indices and as a result to a shift of the transmission spectrum resonances (in wavelength 

and amplitudes). Part (a) of Figure 4.5 shows clear spectral shifts, different for TE and TM 

modes, even for films thicknesses as small as 6 nm.  The TE mode resonance shifts by 1.5 nm as 

the film thickness increases to 65 nm, while the TM resonance shifts by only 0.4 nm.  This 

information is not sufficient however because the gold coating also introduces optical loss. In 

order to measure the imaginary part of the complex permittivity of the film, the increase in mode 

propagation loss must be measured. This is done by measuring the resonance amplitude, which 

depends on the grating length, coupling coefficient, and mode loss. The first two parameters do 

not change when a thin coating is applied (the coupling coefficient could change slightly with 

loss, but this is a second order effect, negligible for the shifts observed here), so the amplitude 

shifts can be directly linked to the addition of the lossy coatings. Since different gratings were 

used for each thickness, the starting values of the TFBG resonance corresponding to the desired 

cladding mode are different (histograms in the Figure 4.5(b)). As a result, the amplitude changes 

of the resonances appear irregular (line-symbol curves in Figure 4.5(b)). Fortunately, this is not a 
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problem as the algorithm to extract mode loss from the amplitude change is independent of the 

initial values of the resonance amplitude [33]. 

 

Fig. 4.5. Relative wavelength shift (a) and peak-to-peak amplitude attenuation (b) of TE- and TM-

polarized cladding mode resonances versus the effective thickness of gold film. The initial peak-to-peak 

amplitudes of the bare gratings are shown as a histogram in Figure 4.5(b). The inset shows the measured 

spectral changes of the pair of cladding modes used for the 18 nm thick film. 

Theoretical model for complex refractive index of gold CVD films. In order to calculate the 

complex refractive index ( ff ikn  ) of the gold NP films from the TFBG data, an effective 

medium approach is used, whereas an equivalent uniform film is used for the NP coating (note 

that we use the convention of a positive kf for optical loss in choosing the sign of the imaginary 

part in the expression for the complex refractive index). The thickness of the equivalent film is 

chosen to be equal to the average step height of the corresponding actual coatings. Figure 4.6 
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shows this correspondence schematically. Once this is done, the real and imaginary parts of the 

propagation constant of the optical modes guided by the structure of Figure 4.6(b) can be 

calculated and compared to the experimental data. The mode propagation constant is equal to

 /2 effN , where λ is the wavelength of the light and Neff the mode “effective index” 

( i

eff

r

effeff iNNN  ), i.e. the quantity that is monitored here. The aim of the simulation is to find 

the complex refractive index of the gold NPs film (
ff ikn  ) that reproduces the spectral shifts 

shown in Figure 4.5, for each film thickness and for each mode polarization. Separate 

calculations for TE and TM modes allow the determination of any anisotropy (birefringence in nf 

or dichroism in kf) in the deposited films. 

 

Fig. 4.6. Cross section of multi-layer model of optical fiber with gold NP film (dash line indicates the 

average thickness of the gold film) (a) and uniform gold film with equivalent thickness (b). 

The data extraction algorithm proceeds as follows:  

1 - Find the effective indices (real in this lossless case) of the pair of modes of the bare 

fiber that were used in the experiments, using the following formula for the real part of the 

effective index r

effN  [27], 

cocl

r

eff nN  /cos     (1) 
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where λcl is the wavelength of the cladding mode resonance, θ is the tilt angle of the grating 

planes, Λ is the grating period, and nco is the effective index of the core mode.  

2 - Using the grating length (using L = 10 mm because the light goes through the 5 mm 

long grating twice in this reflective configuration) as a fixed parameter, find the coupling 

constant κ of the mode from the initial peak-to-peak resonance transmission amplitude T 

(corrected from the dB scale to linear units) using the following formula, 

LT /)1(tanh 1       (2) 

3 - Use a “mode solver” to calculate the modes of the structure shown in Figure 4.6(b) for 

the df = 0 case and find the pair of modes with the value of r

effN  found in part 1. A commercial 

complex mode solver based on vectorial finite differences was used for this purpose 

(FIMMWAVE, by Photon Design). The fiber parameters, that remain fixed throughout the 

process, are: the thickness (radius) of core, dco = 4.15 µm; the thickness of cladding, dcl = 58.35 

µm; the thickness of surrounding air layer is set as 17.5 µm; and the corresponding refractive 

indices of every layer at the wavelength of 1570 nm are nco = 1.45033, ncl = 1.44402, and nair = 

1. 

4 - For each thickness and wavelength shift value reported in Figure 4.5(a), find the 

measured shift in r

effN  by equation 1.  

5 - Similarly, from the change in T, determine the imaginary part of the effective index of 

the mode of the coated fiber at each thickness. The formula relating i

effN  to T is a little more 

complicated and we use a commercial grating solver for this purpose (Optigrating, by Optiwave). 

6 - The calculated complex effective indices of the modes at each thickness are reported 

on Figure 4.7.  The final step is run the mode solver again, with the added equivalent layer, and 
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to look for values of nf and kf that reproduce the shifts in the complex effective index of the 

modes found in steps 4 and 5. The final results are plotted in Figure 4.8. 

 

Fig. 4.7. Real (a) and imaginary (b) parts of the mode effective indices for the TE- and TM-polarized 

cladding modes measured in Figure 4.5, versus the thickness of the gold film. 
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Fig. 4.8. Calculated real (a) and imaginary (b) parts of complex refractive indices of gold NP film in TE- 

and TM-polarizations, and corresponding average values versus effective thickness. The dashed line at 25 

nm represents the mean free path of electrons in gold. The horizontal error bar for each thickness is 

obtained from the standard deviation of the Gaussian fitting curve of the height histograms shown in 

Table 4.1. 

4.4. Discussions 

It is clear from Figure 4.7 that both the TE- and TM-polarized resonances shift to longer 

wavelengths for these thin gold films, but with a different shift magnitude, a difference that 

increases with thickness over the range shown here. If the coating refractive index was that of 

bulk gold (0.5-i10.9 according to [11] at these wavelengths), the wavelength shift should have 

been to shorter wavelengths because of the decrease in the refractive index at the cladding 

boundary.  The overall mode loss also increases, which is expected from the addition of a lossy 
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coating, by different values depending on polarization. However these measurements can be 

somewhat misleading as they not only depend on the complex refractive index of the added film 

but also on its thickness, as well as on the polarization dependence of the fiber waveguiding 

properties. Figure 4.8 reveals instead that the complex refractive index values for the film as 

probed by the TE and TM modes are essentially identical and therefore that the films are 

optically isotropic, apart from a weak increasing dichroism for thicknesses above 25 nm. The 

line in Figure 4.8 follows the average complex refractive index calculated from the TE and TM 

mode probe results. Based on the statistically determined measurement uncertainty of 1 pm in 

the central wavelength and of 5e-3 dB in the peak to peak amplitude of TFBG cladding mode 

resonances, the worst case error in the complex refractive index calculation was ± (0.03-i0.005), 

obtained for the case of the 6 nm thick gold film. This final uncertainty is smaller than the size of 

the plotted points on Figure 4.8. The most striking feature of Figure 4.8 is that the complex 

refractive index measured here differs markedly from the bulk values for gold at these 

wavelengths. In particular, and this is a feature that has important practical consequences, the 

high value of the real part of the film index relative to the imaginary part means that the real part 

of the film’s permittivity ( 22

ff

r

f kn  ) is positive and therefore that these films cannot support 

the propagation of surface plasmon polaritons (SPP) (unlike gold films deposited by other 

methods including evaporation, sputtering, and electroless plating) [22]. Also, the films 

deposited by CVD are 100 times less lossy than bulk gold for thicknesses below 20 nm, meaning 

that very little power is transferred from the fiber to the coatings. 

These results also differ from those obtained for gold films of similar thicknesses 

deposited by other means.  In particular, it has been shown that evaporated gold films have 

optical properties at 1550 nm wavelengths that were essentially identical to those of bulk gold, 
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down to 20 nm thicknesses [21]. For thinner films down to 15 nm the imaginary part of the index 

decreases rapidly and the real part increases from 0.5 to 1.0 (but the real part of the permittivity 

remains negative). The deposition rate for these evaporated films was 3 nm/min. Another recent 

paper studied even thinner evaporated films (deposited at room temperature with a deposition 

rate of 12 nm/min) and showed that the transition from discontinuous (low loss, high real index) 

to continuous (bulk) behavior occurred for thicknesses between 2 and 10 nm (results obtained at 

visible wavelengths however) [23]. There is a large body of literature, dating back to at least 

1950, which indicates that these differences can be attributed to the morphology of the gold films 

deposited by the various methods [23,34] relative to that of the CVD gold films shown in Figure 

4.4. It is clear that the CVD films do not have a tendency to morph from isolated NPs into 

continuous clusters of increasing size as the deposition progresses, as observed generally. The 

slow deposition rate (estimated to be near 1 nm/min) and high substrate temperature of 350 °C in 

this gold CVD process [35] yield a lower optical loss and larger (real) refractive index, due to the 

highly fragmented nature of the films which continue to grow via nucleation instead of 

aggregation. The behavior shown here was observed previously only for films deposited at very 

slow rates [36] or with high substrate temperatures [37,38].  It is interesting to note also the 

effective complex refractive index of films made up of very sparsely distributed gold NPs (10% 

volume fractions for 10 nm diameter particles distributed randomly on a flat surface) was 

measured to lie near (1.7 − i0.1) at visible wavelengths [19], almost identical to what was 

obtained here for the much denser 11 nm thick films, albeit at infrared wavelengths.  Finally, 

Figure 4.8 shows the beginning of a saturation of the growth in the real index, an increase in loss 

and the beginning of dichroism at a thickness of 25 nm  (indicated by the vertical dashed line in 

the figure), which is corresponds to generally accepted mean free path of electrons in gold [23].  
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It thus appears that when the nanoparticulate films reach this thickness some paths form for 

electrons to transit between NPs, but very few. 

 

Fig. 4.9. Schematic diagram of spheroidal gold nanoparticles deposited on fiber surface (assuming that 

the fiber surface of small area (μm
2
) is located in xy plane), interacting with evanescent field of polarized 

cladding mode. The gold spheroids are oblate that the major axis a and minor axis (polar axis) b are 

parallel and perpendicular to xy plane, respectively. 

In order to further investigate the electromagnetic properties of the films produced, we 

now proceed with an evaluation of the inherent optical properties of the NPs by modelling the 

films using the Clausius-Mossotti model. For the most general case of anisotropic complex 

permittivity, it is assumed that the CVD gold film is composed of gold NPs with an oblate 

spheroid shape (according to the information provided in Table 4.1).  Such NPs have different 

polarizabilities in the major and minor axes. Figure 4.9 illustrates how the evanescent field of TE 

and TM cladding modes propagates through these spheroids on the surface of the fiber. The 

major (a) and minor (b) axes of the oblate gold spheroids are aligned with the TE and TM 
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electric fields, respectively. The generalized Clausius-Mossotti equation for a layer of metal 

spheroids embedded in an insulator material is [39], 

i
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where εeff is the effective permittivity of the mixture, εm and εi are the permittivities of metal and 

insulator, respectively, Lm is the depolarization factor for TE or TM polarizations, and, ϕ is the 

volume fraction of metal material. The depolarization factors in the major TE

mL  (TE-polarization) 

and minor TM

mL  (TM-polarization) axes can be described as a function of the aspect ratio of the 

oblate metal spheroid [40],  

12 )4.06.11(  xxLTM

m
    (4-a) 

2/)1( TM

m

TE

m LL       (4-b) 

where x is the aspect ratio (b/a) of the oblate spheroid. Equations 3 and 4 can be used to relate 

the measured effective permittivity (refractive index) of the gold films for each effective 

thickness to the properties of the metal inclusions by substituting suitable parameters for the 

aspect ratio and volume fraction of the gold NPs. For the permittivity of the NPs, the bulk values 

for gold at this wavelength were used.  Figure 4.10 shows the real and imaginary parts of the 

refractive index for the two polarization states calculated by fitting equation 3 to the real part of 

the index only (i.e. Figure 4.8a) with the best values for the metal fraction and aspect ratio. The 

Clausius-Mossotti model obviously fits very well, without having to use a modification of the 

bulk permittivity to account for the particles with diameters under 25 nm [16]. The metal volume 

fractions and aspect ratio used in the fit range from 30.5% to 68.3%, and from 0.8 to 1.0, 

respectively.  The aspect ratios are consistent with those extracted from Table 4.1, while the 
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volume fractions confirm that substantial air gaps remain at all thicknesses. Note that the volume 

fraction for closely packed spheres of any diameter is 74% [41].   

 

Fig. 4.10. Real (a) and imaginary (b) parts of gold nanoparticle films calculated by the modified Clausius-

Mossotti (CM) equation versus the measured effective thickness. The inset indicates the metal fraction 

and aspect ratio used in the CM model. The smaller hollow and solid scattered points (TM/TE-Exp) 

reproduce (from Figure 4.8) the real and imaginary part of the film index extracted from the 

measurements. 

However, fitting the model to the real part of the permittivity results in a one order of 

magnitude underestimate of the imaginary part, and fails to reproduce the observed increased 

dichroism at thicknesses larger than 25 nm. This is due to the fact that the imaginary part of the 

effective permittivity in the Clausius-Mossotti model comes solely from the imaginary part of 

the bulk permittivity of the metal inclusions, while the measurement of mode loss, from which 
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the experimental effective medium properties are derived, include a strong scattering component 

and is therefore larger than modelled [29].  Since the fit indicates that the inclusions are nearly 

spherical, the imaginary part of the model fit is not expected to be anisotropic.  Scattering 

however, from NP aggregates that are very thin in the out-of-plane direction but almost 

continuously connected in the plane, especially at increasing thicknesses, should be stronger 

(more lossy) for TE light than for TM light. This is what is observed. Another point of 

comparison is a more recent theoretical model for thin (7 nm and less) but continuous stand-

alone gold films based on density functional theory (DFT)
 
[42,43]. This DFT model predicts a 

sign change of the real part of the permittivity (from negative to positive) as well as a significant 

anisotropy between in-plane and out-of-plane components, when the interband band transitions 

of the gold electrons are added to the intraband transitions. However, the DFT model also does 

not reproduce our results quantitatively as it does not apply to NP aggregates in its theoretical 

framework. 

4.5 Conclusion 

In conclusion, the cladding modes of an optical fiber were used to investigate the complex 

refractive index of CVD gold coatings on the fiber cladding surface.  The films were prepared 

from precursors with a high decomposition temperature above 300 °C and slow deposition rates 

near 1 nm/min. The AFM and SEM images of the gold CVD films with different thicknesses 

indicate that the films remain composed of nanoparticle aggregates with lateral sizes not 

exceeding 72 nm, even for average film thicknesses up to 200 nm.   This kind of growth is of the 

Volmer-Weber type, i.e. island growth without coalescence into uniform layers [44].  The real 

and imaginary parts of the refractive index (and permittivity) of the gold nanoparticle films differ 

markedly from the bulk values at infrared wavelengths, as was often observed for films with 
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thicknesses below 10nm.  However in the case reported here, the anomalous values remain for 

thicknesses up to 65 nm and beyond, as in the case of evaporated gold films formed at very slow 

rates. The in-plane and out-of-plane components of the film permittivity were measured 

separately and shown to be essentially equal, apart from a small increasing dichroism at 

thicknesses larger than 25 nm. The polarization-dependent refractive index of the metal-insulator 

mixture calculated by Clausius-Mosotti theory indicates that the gold CVD film consists of 

ellipsoidal particles with aspects ratios from 0.8 to 1.0 and air gaps corresponding to metal filling 

fractions increasing from 30% to 68% over the average thickness range from 6 to 65 nm. A 

notable consequence of these results is that this CVD gold process cannot be used to coat optical 

fibers for the generation of surface plasmon polaritons [45,46] because the films produced have a 

positive real permittivity.  This is unfortunate because CVD produces inherently uniform and 

controllable film thicknesses around the fiber circumference, which helps to realize narrow and 

strong surface plasmon resonance devices. It remains to be determined whether post-processing 

of the films could increase the connectivity of the gold NPs to bring the permittivity of the 

resulting film closer to bulk values [36].  Finally it was demonstrated that the TFBG device can 

be used for the characterization at near infrared wavelengths of ultrathin metal films deposited by 

gas-phase processes, down to thicknesses below 10 nm.  The small TFBG probe can be inserted 

easily into deposition chambers to ensure that the film deposited on the probe is identical to that 

on adjacent substrates.  It should be noted that for process temperatures below 200 °C the TFBG 

can be interrogated in real time during deposition and therefore provide film measurements as 

they grow [29].   
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Chapter 5: Anisotropic effective permittivity of an ultrathin 

gold coating on optical fiber in air, water and saline 

solutions
3
 

The optical properties of an ultrathin discontinuous gold 

film in different dielectric surroundings are investigated 

experimentally by measuring the polarization-dependent 

wavelength shifts and amplitudes of the cladding mode 

resonances of a tilted fiber Bragg grating. The gold film 

was prepared by electron-beam evaporation and had an 

average thickness of 5.5 nm (± 1 nm). Scanning electron 

imaging was used to determine that the film is actually 

formed of individual particles with average lateral 

dimensions of 28 nm (± 8 nm). The complex refractive indices of the equivalent uniform film in 

air at a wavelength of 1570 nm were calculated from the measurements to be 4.84−i0.74 and 

3.97−i0.85 for TM and TE polarizations respectively (compared to the value for bulk gold: 

0.54−i10.9). Additionally, changes in the birefringence and dichroism of the films were 

measured as a function of the surrounding medium, in air, water and a saturated NaCl (salt) 

solution. These results show that the film has stronger dielectric behavior for TM light than for 

TE, a trend that increases with increasing surrounding index. Finally, the experimental results are 

compared to predictions from two widely used effective medium approximations, the generalized 

Maxwell-Garnett and Bruggeman theories for gold particles in a surrounding matrix.  It is found 

that both of these methods fail to predict the observed behavior for the film considered. 
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5.1 Introduction 

Ultrathin gold films with thicknesses under 10 nm show size- and geometry-dependent features 

in their optical and plasmonic properties that are quite different from those of bulk material [1]. 

With decreasing thickness the thin gold films evolve morphologically from continuous to 

granular, during which a metal-to-insulator transition occurs [2,3]. The ultrathin gold aggregates 

can be represented by a single layer of oblate nanoparticles (NPs), and such layers have 

important applications as selective light absorbers [4,5] and many kinds of plasmonic devices 

[6,7]. Using the effective medium approximation (EMA) theories of the early 1900s [8], the 

complex effective permittivity of the aggregated gold films embedded in a homogeneous matrix 

(surrounding material) can be simulated. In the EMA models, the gold aggregates are 

represented by point dipoles embedded in the homogenous background, and the resulting 

effective permittivity of the mixture is dependent on the complex permittivities of the two 

constituents (gold and surrounding material), and on the volume fraction of gold. For 

experimental studies of thin gold films, spectroscopic ellipsometry is one of the most common 

measurement tools as it is highly sensitive to the optical properties of thin films [3], [9-11]. 

However, most of the previous work in this area was focused on measuring the thickness-

dependent complex permittivity calculated from the ellipsometric angles to investigate the effect 

of various thin film growth mechanisms, including the impact of the shape and distribution of the 

NPs making up the ultrathin films. Comparatively few studies exist on the impact of the 

surrounding medium permittivity of these films [12,13], and in such cases the gold NPs films are 

always embedded in solid dielectric material, making it impossible to study the same film under 

different surroundings. Moreover, the anisotropic optical properties of the ultrathin metal films 

caused by the nonspherical shape of their NP constituents limit the measurement accuracy of the 
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conventional measurement methods, such as spectral reflectometry [3,14], ellipsometry [9,10], 

and interferometric picometrology [15]. This is one of the reasons for which previous works 

often neglected the optical anisotropy in measurements of gold films with thicknesses spanning 

the insulator-to-metal transition. The purpose of the present paper is to investigate the impact of 

the surrounding medium on the anisotropic optical properties of highly disordered, 

morphologically complex gold NP aggregates with an average thickness of 5.5 nm. This 

experimental study is carried out by probing the ultrathin film, deposited on the surface of the 

cladding of an optical fiber by two-step evaporation, using the polarized evanescent fields of the 

fiber cladding modes that are resonantly excited by a tilted fiber Bragg grating (TFBG) [16,17]. 

The anisotropic properties of the thin film are inferred from the changes in the amplitudes and 

wavelengths of the various cladding modes as the film coated fiber is exposed to various 

surroundings. Those results are then compared with EMA calculations based on measured NP 

shapes and bulk values of their permittivities, and the discrepancies observed are discussed in 

relation with the assumptions made by both the Maxwell-Garnett (M-G) and Bruggeman EMA 

models. 

In more detail, due to the inclination of the grating planes of a TFBG along a specific 

direction, two families of polarized cladding modes with radial or azimuthal electric fields at the 

fiber cladding boundary can be selectively excited by probing with linearly polarized input core-

guided light (as shown in Fig. 5.1) [16,17]. Figs. 5.1(b), 5.1(c), 5.1(d), and 5.1(d) illustrate the 

simulated electric fields of four typical polarized cladding modes with the same radial order 

(number of zeros in field amplitude as a function of radial coordinate) in standard single mode 

fiber for telecommunications. TM0m and EHnm modes are radially polarized and result from P-

polarized core mode input while the TE0m and HEnm modes are azimuthally polarized and result 
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from S-polarized input. P- and S-polarizations refer to the orientation of the input electric field in 

the plane of incidence and out of the plane of incidence on the tilted grating fringes, respectively. 

In the following these mode families will be referred to as TM and TE to shorten the text. Due to 

the orthogonal electric fields at the interface of fiber cladding and surroundings, the TM- and 

TE-polarized cladding modes show distinct responses to surrounding refractive index (SRI) 

changes, but more strongly so when metal coatings or particles are present [18]-[20]. Therefore, 

the polarization-dependent properties of the cladding modes excited by TFBG can be used for 

surface plasmon resonance sensors [21-23] and measuring the anisotropic optical properties of 

thin metal coatings [24,25]. In this chapter, the SRI-dependent spectral responses of the two 

kinds of polarized cladding modes are used to investigate the effect of the surrounding 

permittivity on the anisotropic effective optical properties of an ultrathin gold NP film with a 

mean thickness of 5.5 nm. Since the coated TFBG is both the substrate for the coating and the 

probe of its properties, successive measurements of a given coating in many surrounding 

environments can be very accurate as they are inherently independent of changes in either the 

film or the sensing probes, which remain unchanged. The complex effective permittivities of the 

coating are measured and compared with theoretical predictions based on both the generalized 

M-G and Bruggeman EMAs, wherein the input parameters are particle sizes and filling factors, 

extracted from scanning electron microscope (SEM) and atomic force microscope (AFM) image 

data, as well as literature values for the permittivity of bulk gold and of the surrounding media 

tested. 
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Fig. 5.1. (a) Schematic diagram of TFBG under X-(S-) and Y-(P-) polarized core modes input. Electric 

field distributions of four typically vectorial cladding modes ((b) EH1m, (c) HE1m, (d) TM0m, and (e) TE0m) 

coupled from the X-(S-) and Y-(P-) polarized core modes by TFBG, respectively. (Note that the grating 

planes are parallel to X axis and tilted away from the Y axis). The white broken curves indicate the core 

and cladding edges of optical fiber. 
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5.2 Sample fabrication and geometry 

The TFBG used in this work was written in hydrogen-loaded CORNING SMF-28 fiber with a 

pulsed KrF excimer laser using the phase-mask method [16]. The hydrogenation process of the 

optical fibers is as follows: a pressure of 15.2 MPa, a temperature of 20 °C, and a duration of 14 

days. The length and the tilt angle were chosen at 10 mm and 10° to excite a large number of 

high-order cladding modes with strong evanescent fields for thin coating measurements. The 

Bragg wavelength is around 1613 nm, resulting from a phase mask period of 1114.8 nm. After 

cleaning the TFBG cladding surface with piranha solution (a mixture of sulfuric acid and 

hydrogen peroxide), it was placed in an electron-beam physical vapor deposition system at room 

temperature and under vacuum (10
-6

 Torr). In order to have a relatively uniform gold coating 

around the fiber circumference, two gold deposition steps were conducted consecutively with the 

fiber being rotated by exactly 180° between the two deposition runs using a custom designed 

fiber holding fixture. A relatively uniform gold film with a thickness of ~5 nm was obtained 

under a deposition rate of ~6 nm/min. The estimated thickness was obtained by measuring a 

witness sample (a 2-inch silicon wafer with a 30 nm SiO2 thermal oxide buffer layer) that was 

placed next to the TFBG for one deposition run. We now proceed to describe physical 

measurements of the actual coating morphology (thickness and NP shapes and filling factor) on 

the witness sample.  

Figure 5.2 shows SEM (a) and AFM (b) images which show that the SiO2 surface is 

completely covered by an irregular distribution of gold NPs. The evidence of small-scale 

coalescence of the aggregated gold NPs is already appearing for this thickness, resulting from the 

touching and merging of adjacent NPs. The quantitative analysis of the gold NP sizes and heights 

was carried out on the SEM and AFM images by using image processing software tools ImageJ 
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and WSxM [26], respectively. The distributions of the lateral size (diameter) and height of the 

gold NPs film are shown in Figs. 5.2 (c) and 5.2(d), respectively.  Based on the Gaussian fitting 

curves, the mean lateral size dNP and height hNP of the gold NPs are 28 nm with a standard 

deviation of 8 nm and 5.5 nm with a standard deviation of 1 nm, respectively. The relatively 

large standard deviations in lateral size and height reflect the randomness of the cluster formation 

at these thicknesses, as can be clearly observed in Figs. 5.2(a) and 5.2(b). It is very clear that this 

5.5 nm thick gold evaporated film can be regarded as a mono-layer of oblate gold nanospheroids. 

Also, the volume factor f of the gold NPs is 68% (± 5%), as obtained from the SEM image using 

the ImageJ software. 

 

Fig. 5.2. SEM (a) and AFM (b) images of the gold NPs film over an area of 0.5×0.5 μm
2
 (with scale bar 

of 100 nm). (c) Histogram of gold NP lateral sizes based on 1172 particles distributed over an area of 
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approximately 1.3×1.0 μm
2
. (d) Height histogram of gold NPs film based on ~2.62×10

5
 extracted points 

from 1×1 μm
2
 AFM image. 

5.3 Experimental results 

Based on the experimental setup shown in Fig. 5.3(a) that includes a broadband source (BBS) 

(JDSU BBS1560), a polarization controller (PC) (JDSU PR2000), and an optical spectrum 

analyzer (OSA) (ANDO AQ6317B), the polarized spectra of TFBG under various SRIs can be 

measured [24]. Even though the nominal measurement resolution of this OSA is only 10 pm, the 

resonance lineshapes were fitted with an inverted Gaussian function over several measurement 

points and the statistically significant uncertainty with which an individual resonance can be 

measured is ± 2 pm for the wavelength and ± 0.05 dB for the amplitude [16]. In this experiment, 

three different SRIs of 1, 1.315−i1.21×10
-4

 [27], and 1.360−i3.24×10
-5

 [28] (at 1570 nm) 

provided by air, deionized water, and a saturated NaCl-water solution were applied on the TFBG 

sample. In order to investigate the coating with the same cladding guided mode (resonance) in 

the three different SRIs, a resonance near 1566.5 nm (measured in air) was chosen, as the cut-off 

wavelength for cladding mode guidance in the largest SRI is around 1565 nm. The normalized 

spectra of the polarized cladding modes of the gold NPs-coated TFBG under the three 

surroundings is shown in Fig. 5.3(b). The spectra were adjusted to compensate for any 

temperature dependence by shifting them so that the core mode resonances for all the 

measurements (located near 1613 nm) overlap perfectly [16]. All the spectra shown in Fig. 5.3 

were obtained with the same TFBG, to eliminate any possible perturbation of the data by 

different underlying grating properties (it is not possible to fabricate exactly identical TFBGs by 

photosensitive processes). For comparison with the gold coated results, corresponding spectra of 

the same TFBG sample after etching of the gold coating are shown in Fig. 5.3(c). In Figs. 5.3(d) 
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and 5.3(e), the floating columns indicate the extracted wavelength separations (λTE−λTM) and 

peak-to-peak (P-P) amplitude differences (ΔATE−ΔATM) between the TE- and TM-polarized 

cladding mode resonances under the three SRIs for both bare and coated TFBG samples. 

 

Fig. 5.3. (a) Schematic diagram of experimental setup. Temperature-calibrated spectra of the gold NPs-

coated (b) and the gold NPs-etched (bare) (c) TFBGs for TE- and TM-polarizations in air, DI water (H2O), 

and saturated NaCl-water solution (NaCl) surroundings. (The red and blue circles are marked at the 

positions of the TE- and TM-polarized cladding mode resonances, respectively.) Wavelength separations 

(d) and peak-to-peak amplitude differences (e) between the pair of polarized cladding modes for the both 
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of coated and bare TFBGs under the three SRIs. Note that the signs of the P-P amplitude differences 

under the cases of bare and coated TFBGs are opposite. 

It is obvious that the TE and TM cladding mode resonances both shift to longer 

wavelength under increasing SRI, as expected from standard waveguide theory, and roughly at 

the same average rate under these conditions (Fig. 5.3(d)). Also as expected, the wavelength 

difference between TE and TM resonances of the bare grating decreases from 0.173 nm to 0.013 

nm with increasing SRI, indicating that the modes chosen approach their cut-off at the maximum 

SRI tested (since weakly guided and radiation modes no longer have polarization splitting [20]). 

For the gold coated TFBG on the other hand the SRI dependence of the wavelength shifts 

completely opposite: the wavelength separation for the same pair of resonances is larger in air 

(0.210 vs 0.173 nm) and it further increases to 0.335 nm under the same changes of SRI as for 

the bare grating. So instead of reducing the polarization splitting, increasing the SRI makes the 

splitting larger when the TFBG is coated with the thin gold NP film.  

With regards to the amplitudes of the resonances as the SRI rises, they decrease slowly 

for the bare TFBG as the modes approach cut off, and the amplitudes of the TM modes are 

slightly lower, due to the weaker confinement of those modes relative to the TE ones. Again the 

results for the grating with the gold coating are strikingly different. For the coated grating in air, 

the P-P amplitudes of all the modes are smaller than those of the bare grating, reflecting higher 

mode loss due to either absorption or scattering by the gold NPs. Upon increasing the SRI 

however, the amplitudes of the TM modes recover (they become larger, indicating lower mode 

loss) while those of TE modes continue to decrease. In fact, the overall spectral responses of the 

coated TE and TM modes indicate clearly that for such gold coatings, TE modes (with their 

electric fields polarized parallel to the film) are much more perturbed and are also more sensitive 

to further SRI changes. 
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5.4 Discussions 

In order to investigate the anisotropic optical properties of the gold NPs coating under the 

various SRIs, the effective indices of the polarized cladding modes have to be extracted from the 

spectral data. Then, those mode effective indices (along with the average coating thickness 

obtained by AFM) will be used to calculate the effective medium properties of the equivalent 

homogeneous layer that is added to the fiber waveguiding structure by the coating process. Fig. 

5.4 illustrates the evanescent fields of the cladding modes with TE- or TM-polarization along the 

gold NPs-coated TFBG surface (a) and the corresponding waveguide (b) where the NPs have 

been replaced by an effective medium layer with homogeneous properties. Since the added layer 

has a complex permittivity, its effect on the effective indices of the TE and TM cladding modes 

is widely different [18,21-24]. 

 

Fig. 5.4. 2D schematic diagrams of a mono-layer of oblate gold NPs (a) and effective medium layer that 

consists of gold and surrounding materials (b) coated on optical fiber surface under evanescent fields of 

TE- and TM-polarized cladding modes propagating along the z-axis. The thickness t of the effective 

medium layer is equal to the average height hNP of the gold NP film measured from its AFM image. Note 

that the relative profiles of evanescent field and gold film shown above are not to scale, since the 

penetration depth of the cladding mode with effective index of ~1.366 in air is about 130 nm. 
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The real part of the effective index of a cladding mode   can be obtained from the phase 

matching condition of the TFBG, 

core

effclad

clad

eff NN  /cos     (1) 

where λclad is the wavelength of the cladding mode resonance, θ is the tilt angle of the grating 

planes, Λ is the grating period, and 
core

effN  is the effective index of the core mode (~1.447). The 

formula relating the imaginary part 
clad

effK  (the mode extinction coefficient) to the amplitude of 

the cladding mode attenuation in the transmission spectrum requires the computation of the 

coupling coefficient κ between the incident core mode and the cladding mode of interest, given 

the known grating length and period, and the base fiber properties. The fundamental relationship 

between the coupling coefficient κ and the P-P transmission amplitude ΔA (converted from dB to 

linear scale) of the cladding mode can be written as, 

L

A


 1tanh 1

       (2) 

where L is the grating length (10 mm). This relationship is correct for the lossless case (no gold 

film). Once loss is introduced (the film), the coupling coefficient is unchanged to first order and 

the observed decrease in the P-P amplitude is due to the appearance of an imaginary part (i.e. 

absorption) in the cladding mode propagation constant. This imaginary part is found by matching 

experimental results to simulations of TFBGs with lossy modes, carried out with a numerical 

tool (Optigrating, by Optiwave) [24,25]. Figs. 5.5(a) and 5.5(b) show the real and imaginary 

parts of complex effective indices for TE and TM modes of the gold coated fiber extracted from 

the experimental mode resonances when the coated fiber was immersed in the three SRIs (Fig. 

5.3(b)). The real part of the effective indices increases with SRI and the difference (TE-TM) 

increases from 0.00038 to 0.0006. On the other hand, the calculation of the imaginary part of the 
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effective index reveals that the extinction coefficient of the TE mode is enhanced from 1.51×10
-4

 

to 5.06×10
-4

 in going from air to water, but decreases to 4.12×10
-4

 in the salt-water solution. For 

the TM mode, extinction coefficient drops from 4.43×10
-5

 in air to 7×10
-6

 in the salt-water 

solution. It is important to note that the extinction coefficient for both TE and TM modes of the 

bare TFBG in the salt water solution is about 1×10
-6

, which indicates absorption in the 

surrounding medium (due to its bulk extinction coefficient of 3.24×10
-5

) contributes little to the 

extinction coefficient of the modes of the coated fiber. 

 

Fig. 5.5. Real (a) and imaginary (b) parts of the complex effective indices of the TE and TM cladding 

modes ( clad

eff

clad

eff iKN  ) under the three SRIs; Real (c) and imaginary (d) parts of complex refractive 

indices (n − ik) of the 5.5 nm thick effective homogeneous gold NPs film for TE and TM modes. The 

positive and negative errors of the complex refractive indices are evaluated from the thickness uncertainty 

of ± 1 nm in FIMMWAVE simulations. 
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Now using the same optical fiber parameters (core and cladding) as those used in our 

previous paper [24], a thickness of 5.5 nm for the effective medium layer and the different SRIs 

as the outer layer, a four-layer optical fiber model solved with a vectorial finite differences 

method (FDM) complex mode solver (FIMMWAVE, by Photon Design) can be used to find the 

complex refractive index of the gold NP film (n − ik) that reproduces the measured mode 

effective indices [24,25]. While TE and TM modes always have different effective indices even 

for homogeneous, isotropic media [29], in the present case it was not possible to find a unique 

value of the complex film refractive index to yield the measured TE and TM modes: a film 

anisotropy had to be introduced to account for in-plane (TE) and out-of-plane (TM) electric field 

polarizations. The calculated effective medium complex refractive indices of the gold NPs film 

under the three SRIs at the cladding mode wavelength around 1570 nm are shown in Figs. 5.5(c) 

and 5.5(d). The different real and imaginary parts of the refractive indices for the TE and TM 

polarizations under the various surroundings indicate that the 5.5 nm gold NP film is optically 

anisotropic at this near infrared wavelength. Furthermore, the SRI dependence of complex 

refractive indices demonstrate that the gold NPs coating on TFBG surface can be regarded as a 

composite material layer consisting of gold NPs and a given surrounding medium. Compared 

with the complex refractive index of bulk gold (0.54−i10.9) [30], the calculated complex 

refractive indices of the gold NP layer has a 10 times higher real part and a 10 times lower 

imaginary part. In other words, the layer behaves much less as a metal than as a dielectric. This 

is consistent with the size-dependent optical properties of thin gold films investigated in other 

papers [9-11,15], where the metallic character of gold is replaced with dielectric behavior with 

decreasing thickness, due to the confinement of free electrons caused by the interruption of 

percolation paths inside ultrathin metal films. Due to the electron mean free path of 25 nm [15], 
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electrons are always confined in the gold NPs with an average thickness of 5.5 nm in the out-of-

plane direction, suggesting dielectric-like optical properties for the TM-polarization. But the 

small-scale coalescence of the aggregated gold NPs with average lateral size of 28 nm weakens 

the localization effect of electrons in the in-plane direction, which results in the more metallic 

complex refractive index of the gold NPs film for the TE-polarization (lower real part and higher 

imaginary part). For quantitative comparisons, the measured real parts of the complex 

permittivities (n
2 

− k
2
) of the 5.3 nm and 6.2 nm thick gold evaporated films were around 25 and 

10 at 1570 nm (0.79 eV) in air [3], respectively. From Figs. 5.5(c) and 5.5(d), the corresponding 

real parts of the anisotropic complex permittivities of the 5.5 nm gold film in air are 22.8 and 15 

for the TM and TE polarizations, respectively, which are included within the above reported 

values. Moreover, the estimated complex refractive indices of the gold evaporated films with 

“nominal” thicknesses of 4 nm and 5 nm were found to be about 5-i1.5 and 4.5−i2.5 at 1570 nm 

in air [10], i.e. a similar real part as the one obtained here, but a much larger imaginary part. The 

origin of this discrepancy is that the gold films reported in [10] had larger-scale coalescence of 

the aggregated gold NPs than ours, which allowed more absorptive loss by Joule heating. The 

more connected gold films with lower thicknesses in [10] are probably caused by the difference 

between the mass-equivalent thickness and the effective thickness of the discontinuous gold 

films, which are correlated with each other by the filling factor (i.e. the mass-equivalent 

thickness of our gold NP film could be ~3.7 nm (5.5×68%)) [3,31]. Moreover, previous work on 

thin gold films (4-8 nm) used a quasi-homogeneous isotropic effective medium material for 

investigating their optical properties in visible and infrared wavelength regions [10,15]. Here we 

provide further observations of the anisotropy of these films and demonstrate that directional 
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depolarization effect in oblate gold NPs [11,13,24] and the resulting anisotropic permittivity of 

ultrathin gold material [32,33], yields a measurable optical birefringence and dichroism. 

For further investigating the anisotropic optical properties of the gold NPs coating under 

various SRIs, we now compare our measured results with theoretical calculations of the complex 

permittivity of an effective medium layer composed of gold NPs (using the bulk complex 

permittivity of gold at these wavelengths) and surrounding media. Two effective medium 

approximations (EMA) will be used, one based on the generalized M-G formula [34] and the 

other on the generalized Bruggeman formula [35]. From the SEM and AFM images shown in Fig. 

5.2, the gold NPs can be represented as oblate gold spheroids embedded in the surrounding 

medium, where the minor axes of all oblate spheroids are perpendicular to the optical fiber 

surface. Thus, the generalized M-G and Bruggeman formulas can be respectively expressed as 

[34,35], 
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where εeff is the effective permittivity of the effective medium layer, εi and εe are the 

permittivities of inclusion (gold) and surroundings, respectively, NTM,TE is the depolarization 

factor for TM or TE-polarization, and f is the volume factor of the gold material. For the oblate 

gold spheroids, the depolarization factors of the TM- and TE-polarizations can be defined as a 

function of the aspect ratio x of the oblate spheroid [36], 
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where NTM and NTE are 0.752 and 0.124 for our structure, based on the following expression for

NPNP dhx / . With Eqs. (3) and (4), the calculated complex refractive indices of the effective 

medium coating under the three SRIs for the out-of-plane (TM) and in-plane (TE) directions are 

shown in Fig. 5.6, where the corresponding results obtained from the experimental data are also 

indicated. 

 

Fig. 5.6. Complex refractive indices of the effective medium coating of the three surroundings for (a) out-

of-plane (TM) and (b) in-plane (TE) directions calculated by M-G and Bruggeman EMAs, compared with 

the experimentally obtained results and the bulk permittivities of the medium constituents (gold and SRI). 

The gray and black error bars indicate the deviations of complex refractive indices caused by the 

minimum aspect ratio x of 4.5/36 and the maximum x of 6.5/20 in EMA models, respectively, based on 

the average height of 5.5 nm (± 1 nm) and the average lateral dimensions of 28 nm (± 8 nm) of the gold 

NPs. Note that the both of gray and black error bars show in negative direction for the real parts of 

Bruggeman EMA in Fig. 5.6(a). 

Based on these comparisons of the three groups of complex refractive indices, some 

general trends can be observed. As expected from the EMA of metal particles in dielectric media, 
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the large increase in the real part of the index of the film relative to that of its constituents is 

relatively well modeled, with the notable exception of the Bruggeman model for the in-plane (TE) 

polarization. In this latter case the model predicts a complex index that is very close to that of 

bulk gold (regardless of SRI), while the experimental data retains a strong dielectric behavior. It 

is as if the EMA layer was acting as a continuous metal barrier for light in the cladding and 

shielding it completely from the surroundings, which is not the case according to the 

experimental data but which does occur for thicker films [19]. The other observation is that the 

M-G EMA systematically underestimates the coating loss (k), as expected in this case [37], while 

the Bruggeman model does the opposite (overestimates). An underestimated EMA value for loss 

is expected because the experimental values for loss come from two contributions in our 

experiments: absorption by gold NPs and scattering of the evanescent fields of cladding guided 

modes. Since the EMA approach does not include the effect of scattering, it was expected that 

those models would underestimate k relative to the experiments. It is clearly not the case for the 

Bruggeman EMA which again reflects its tendency to overestimate the loss due to absorption (i.e. 

the metallic character of the ultrathin coating with such aspect ratio of its constituent NPs). In 

fact, the applicability of the various EMAs to the different steps of growing gold NPs film 

deposited on glass that was described in [38] indicates that the M-G formula is quite suitable for 

sparsely distributed gold NP films while the Bruggeman formula is applicable when there is 

large-scale coalescence in the gold film growth. It looks from the results presented here that for 

intermediate levels of coalescence of ultrathin gold NP films, both EMA formulas fail in 

reproducing the experimental data. Some similar failures of the Bruggeman EMA were also 

observed in fitting the measured complex conductivities (directly related to complex permittivity) 

and optical transmittance at far-infrared frequency for gold films around the insulator-to-metal 
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transition [39,40]. Our results for the anisotropic complex refractive index show that this gold 

NP film at a thickness of 5.5 nm is thicker than the critical value for the maximum dielectric 

constant, in agreement with measured critical thicknesses between 5.3 nm and 6.2 nm for light at 

a wavelength of 1570 nm (0.79 eV) [3]. The slightly weaker insulating properties of the gold 

NPs film for the in-plane polarization (TE) are understandable since the dipole coupling between 

the gold NPs should occur first for in-plane polarization and help the gold film tend toward 

metallic material as the film grows [11]. However, the significant differences in the birefringence 

and absolute values of the measured effective medium results as a function of SRI are 

unexpected and may reveal new and important effects that occur near the insulator-to-metal 

transition of gold at these thicknesses and wavelengths. 

5.5 Conclusion 

In conclusion, the SRI-dependent effective refractive indices of the anisotropic 5.5 nm gold NPs 

film deposited by gold evaporation method were investigated with the polarized cladding modes 

excited by a TFBG. The complex refractive indices for modes polarized in the in-plane (TE) and 

out-of-plane (TM) directions, and the corresponding effective thin coating parameters were 

extracted from the measured polarization-dependent wavelength shifts and amplitude changes of 

the cladding modes around 1570 nm with help from simulations carried out with an accurate 

four-layer complex mode solver. For the extracted complex refractive indices of the gold NPs 

film embedded in different media, the results show that the real parts are 10 times larger than for 

bulk gold while the imaginary parts of the film are 10 times smaller. Such ultrathin gold films 

with only small scale coalescence have therefore a strong dielectric nature. It is worth noting that 

for the gold NP sizes obtained here, the localized surface plasmon resonance (LSPR) wavelength 

is near 750 nm, i.e. well outside of our measurement spectral range. While some of the NPs have 
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larger sizes and hence longer LSPR wavelengths, the randomness of the sizes would smear out 

any significant impact. Therefore no plasmonic effect is expected to come into play. The slightly 

weaker insulating optical properties of the gold NPs film for the TE-polarization than those for 

TM-polarization suggest the proximity of an insulator-to-metal transition and a critical thickness 

lower than 5.5 nm at 1570 nm, for the deposition conditions used. Moreover, comparing the 

experimental results with predictions from the generalized M-G and Bruggeman EMAs, it was 

revealed that these effective medium models fail to correctly account for the properties of the NP 

films at such thickness for near infrared wavelengths. The EMA models also do not correctly 

account for the effect of augmenting the surrounding medium permittivity on the birefringence 

and dichroism of the gold NPs film.  In view of the increasing importance of thin metal coatings 

in plasmon-assisted sensing and in photovoltaic devices, the polarization-resolved, high 

sensitivity measurements reported here show that ultrathin, partially connected metal films have 

anisotropic effective complex permittivities that are not well modelled by currently accepted 

EMA theories that are based on bulk metal properties with shape and density factors alone. It 

was also demonstrated clearly that the evolution of the equivalent film properties with SRI 

presents some anomalous features that are not consistent with our understanding of the effect of 

thin perturbations on guided modes, especially in the important case of saline solutions. 
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Chapter 6: Optical Anisotropy of Ultrathin Gold 

Evaporation Coatings on Optical Fibers (Further Work) 

In this chapter, we show preliminary results of investigations in the anisotropy of the optical 

properties of the ultrathin gold evaporated films (with mass-equivalent thicknesses from 3 to 8 

nm) during the insulator-to-metal transition process, based on the polarization-dependent spectral 

responses of the coated TFBGs. Results indicate that the optical properties of the 8 nm gold film 

are “metallic-like” in the in-plane direction, while the out-of-plane direction still shows 

insulating properties. Thus, growing gold films by PVD show a potentially lower percolation 

threshold for the in-plane direction than that for the out-of-plane direction.  

6.1 Introduction 

As one of the best deposition techniques for curved substrates, the gold chemical vapor 

deposition (CVD) can deposit uniform film on optical fiber surface. However, the gold CVD 

films reported in Chapter 4 do not support SPP propagation, due to the positive effective 

permittivity of the aggregated gold films. So the insulator-to-metal transition around the 

percolation threshold during the regular gold film growth (such as gold evaporation) does not 

appear in the gold CVD process, which indicates that the non-metallic properties of the gold 

CVD films remain up to thicknesses of at least 65 nm. In order to investigate the permittivity 

evolution of ultrathin gold films including the insulator-to-metal transition process, we have to 

use a gold deposition method that can yield the continuous film morphology with conductive 

properties at small thicknesses. Based on the calculated anisotropic effective permittivity of 5.5 

nm gold evaporation film reported in Chapter 5, the polarized TFBG cladding modes can be used 

for investigating the effective optical properties of the ultrathin gold films in both of in-plane and 
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out-of-plane directions. And the 5.5 nm thick gold evaporation film that is close to the regular 

percolation threshold of the gold evaporation film around 6.5 nm, showed some dipole 

interactions between the gold aggregates in in-plane direction, which indicate the delocalization 

effect of free electrons in the aggregated gold film with small-scale coalescence. Therefore, it 

was decided to investigate this further by using the gold evaporation deposition method for ex 

situ investigation of the anisotropic insulator-to-metal transition (complex effective permittivity) 

during ultrathin gold film growth (thickness range from 3 to 8 nm) with polarized TFBG 

cladding modes. 

6.2 Experiments and results (preliminary) 

In order to have a relatively uniform gold coating around the fiber circumference, two gold 

deposition steps were conducted consecutively with the fiber being rotated by exactly 180° 

between the two deposition runs using a custom designed fiber holding fixture. However, due to 

the highly directional gold vapor during the deposition, it is impossible to get an absolutely 

uniform gold coating on optical fiber surface. So the orientation of the grating planes in TFBG 

was determined prior to mounting the TFBG in the deposition chamber by observing the 

diffraction pattern of visible light (red light) injected into the TFBG. Fig. 6.1 shows a typical 

diffraction pattern of the red light that propagates through the TFBG, where the two brightest 

spots in the vertical direction indicate the tilt orientation of the grating planes. Based on the 

simulated electric field distributions of the TE- and TM-polarized cladding modes shown in Fig. 

5.1, the HE and EH modes have the strongest fields on the cladding boundary above and under 

the grating planes, and little or no intensity in the horizontal (sideways) directions. Thus, all 

TFBGs were fixed on the fiber holder in the gold deposition chamber with their grating planes 
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oriented towards the rising gold vapor. As a result, the gold coatings on cladding surfaces facing 

the grating planes have the largest thickness.  

Grating planes

TFBG location

Incident laser

 

Fig. 6.1. Diffraction pattern of 10° TFBG induced by red incident light. The white arrows indicate the 

brightest areas along the diffraction pattern, where the TFBG planes are tilted away from the arrow 

direction. 

In Fig. 6.2, we show the spectra of two TFBGs coated by the same 4 nm thick gold films, 

but with thickest coatings on the cladding surfaces vertical (a) and horizontal (b) to the grating 

planes. It is obvious that the cladding modes have much larger attenuations for case of thickest 

gold coatings on the vertical cladding surfaces, while have very weak responses for the case of 

thickest gold coating on the horizontal cladding surfaces. Therefore, in order to get the 

equivalent TFBG spectral responses caused by the uniform gold coating, all TFBGs in this work 

were coated by the gold films with the thickest areas vertical to the grating planes (such as the 

case shown in Fig. 6.2(a)). 
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Fig. 6.2. Polarized spectra of cladding mode resonances in bare and 4 nm gold-coated 10° TFBGs with 

Bragg wavelength around 1610 nm. The cross sections of two coated optical fibers show the two critical 

cases of the thickness profiles of the gold coatings relative to the TFBGs’ orientations. The pair of arrows 

in each figure indicates the directions of the gold vapor in the double depositions. 

For each gold deposition run on optical fiber samples, some witness silicon wafers with 

30 nm silica buffer layers were placed next to the TFBG samples. These witness samples were 

used for SEM imaging of the coatings’ morphology. Fig. 6.3 shows the SEM images of the gold 

evaporated films with mass-equivalent thicknesses from 3 nm to 8 nm. It can be seen that both of 

the 3 nm and 4 nm gold films are completely composed of the irregular gold nanoislands, but 

with the increasing average size and irregularity. The large-scale coalescence of the aggregated 

gold nanoislands is obviously appearing in the 5 nm gold film, where some elongated gold 

structures are also formed by the coalescent gold aggregates. And the gold coalescences continue 

to connect with the adjacent ones in the 6 nm and 7 nm gold films, which result in a 

semicontinuous gold film. The inner percolating channels for the free electrons are gradually 

formed in the gold films during the coalescence process. The fraction of air voids is further 
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reduced in the 8 nm gold film, of which the metallic properties are enhanced. Eventually, the air 

voids will fully be replaced with the gold material in thickness growth, leading to a continuous 

gold film with bulk properties.  

 

Fig. 6.3. SEM images of gold evaporation films deposited on witness wafers (all images were taken under 

the identical SEM parameters). Each image is marked with the mass-equivalent thickness. The scale bars 

indicate 100 nm. 

 Fig. 6.4 shows the experimental wavelength shifts and amplitude attenuations of a pair of 

cladding modes with deepest spectral resonances around 1560 nm, extracted from the bare 

TFBGs and the TFBGs coated by gold films with thickness from 3 to 8 nm. In general, both of 

the polarized cladding modes show the increased attenuations with the gold coating growth, 

where the slight attenuation reduction of the TE mode for the thicknesses of 6 and 7 nm is 

mainly caused by the smaller initial amplitude of the resonance. It is important to note that 
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identifying and following the cladding mode resonances under the particular polarization are 

difficult, especially for the gold films thicker than 4 nm, due to the non-monotonic wavelength 

shifts and amplitude changes caused by the growing gold films. In order to confirm the extracted 

spectral data of the two polarized cladding modes shown in Fig. 6.4, more TFBG samples with 

gold coatings of other thicknesses between 3 and 8 nm are required in the future experiments.  
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Fig. 6.4. Relative wavelength shifts (a) and amplitude attenuations (b) of TE- and TM-polarized cladding 

mode resonances versus the mass-equivalent thickness of gold film. The initial amplitudes of the pair of 

cladding modes in bare TFBGs are shown as a histogram in Fig. 6.4(b). 
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Fig. 6.5. Real (a) and imaginary (b) parts of the mode effective indices for the TE- and TM-polarized 

cladding modes measured in Fig. 6.4, versus the thickness of the gold film. The simulated complex 

refractive indices of the two polarized cladding modes for the 8 nm bulk gold coating are indicated by 

circles. 

By using the data extraction algorithm described in Section 4.3 of Chapter 4, the complex 

effective indices of the polarized cladding modes for the gold-coated TFBGs can be obtained. 

Fig. 6.5 shows the calculated real and imaginary parts of the mode indices under the different 

thickness of the gold coatings. In order to demonstrate the optical anisotropy of such ultrathin 

gold films, the effective indices of the corresponding cladding modes are simulated with a model 

of an optical fiber waveguide coated by 8 nm isotropic gold film with a bulk effective 

permittivity. From Fig. 6.5, the simulated real part for the TE-polarized mode is almost matched 

to the measured value, indicating the similar metallic properties of the 8 nm gold film in the in-
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plane direction. However, the measured real part of the mode index for the TM mode is much 

larger than the corresponding simulated value, showing that the optical properties of the 8 nm 

gold film are quite different from that of bulk gold for the out-of-plane direction. And it can be 

even supposed that the 8 nm gold film still performs as an insulator in the out-of-plane direction, 

based on the measured real part being bigger than that for bare TFBG (starting point of blue dots 

in Fig. 6.5(a)). On the other side, the simulated imaginary parts for 8 nm bulk gold coating fail to 

reproduce the measurement results, with underestimated magnitudes. This is due to the fact that 

the simulated imaginary parts of the effective indices are only dependent on the absorption 

coefficient of the uniform gold coating, while the measurements of mode loss, from which the 

experimental effective medium properties are derived, include a strong scattering component and 

is therefore larger than modelled. The NIR scattering effect can be quantitatively estimated by 

measuring the scattering light intensity from a part of gold coating and calculating the total 

intensity integrated over the full length and circumference of the TFBG.  

6.3 Summary 

In this chapter, we described preliminary results of the optical anisotropy of the percolating gold 

coatings with mass-equivalent thickness from 3 nm to 8 nm, investigated with the polarized 

cladding modes of TFBG. The gold coatings were deposited on the optical fiber surfaces 

oriented along the tilted orientation of grating planes by thermal gold evaporation. The 

wavelength shifts and amplitude attenuations of the TE- and TM-polarized cladding modes 

caused by the gold coatings were extracted from the measured TFBG spectra. And the 

corresponding effective mode indices of the polarized cladding modes in the gold-coated TFBGs 

were calculated for demonstrating the optical anisotropy of the gold coatings around the classical 

percolation threshold around 6.5 nm. In the future, we will focus on the two main issues about 
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this work: 1. Orientation-dependent TFBG spectral responses to the non-uniform gold coatings 

with thickness profiles relative to the direction of titled grating planes. Are the spectral changes 

of the uniform gold film-coated TFBG close to the one coated by the double gold depositions 

that have thickest gold coatings on the cladding surfaces above and below the grating planes? 2. 

How to distinguish the effects of absorption and scattering of the gold coatings on the 

attenuations of the polarized cladding modes. Eventually, it is hoped that the full the effective 

optical properties of the gold evaporated films around the percolation threshold can be 

investigated by using the TFBG-based anisotropic model. 
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Chapter 7: Conclusion 

A TFBG is a periodic structure inscribed in an optical fiber core by UV laser irradiation, which 

can couple the core mode into the SRI-dependent cladding modes. Due to the breakup of the 

circular symmetry caused by the tilted grating planes, the polarization state of the incident core 

mode controls the orientation and polarization of the excited cladding modes at the cladding 

boundary. In this PhD thesis, the TFBG probe is used as a bulk witness sensor for monitoring the 

thin gold film growth on fiber substrate and an “ellipsometry” tool for measuring the effective 

optical properties of the gold coatings on optical fiber surface.  

Firstly, we have demonstrated that there is a significant correlation between the near 

infrared polarized transmission spectra of 10º TFBG inscribed in standard single mode fibers and 

the optical properties gold particle coatings with thicknesses ranging from zero to ~200 nm, and 

formed using a recently developed CVD process. In particular we identified spectral signatures 

corresponding to coatings yielding different states of light confinement, scattering, and 

polarization. These effects are discussed in terms of the evolving metallic boundary conditions 

perceived by the cladding modes as the nanoparticles grow. This allows the preparation of gold 

nanoparticle layers that strongly discriminate between radially and azimuthally polarized 

cladding mode evanescent fields, with important consequences in the plasmonic properties of 

these layers. As a side benefit, we have also confirmed the usefulness of the TFBG as a process 

monitor for thin film coatings of CVD gold on other substrates in the same process chamber, in 

situ and in real time. 

Secondly, the cladding modes of an optical fiber were used to investigate the complex 

refractive index of CVD gold coatings on the fiber cladding surface. The real and imaginary 

parts of the refractive index (and permittivity) of the gold nanoparticle films differ markedly 
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from the bulk values at infrared wavelengths, as was often observed for films with thicknesses 

below 10nm. However in the case reported here, the anomalous values remain for thicknesses up 

to 65 nm and beyond, as in the case of evaporated gold films formed at very slow rates. It is 

expected that the real part of the complex refractive index reaches a saturated value at 65 nm 

then remains constant for higher thickneses, while the imaginary part would continue increasing 

due to the enhanced scattering and absorption effects during the thickness growth of gold CVD 

coating. The in-plane and out-of-plane components of the film permittivity were measured 

separately and shown to be essentially equal, apart from a small increasing dichroism at 

thicknesses larger than 25 nm. The polarization-dependent refractive index of the metal-insulator 

mixture calculated by generalized Maxwell-Garnett EMA theory indicates that the gold CVD 

film consists of ellipsoidal particles with aspects ratios from 0.8 to 1.0 and air gaps 

corresponding to metal filling fractions increasing from 30% to 68% over the average thickness 

range from 6 to 65 nm. Thus, it was demonstrated that the TFBG device can be used for the 

characterization at near infrared wavelengths of ultrathin metal films deposited by gas-phase 

processes, down to thicknesses below 10 nm. The small TFBG probe can be inserted easily into 

deposition chambers to ensure that the film deposited on the probe is identical to that on adjacent 

substrates. 

Thirdly, the SRI-dependent effective refractive indices of the anisotropic 5.5 nm gold 

NPs film deposited by gold evaporation method were investigated with the polarized cladding 

modes excited by a TFBG. Such an 5.5 nm anisotropic gold film enhances the surrounding 

refractive index sensitivity from 1.76 nm/RIU to 2.49 nm/RIU for the TE-polarized cladding 

mode, while slightly decreasing the sensitivity from 2.20 nm/RIU to 2.14 nm/RIU for the TM-

polarized mode. The complex refractive indices for modes polarized in the in-plane (TE) and 
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out-of-plane (TM) directions, and the corresponding effective thin coating parameters were 

extracted from the measured polarization-dependent wavelength shifts and amplitude changes of 

the cladding modes around 1570 nm with help from simulations carried out with an accurate 

four-layer complex mode solver. The slightly weaker insulating optical properties of the gold 

NPs film for the TE-polarization than those for TM-polarization suggest the proximity of an 

insulator-to-metal transition and a critical thickness lower than 5.5 nm at 1570 nm, for the 

deposition conditions used. Moreover, comparing the experimental results with predictions from 

the generalized M-G and Bruggeman EMAs, it was revealed that these effective medium models 

fail to correctly account for the properties of the NP films at such thickness for near infrared 

wavelengths. It is interesting to note that for an ultrathin (less than 10 nm thick) silver films with 

significant non-uniformity, i.e. “islandized” into nanoclusters, it was shown experimentally that 

long range surface waves could be excited at visible wavelengths [1]. This indicates that further 

investigations of our ultrathin gold films (CVD and evaporated) would be useful provided that 

TFBGs operating at visible wavelengths could be fabricated.  

Fourthly, we show the preliminary results about the investigations of the anisotropy of 

the optical properties of the ultrathin gold evaporation films (with mass-equivalent thickness 

from 3 to 8 nm) during the insulator-to-metal transition process, based on the polarization-

dependent spectral responses of the coated TFBGs. It indicates that the optical properties of the 8 

nm gold film perform metallic in the in-plane direction, while the out-of-plane direction still 

shows insulating properties. Thus, for the growing gold evaporated films, it shows a potential 

lower percolation threshold for the in-plane direction than that for the out-of-plane direction. 

Finally, due to the anomalous optical properties (poor conductivity) of the gold CVD 

films and ultrathin gold evaporation films, a TFBG-based SPR sensor for surrounding refractive 
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index detection could not be obtained. However, the LSPR can be potentially excited in the gold 

nanoparticles and nanoislands on TFBG surface at visible wavelengths, which gives us some 

ideas for TFBG-based LSPR sensors. Furthemore, while the work carried out here dealt 

exclusively with complex permittivity materials (metals), the TFBG thin film probe that was 

developed can be used for isotropic and anisotropic dielectric coatings, a “simpler” problem in 

the sense that there are fewer unknowns.  In that sense, it is hoped that at some point the TFBG 

probing technique will be able to provide the same kind of information as an ellipsometer, with 

the advantage that it can be inserted into deposition chambers for in situ, real time monitoring of 

thin films.  
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