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I 

Abstract 

 

All-optical switching could play a significant role in future high-speed 

telecommunication networks. Switches based on tilted fiber Bragg gratings (TFBG), 

coupling the forward propagation core mode to hundreds of discrete backward propagation 

cladding modes provide a novel platform for light-matter interaction by modulation of 

material permittivity via the evanescent field of cladding modes which in turn modulate 

the cladding resonances shifts in wavelength and/or amplitude. In this thesis, in-situ, real 

time detection of the percolation of Ag films coated on the surface of fibers is achieved 

through measurements of TFBG transmission spectra by gradually etching the metal films 

to thicknesses between 15-25 nm. Secondly, all-optical photo-thermal based bistability and 

self-pulsing, i.e., repetition rate up to 269 Hz and pulse width of 1.4 ms was achieved by 

using a multi-layered graphene-coated TFBG pumped by single Watt-level CW laser light 

in the fiber core. Thirdly, all-optical synchronous modulation of a probe CW signal 

propagating in a gold-coated TFBG immersed in water was achieved by excitation of a 

plasmonic hybrid cladding guide mode.  A 1 MHz, 25 ps long pump signal with average 

power of 50 mW at one wavelength modulated the low power CW probe at another 

wavelength by 4.5%, with a widened duration of 56 ps due to hot carrier generation in the 

gold coating. Finally, broadband antireflection of cladding guided light was demonstrated 

at the same thicknesses where percolation occurred, which leads to further potential 

applications in fiber-based nonlinear light-matter interactions. 
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Chapter 1: Introduction 

 

Integrated-optical switching devices are considered as significant elements in high speed 

telecommunication networks today [1]. Unlike the conventional electrically-controlled 

optical switches with low switching speed, massive all-optical switches with ultrafast 

responses using nonlinear materials are based on ultrafast modifications of the refractive 

index of nonlinear media due to Kerr effect or two-photon effects in optical fibers or optical 

planar waveguides with small cross-section and long nonlinear interaction lengths. 

Examples include Mach-Zehnder interferometers [2-4], Sagnac interferometers [5-7], 

optical couplers [8-11], Fabry-Perot resonators [12-14] and ring resonators [15-17]. 

Meanwhile, the applications of nanophononics technology using materials at nanoscale 

dimensions, either inorganic (semiconductors, dielectrics, metal, etc.) or organic 

(molecules, clusters) and biological (cells, proteins, etc...), or nano-structured materials 

(nano-thin film, nanoparticles, nanowires, nanotubes, etc.) are increasing. These advances   

in switching systems benefit from a cut down of the threshold power for switching in nano-

structure devices like nano-waveguide interferometers [18,19], photonic crystals [20-23], 

and surface plasmon polaritons devices [24-26]. In contrast with the various configurations 

so far, a simple, monolithic, low insertion loss, low cost all optical switching structure is 

proposed in this thesis: the tilted fiber Bragg grating (TFBG) inscribed in standard telecom 

single mode fiber without physical modification such as mechanically polished D-shape 

fiber [27,28], unclad or etched fiber taper [29,30], fiber end face coating [31], or 

microstructure fiber [32-34]. Based on the phase matching between the effective refractive 

index of the core more, the cladding mode and the grating period, a TFBG couples the 
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forward propagating light in the core to backward propagatiing cladding modes (i.e. 

hundreds of discrete cladding mode resonance separated by 0.2-2 nm and with a high Q 

factor (wavelength/full width at half maximum, larger than 104). These narrowband 

transmission loss resonances respond to external permittivity perturbations through the 

evanescent field of cladding modes and their wavelength shifts or change in amplitude. 

This has been used to develop high performance sensors for biomedicine [35-37], magnetic 

detection [38], refractometry based on plasmon excitation [39], or for optical fiber grating 

based devices with enhanced nonlinear optical properties [40-42]. Therefore, the TFBG is 

a promising platform for light-interactions targeted for ultrafast switching with simplified 

structure, low intrinsic loss, ease of fabrication (i.e. in contrast to using an interferometric 

arrangement with high coherent laser,  a phase mask with fixed period (our method) is used 

to generate the interference pattern so that it is easy for mass-produced TFBG with low 

coherence ultraviolet sources) and low-cost fiber-coupled instrumentation. 

        In this chapter, a literature review and description of TFBGs is presented in terms of 

basic theory, their configurations as sensors, and as a promising platform for light-matter 

interactions based on nonlinear material coatings. This forms the inspiration for the rest of 

the work presented in this thesis about all optical switching devices.  

1.1 Tilted fiber Bragg gratings 

 

Fig. 1.1.1. Schematic illustration of the TFBG 
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The discovery of the formation of gratings in optical fibers has opened up a whole new 

class of light processing devices, which has developed into a mature technology with a 

wide range of applications in various areas, including physical sensing for temperature, 

strain, acoustic waves, pressure and specially nonlinear optical switching components [43-

45]. Meanwhile, another category of short period FBGs were also proposed that involved 

tilting the grating planes relative to fiber axis, named TFBG, as shown in Fig. 1.1.1.  TFBGs 

allow the application single mode fibers to surrounding refractive index (SRI) sensing, and 

all other sensing modalities based on SRI, without modifying the geometry of fiber. This 

is because TFBGs couple the light from the forward-propagating core-guided mode to a 

large number of backward-propagating cladding modes that have an evanescent field 

penetrating in the surrounding medium. 

        Fig. 1.1.2 shows the experimental transmission spectrum and simulated guided modes 

(i. e. first 5 guided modes near cutoff) of a 12-degree, 2 cm-length TFBG immersed in 

water. The core mode resonance (usually referred to as the "Bragg resonance") is located 

at the longest wavelength around 1610 nm, as decided by the grating period and effective 

index of the fiber core.  A subset of large number of cladding modes guided by the cladding 

are shown on the left of the Bragg resonance including a "ghost" mode consisting of 

superposition of several low order cladding modes [46], and high order cladding modes at 

shorter wavelength. The leaky modes of the cladding, i. e. cladding modes with effective 

indices lower than the water, are shown beyond 1530 nm where there is a discontinuity in 

the cladding mode envelope after which the resonance amplitude decrease sharply. For the 

whole thesis, we focus on the high order guided cladding modes that obey the phase 

matching condition with the fundamental 11HE  mode of the core:  
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               11( ( ) ( ))lmn n  = +                                                 (1.1) 

 

Fig. 1.1.2. Experimental transmission spectrum of a 12-degree TFBG immersed in water (top); 

Mode intensity profiles of 5 guided modes near cut-off (bottom) simulated by a complex finite-

difference vectoral simulation tool (FIMMWAVE, by Photon Design). The model consisted of a 

three-layer waveguide: 8.2 m core diameter with refractive index 1.449311, 125 m cladding 

diameter with refractive index 1.444078, 80 m diameter medium of water (refractive 

index=1.3154). 
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Where   is the cladding mode resonance wavelength, 11( )n   is the effective index of core 

mode, and ( )lmn   is the effective index of cladding mode (with azimuthal order  l  and 

radial order m).   is the period of the grating along the fiber axis.         

        The guided cladding modes in standard single mode fiber consist of four types: 0mTE

, 0mTM , lmHE  and lmEH   based on three layer cylindrical waveguide using analytical 

methods developed in [47]. Again, l  is the azimuthal order and m  is the radial order, in 

which the radial and the azimuthal electric fields are zero for 0mTE and 0mTM modes 

respectively, while hybrid lmHE and lmEH modes have no vanishing components. In 

particular, TE modes have their electric fields parallel to the cladding surface while TM 

modes have their electric fields in the (r,z) plane (z is the axis of the fiber, and r the radial 

coordinate). On the other hand, EH and HE modes have no vanishing field component but 

it has been demonstrated that for high order modes, the electric field of EH modes is 

predominantly radially polarized while HE modes are mostly azimuthally polarized [48]. 

Furthermore, the field patterns of all mode families can be rotated around the fiber axis by 

an arbitrary angle since the fiber has total cylindrical symmetry (this is meaningless for TE 

and TM modes since they have no azimuthal dependence).  In the following, the 

polarization state of the four types of cladding modes are separated into two groups 

according to the electric field orientation: azimuthally polarized modes (TE and HE mode) 

and radially polarized modes (TM and EH mode).  

        As for the uniform grating with refractive index modulation n  in the core, the 

coupling coefficient (  ) between the fundamental mode (core mode) and multiple 
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cladding modes is calculated by using coupled mode theory based on the weak coupling 

approximation (the maximum core index modulation is of the order of 0.001): 

           

2

*

11

0 0 0

2
[ cos( cos tan )]

4

a
co

lm

n
E E n r rdrd

Z


 

   


= 
                            (1.2) 

where con is the effective index of the core mode, 0 377Z =   is the free space impedance, 

11E  and lmE  are the transverse electric fields of the core mode and cladding mode. The 

magnitude of the coupling coefficient depends on the scalar product of the mode fields of 

the 11E  and lmE  modes, multiplied by the projection of the tilted grating planes in the 

cross-section of the core (the refractive index modulation is limited to the core in our case). 

While the electric field of the fundamental mode of the core is largely linearly polarized 

(the core is "weakly guiding"), any arbitrary light signal in the core can be decomposed as 

a linear combination of two orthogonally polarized modes.  It is convenient to define the 

radial direction that lies in the tilt plane as one of the arbitrary orthogonal axes of the fiber 

cross section, and then the core mode component with an electric field that lies in the tilt 

plane is "P-polarized" while the orthogonal component is "S-polarized" relative to the tilt 

plane.         

        Now orientation of the tilt plane breaks the cylindrical symmetry of the fiber and the 

result of the integral in Equation (1.2) depends on the orientation of the electric field of the 

incoming core mode.  As demonstrated in Ref. 48 (and proven experimentally countless 

times in follow up publications from our group), an S-polarized core modes couples 

primarily to the TE and lmHE modes while a P-polarized core mode couples to TM and 

lmEH  cladding modes. Therefore, if the input core mode is linearly polarized (with an in-

line polarizer or polarization controller) upstream of the TFBG in the S or P plane, the 
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transmission spectrum will only contain TE/HE modes or TM/EH modes respectively. In 

the remainder of this thesis, "S" and "P" labels for modes and measurements refer to this 

convention.  Moreover, for both P- and S-polarized cases, cladding modes with odd 

azimuthal order ( 1,3,5l =  ) and even azimuthal order ( 0,2,4l =  ) are nearly 

degenerate and form alternating groups of resonance pairs in transmission spectra, as 

shown in bottom of Fig. 1.1.2. It was further demonstrated in Ref. 48 that for gratings with 

tilt angles of the order of 10 degrees (the maximum tilt used in this thesis) modes with 

azimuthal orders greater than 9 contribute very little to any resonance. What is important 

here is that for high order modes (at wavelengths farthest from the Bragg resonance) P 

spectra will have only cladding modes with electric fields radially polarized while S spectra 

will only have modes with electric fields parallel to the cladding surface, with important 

consequences when cladding mode resonances are used for accurate refractometry [49].   

 

Fig. 1.1.3. Experimental transmission spectra of 12-degree TFBG in air as a function of the 

direction of linearly polarized incident light. 
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        Fig. 1.1.3 shows how the experimental transmission spectrum of a TFBG depends on 

the input core mode polarization direction. The low order cladding modes close to Bragg 

resonance (small m, higher effective indices and in longer resonance wavelengths) have 

truly mixed polarization states and no visible shift with input polarization (Fig. 1.1.3 (a)). 

On the other hand, for the high order cladding mode far away from Bragg resonance (large 

m, lower effective indices), shown in Fig. 1.1.3 (b), the cladding mode resonances shift by 

about one full width at half maximum as the input polarization rotates by 90 degrees. This 

comes from two effects: 1) as indicated earlier, higher order modes split into TE/HE and 

TM/EH groups and; 2) the boundary condition for the two groups are markedly different 

because total internal reflection is predominanly TE-like or TM-like, respectively, with 

correspondingly different phase shifts in the Fresnel reflection coefficients. Therefore, in 

addition to the alternation between resonances with even (m=0,2,4,…) and odd 

(m=1,3,5,…) azimuthal orders, separated by about 1.3 nm in Fig. 1.1.3(b), each of these 

resonances can be further split in two, separated by about 0.1 nm, by polarizing the input 

core mode along the S or P plane of the TFBG. Finally, it was determined both theoretically 

and experimentally that in the small polarization splitting of each resonance the short 

wavelength state of the resonance corresponds to the P-polarized input while the 

orientation giving rise to the long wavelength state corresponds to the S-polarized input 

orientation (as indicated by the labels on Fig. 1.1.3). This is very important information in 

particular for experiments involving metal coatings for plasmonics, because surface 

plasmon polariton (SPP) waves can only exist in TM states, i.e. with radially polarized 

electrical fields for metal coatings on optical fibers [50]. 
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Fig. 1.1.4. Experimental transmission spectra of 12-degree TFBG as a function of the refractive 

index of sucrose solution. 

        In order to demonstrate the general use of TFBG devices for sensing, Fig. 1.1.4 shows 

P transmission spectra of TFBGs immersed in sucrose solution with SRI ranging from 1.31 

to 1.38. Since the evanescent field penetration of cladding modes increases with decreasing 

effective index, the high order cladding modes at shorter wavelengths shift notably more 

than the lower order modes since a larger fraction of the mode power actually propagates 

in the external medium. It is also confirmed that the core mode is totally immune to SRI 

and thus can be used as a power and wavelength reference. Finally, there is a clear cut-off 

where cladding mode resonances decrease sharply in amplitude along a diagonal in the 

wavelength/SRI plane, indicating loss of total internal reflection at the point where the 

cladding mode effective index becomes equal to the SRI. These features allow the 

construction of all-fiber refractometers either by following the cutoff point (with an 

uncertainty corresponding to the distance beween individual resonances), as shown in [51] 

or more accurately by following the exact displacements of the individual resonances [49]. 
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Therefore, the thrilling properties of TFBG responding to external environments through 

the evanescent fields of cladding modes makes it possible to build a platform for light-

matter interaction where the functional material such as organic material, nonlinear 

material, nanoparticles, semiconductor layer can be well integrated with fiber grating by 

using the mature coating technologies. 

1.2 Applications based on material coated-TFBG 

1.2.1 Functional material coated-TFBG 

The functional material coated TFBGs are well studied due to the evanescent field of 

cladding mode going through and interacting with the coating layer together with the high 

Q-factor of the cladding mode resonances. Firstly, it is working beautifully as all-optical 

sensors taking advantage of the simplified, low cost and low insertion loss structure, such 

as a pH sensor based on a polyaniline coated-TFBG reacting to pH in the range of 2-12 

with sensitivity of 82 pm/pH [52,53], an anemometer based on single-walled carbon 

nanotube (SWCNT) coating because of its outstanding thermal properties with 93% 

absorption efficiency and heating the fiber to 146.1 oC [54], and a RI sensor with high 

efficiency for the low-refractive index region in a graphene-coated TFBG [55]. 

        Secondly, a TFBG working as a light-matter interaction platform was demonstrated 

by: 1) Ultrafast nonlinear effects with picosecond time scale obtained by means of pump-

probe experiments based on Kerr effect in carbon nanotubes coatings [40]; and 2) four-

wave mixing (FWM) in SWCNT-coated TFBGs with nonlinear coefficient as high as 

1.8×103 W-1Km-1 as shown in Fig. 1.2.1 [41]. These prior investigations by former 

members of our group indicate promise to achieve more new applications by coating high 

quality functional materials on the surface of TFBG. 
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Fig. 1.2.1. (a) Schematic of four waves mixing (FWM) in TFBG coated with single walled carbon 

nanotubes (SWCNT); (b) Transmission of FWM device pumped by core guided light at 1 and 2 

and producing idler waves at shorter and longer wavelengths (adapted from Ref. [41]). 

1.2.2 TFBG-assisted plasmonics excitation by thin metal film coating 

The surface plasmon polariton (SPP) is an electromagnetic wave that propagates at the 

boundary between a metal and a dielectric.  In a metal coated fiber, hybrid guided SPP-

claddings mode can be excited successfully by a TFBG when the effective index of the 

cladding mode is phase matched to that of the SPP [39], expressed by: 

                                                            1 2

1 2

SPP

effN
 

 
=

+
                                                 (1.3) 

Where 1 , 2  are the relative permittivities of the metal and external dielectric, 

respectively. For instance, the 1.328SPP

effN =  if we consider Au and water at a wavelength 

of 1550 nm wavelength and a cladding mode with such effective index will be hybridized 

with the SPP at a wavelength determined by the period of the TFBG. In the transmission 

spectra shown in Fig. 1.2.2 (a) (2 cm length, 556.015 nm period, 12 degree TFBG with 45 

nm of Au on the cladding surface), the amplitudes of cladding modes near 1545 nm 
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attenuate and "disappear" close to SPP phase matched wavelength with P-polarized 

incident light where radially polarized cladding modes (i. e. TM-like) are excited. There is 

no SPP excitation for azimuthally polarized cladding modes (i.e, TE-like). More details of 

the plasmonic hybrid guided cladding mode fields are shown in Fig. 1.2.2 (b). 
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Fig. 1.2.2. Properties of TFBG-SPR: (a) Experimental polarized transmission spectra in water (red, 

P-pol input with SPP phase matching near 1545 nm, and S-pol input without surface plasmon); (b) 

Radial (P-pol) and azimuthal (S-pol) dependence of simulated E-field intensity of plasmonic guided 

mode (the arrows show the E-field vector orientations in both cases). 

        The simulation was done by using FIMMWAVE with a 8.2 m core diameter and a 

refractive index of 1.449311, a 125 m cladding diameter and a refractive index of 

1.444078, a 45 nm thick Au coating with refractive index of 0.5240+10.7427i, and a 20 
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m layer of water above the gold (water refractive index=1.3154). As for the mode field 

on the left of Fig. 1.2.2 (b), the SPP is excited with an effective mode index 

n=1.3287+0.00129i and the energy density at the interface between Au and water is 

definitely enhanced. The mode power fraction in water increases from 0.68 % to 25.7 % 

and in the metal layer from 0.035 % to 0.736 %, compared to the S-pol guided mode 

without SPP excitation but at a very similar wavelength (and real part of the effective 

index) shonw on the right of Fig. 1.2.2 (b).  Because of the large dispersion of SPP modes, 

a small permittivity changes near the metal surface can lead to large changes in the 

transmission at SPP cladding mode wavelengths, hereafter referred to as surface plasmon 

resonance (SPR resonance).  Fig. 1.2.3 shows a highly linear response of the SPR (i.e. 

absolute value of real part permittivity of metal is much larger than that of dielectric around 

1550 nm wavelength) over a range of SRI from 1.33 to 1.41, where the guided cladding 

modes become too lossy to build strong transmission resonances along the grating. 

 

Fig. 1.2.3. Experimental spectra of TFBG-SPR as a function of the refractive index of external 

dielectric layer. (spectra offset to clarify the linearity of the SPR shift response with external index). 
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        The corresponding RI sensitivity of the SPR is around 512 nm/RIU which is similar 

to that of the cut-off mode of bare fiber TFBGs, but potentially more accurate as it can be 

determined more accurately by following the amplitudes of a group of resonances as shown 

in the development of high-performance sensors in multiple areas such as biomedicine 

[39,56-57], electrochemical and magnetic detection [58,59], gas monitoring [60,61], and 

renewable energy [62]. 
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Fig. 1.2.4. Isolated hybridized cladding mode resonances near the SPR as the SRI changes (a), and 

detailed evolution of one resonance (a,b,c: simulations; d,e: experiment).  
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       The behavior of SPR in metal-coated fibers is also well understood and modelled 

theoretically. First, Fig. 1.2.4(a) shows the results of 300 spectrum simulations at SRI 

increasing gradually from 1.31 to 1.4 at 0.0003 intervals. In this case, the Au thickness was 

45 nm and its complex refractive index was determined as a function of wavelength from 

the best literature values availableby the FIMMWAVE software. The TFBG had a length 

of 2 cm, a core radius=4.1 um, cladding radius=62.5 um, cladding material of pure silica 

(SiO2), and core material of germanium-doped silica with 0.0625 germanium/silicon 

concentration ratio (the refractive index of the silica and germanium-doped silica as a 

function of wavelength were also determined within FIMMWAVE). The cladding mode 

resonances "disappear" one after the other when the SRI increases gradually as the real part 

of the effective index of each mode becomes equal to the SPP effective index. The 

wavelength of the SPR response where the mode amplitude disappears is highly linear with 

SRI, confirming the observation already made in the experimental result of Fig. 1.2.3. 

However, the wavelength shift of the single cladding mode resonance is anomalous when 

the SPP passes through. Looking at cladding mode around 1554.5 nm shown in Fig. 1.2.4 

(b) and (c), the resonance is shifting to longer wavelengths and accelerates to the fastest 

shift when the SPP is well matched and where the amplitude of the resonance attenuates 

the most (i.e. "disappearing" lossy mode), after which there is sudden blue shift of 

wavelength (wavelength "jump") and a decelerating red shift together with the amplitude 

recovery. All these predictions are further experimentally demonstrated in Fig. 1.2.4 (d) 

and (e). The reason behind this anomalous wavelength shift can be associated with a 

Lorentzian type relation between the real and imaginary parts of the SPP excited as in the 

case of SPR at visible wavelengths using a prism platform [63]. Additionally, there is an 
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upper limit of RI sensitivity in terms of the rate of wavelength shift of a plasmonic hybrid 

cladding mode resonance (it cannot be larger than 512 nm/RIU) determined by the period 

of the grating, as discussed in [64]. The accurate calibration of the RI sensitivity of a single 

plasmonic hybrid cladding mode is really helpful for us to understand the sensing principle 

when very small permittivity perturbations are monitored such as biosensing [39,56-57] or 

pump-probe grating switching systems [42]. The disappearance of the resonance from the 

transmission spectrum, due to the strong mode loss, results in weak coupling between core 

mode when the input wavelength is phase matched to the "best" hybridized SPP cladding 

mode. Therefore, this is not an ideal choice for efficient sensing and switching. Therefore, 

the "weakly-matched" hybridized mode resonance immediately adjacent (on the shorter 

wavelength) side of the SPR total attenuation resonance is often chosen since it remains 

very sensitive to the SPP dispersion while keeping the imaginary part of its effective index 

low enough to keep a narrow linewidth (leading to more accurate wavelength and 

amplitude shift determinations). Fig. 1.2.5 (a) shows the average energy density profile of 

this adjacent resonance near the metal surface, which is 1000 times smaller than the 

corresponding value of the perfectly phase matched plasmon guided mode [42, 

Supplementary information, and Chapter 4 of this thesis]. The skin depth of the mode, 

where the energy density falls to 1/e of its maximum at the Au surface, is around 720 nm.  

This is the thickness over which the TFBG can be used for sensing such as for monitoring 

biomedical samples attached on the surface of the fiber [39,56-57]. 
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Fig. 1.2.5. (a) Radial distribution of the electric field energy density around the Au layer on the 

fiber cladding surface for the first adjacent resonance away from the SPR maximum (without the 

additional dielectric layer);  (b) schematic of the Au-coated fiber with an optional additional 

dielectric "sensing" layer; (c) wavelength shift as a function of the thickness of dielectric layer, for 

different values of the complex refractive index of the additional layer (indicated by the labels on 

the plots). The arrows point to the thickness where the wavelength shift reaches 1/e of its maximum 

value in each case; (d) resonance transmission spectra corresponding to the situations plotted in (c). 
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        When adding a layer of material on the top of Au film as shown in Fig. 1.2.5 (b) (for 

instance when sensing for thickness changes in process monitoring or biochemical 

sensing), the wavelength and amplitude of this weakly matched SPR change. These 

changes are simulated in terms of the increasing thickness of the dielectric layer, and for  

several values of the complex index in Fig. 1.2.5 (c) and (d). In all cases, the wavelength 

shifts increase with material thickness, up to a maximum value (which is reached when the 

penetration depth of the mode energy is totally contained in the added thickness, so that 

the mode field no longer "sees" the outer layer of water). The comparative values of the 

thickness range for which significant wavelength shifts occur is indicated in Fig. 1.2.5 (c) 

by the thickness where the wavelength shifts by 1/e of its maximum value. This thickness 

decreases with increasing difference between the complex index of the added layer and 

that of water. It is also clear from these plots (and somewhat obvious from a theoretical 

standpoint) that the maximum wavelength shift increases with increasing difference in 

index. The fact that quite large wavelength shifts occur even if the real part of the index of 

the added layer remains constant but the loss increases is quite helpful to point out another 

great feature of TFBG-assisted SPR sensing, such as biosensing where induced losses 

occur when using  assays involving slightly absorbing materials (such as cells and proteins) 

or metal nanoparticles on the surface fiber. Finally, the direction of the wavelength shift 

also indicates whether the real part of the index of the added layer is larger or smaller than 

that of the SRI. 

        A final simulation result is shown in Fig. 1.2.6 where the SPR region of the 

transmission spectrum of a Au-coated TFBG is plotted as a function of the thickness of the 

Au layer for thicknesses from 10 nm to 70 nm. The “best” SPR response (spectrally 
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narrowest and with the highest localization of cladding mode energy in the metal layer) is 

obtained for a thickness of 45 nm. The broad bandwidth of SPR profile involving more 

than 10 cladding modes (at a thickness of 10 nm) is narrowed to only one cladding mode 

(at a thickness around 45 nm). Spectra with S-polarized input light do not show SPR, at 

any thickness as the cladding mode fields are TE-like at the metal interface and cannot 

excite SPP waves (the S-polarized spectra are very similar to bare fiber spectra apart from 

slightly lower resonance amplitudes and some wavelength shifts due to the gold coating; 

even at 10 nm thicknesses the Au acts as a slightly lossy mirror).  This has also been 

demonstrated from experiment [64] (also it agrees with the result of conventional prism-

based SPR linewidths as function of metal thickness [65]). The optimized thickness of 

metal coatings for plasmon excitation, determined from similar simulations, will be used 

in all sensing or switching systems presented in this thesis.  
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Fig. 1.2.6. Simulated TFBG-SPR Au thickness dependence: (a) P-polarized input core mode; (b) 

corresponding spectra with Au thickness at 30 nm, 50 nm and 70 nm of (a); (c) S-polarized input 

core mode; (d) corresponding spectra with Au thickness at 10 nm, 40 nm and 70 nm. 
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1.2.3 Nanophotonic phenomenon based on metal particle coated-TFBG 

Localized (nanometer scale) surface plasmon resonance (LSPR) based on nanostructured 

metal particles strongly confines the electromagnetic of plasmon around its surface, 

amplifying various physical and chemical process phenomena such as surface-enhanced 

optical techniques [66], photovoltaics [67], and nonlinear ultrafast switching [68]. 

Recently, TFBGs coated with metal particles on the surface of fiber were proposed as a 

sensing platform. where the narrowband resonances were modulated by the permittivity 

perturbation of surroundings through the evanescent filed of the guided mode. For 

example, electromagnetic hot spots with more than two orders of magnitude enhancement 

were observed around randomly spaced silver nanocubes (40-100 nm edge length) coated 

on the surface of a TFBG at a wavelength of 647 nm where the LSPR is excited [69]. Also, 

the RI sensitivity is enhanced by coating a nanoparticle layer on surface of a TFBG, 

resulting in an improvement of the detection limit for avidin-biotin binding by several 

orders of magnitude [70], even at wavelengths in the near infrared.  This points out the 

interesting fact that structured metal nanoparticles improve the sensing properties even far 

away their "natural" plasmon resonances (LSPR is mostly excited at visible wavelengths 

while the TFBG used are mostly for 1500-1600 nm). Therefore, combining the simple, 

monolithic, and low insertion loss TFBG platform with well designed nanoparticles and 

other light enhancing structures makes it quite promising to excite more fruitful 

applications which makes LSPR effects observable at telecom wavelengths.  

1.2.3.1 Nanophotonic phenomenon based on spherical metal particles 

Considering the LSPR for an Ag sphere immersed in water, the collective oscillation of the 

conduction electrons typically occurs in the visible to near-ultraviolet region of the 
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spectrum [71]. Mie theory (i.e. analytical solution to Maxwell’s equation describing the 

scattering of an electromagnetic (EM) plane wave by a homogeneous sphere (i.e. absorbing 

or non-absorbing considering the EM field inside and outside of the sphere object) without 

a particular bound on particles size by taking the form of an infinite series of spherical 

multipole partial waves) was used to express the metal optical properties in terms of 

absorption and scattering cross sections abs  and sca , which induces the generation of heat 

(absorption) and changing the propagation direction (scattering), respectively and they are 

given by 

               ext abs sca  = +                                                   (1.4) 

where the extinction, scattering, absorption cross section are obtained by: 
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Where / mm n n= , n  is the complex index of the metal particle and mn is the index of the 

water (both n  and mn must be set considering the wavelength dispersion), x k R= is he 

size parameter, ( )L x  and ( )L x are Riccati-Bessel cylindrical functions, the L  is the 
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order of spherical multipole excitations in the clusters (L=1 ,dipole fields ; L=2, 

quadrupole fields ; L=3, octupole fields). 

        As for the wavelength dispersion of the permittivity of the metal particle, it should be 

correlated with its polycrystalline structure based on the relative contributions of bulk 

damping (electron-electron scattering, electron-phonon scattering, impurities and lattice 

defects), electron-surface scattering, radiation damping (energy loss via coupling to the 

radiation field) and with the different dimensions (shape, size) of the particle. As for Ag 

spherical nanoparticles, the dielectric function is based on bulk optical functions [72] and 

computed with: 
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Where ( )Bulk   is the bulk film permittivity of the metal including both interband and 

intraband contribution, which are well expressed by using a Drude model with two critical 

points (DCP), as discussed in Chapter 4. The additional damping parameters of the 

permittivity (which defines the total electron relaxation rate) and can be represented as:  

                        ( ) r sR  =  +  +                                                (1.8) 

Where /i Fv l  =  =  (
61.448 10 /Fv m s=  is the Fermi velocity of Ag, 53.3l =  

nm is the electron mean free path of Ag [73]). 

        The electron-surface scattering will play an important role when particle size becomes 

comparable or smaller than l , which can be calculated from a semiclassical relation:  
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F
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Where S and V are the surface area and the volume of the average particle, respectively. 

A=0.1 is a phenomenological factor. 

        As the particle size increase, coupling of the LSPR oscillation to the radiation field 

can become an important energy loss mechanism, known as radiation damping: 

           2r V =                                                   (1.10) 

Where   is a constant that describes the magnitude of radiation damping. 

 

Fig. 1.2.7. The simulated extinction (a), scattering (b) and absorption (c) of Ag particles as function 

of radius in water. 

         Based on the Mie theory above, the corresponding simulated results based on for Ag 

particles (radius from 1 nm to 100 nm) in water are shown in Fig. 1.2.7. The most 

noticeable effect when the size of the particle increases is that the plasmon resonance red-

shifts and broadens. The red-shift is a retardation effect, it occurs because the electric field 
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is not uniform across the particle. The broadening comes from damping of LSPR in which 

for small particles the line width is broadened by electron-surface scattering, and for large 

particles radiation damping causes broadening. Moreover, when the size of particle 

increases, both the scattering and absorption are rising, and the absorption is larger until 

the radius is 32 nm (absorption is 2.69 (arb. units) at 399 nm wavelength) after which the 

scattering will be dominant. As for the scattering, the peak value is 9.09 (arb. units) where 

the radius is 45.5 nm at 445 nm wavelength. As for the absorption, the peak value is 8.367 

(arb. units) where the radius is 24.5 nm at 412 nm wavelength.  

 

Fig. 1.2.8. The simulated extinction (a), scattering (b) and absorption (c) of Ag particles at 1550 

nm wavelength.  

        Fig. 1.2.8 shows the extinction, scattering and absorption of a Ag particle at 1550 nm 

wavelength which is far away from the LSPR in the visible wavelength region. The 

scattering at a radius of 45.5 nm is 2561 times smaller than that around the resonance of 

the particle at 445 nm wavelength, and the absorption at a radius of 24.5 nm is 1114 times 

smaller than that at 412 nm wavelength. However, the TFBG sensing platform   still can 

benefit from the enhancement coming from the metal particles working far away from their 
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resonance because of the combination of the high effective surface area of metal particles 

together with the high Q factor of the cladding mode resonances. For instance, the 

minimum detected concentration of bio-samples improved from 90 nM to 11 pM and 8 pM 

respectively by coating with gold nanocages (30 nm edge length, maximum absorption is 

at 620 nm) or gold nanospheres (average diameter of 30 nm, maximum absorption is at 520 

nm) on the surface of a TFBG using a 1538 nm working wavelength [70]. 

1.2.3.2 Nanophotonic phenomenon based on metal rods 

It would be helpful for light-matter interactions if the resonance of the material could be 

moved to the near infrared region and match the cladding mode resonances of TFBGs in 

standard telecom single mode fibers. In this respect, a simple case of ellipsoidal particles 

can be considered because two localized SPR (a longitudinal resonance along the major 

axis and a transverse SPR across its smallest dimension) are excited, and the longitudinal 

resonance red shifts significantly when the aspect ratio of the rod increase [74]. This unique 

capability enables extremely large electric field enhancement around the rod, giving rise to 

a variety of light-matter interaction mechanisms, such as plasmon enhanced-ultrafast 

switching [75], enhancement of second harmonic generation [76], optical antenna effect 

[77], photothermal conversions [78], plasmon-induced vacuum Rabi splitting [79].  

        As for the linear principle of nanorod, we assume the particles are much smaller than 

the wavelength of the light, i.e. in the so-called "quasi-static" limit (where phase retardation 

and effects of higher multipoles are neglected), and only the dipole contributions are 

important. The extinction is then dominated by absorption. The absorption for ellipsoidal 

particles was developed in [80] as: 
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Where V is the particle volume, ( )  is the metal particle dielectric function, and the 

depolarization factors 
jP  for three axes: A, B, C of the rod with A B C =  are: 
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Fig. 1.2.9. The simulated absorption of an Ag nanorod as a function of long axis length (the short 

axis was fixed at 10 nm) in water. 

        Fig. 1.2.9 shows the simulated absorption spectra corresponding to transverse and 

longitudinal resonance for a Ag nanorod (10 nm for the short axis and the long axis 

changing from 10 nm to 40 nm). The absorption maximum of the transverse mode shifts 

to shorter wavelength with increasing aspect ratio, which agrees with the results of Martin 

and coworkers [81] obtained with randomly orientated nanorods as predicted by Gan's 



27 

theory. The maximum absorption of the longitudinal mode red-shifts with increasing Ag 

nanorod aspect ratio, showing a variation of over 100 nm. Furthermore, the relative 

intensity ratio of the longitudinal to the transverse mode increases. Therefore, it is quite 

promising to move the longitudinal mode towards 1550 nm, such as the specially designed 

nanorod or a pair of nanorods with strong coupling (Fig. 1.2.10) [82], or the high dielectric 

constant material coated nanorod (Fig.1.2.11) [83].  

 

Fig. 1.2.10. Near-field intensity of LSPR for (a) cylindrical Au nanorod with radius R of 40 nm; 

(b) a pair of identical cylindrical Au nanorods with 2 nm gap and R=40 nm (The inset shows the 

results of two coupled sphere) (reproduced from [82]). 

 

Fig. 1.2.11. Scattering cross section for gold nanoparticles embedded in a medium with a large 

dielectric constant: (a) nanorods, (b) ellipsoidal nanoparticles. The nanoparticle radius is R=10 nm, 

excited by a plane wave polarized along their long axis (reproduced from [83]). 
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        As for Ag nanowires used at 1550 nm wavelength [84,85], J. M. Renoirt and 

coworkers [85] proposed an excellent work in terms of surface plasmon resonance in 

oriented Ag nanowires deposited on TFBGs. The nanowires with 1-3 μm in length and 

diameters of 0.04-0.05 μm  and 40 % surface coverage shown in Fig. 1.2.12 (a) were first 

measured dispersed in solution and they show a small absorption peak near 500 nm 

corresponding to the short axis of the wires, and a broad absorption tail extending across 

the near infrared range (there is no peak of absorption in the long wavelength range, which 

means that a specific LSPR is not excited, but these nanowires were randomly oriented). 

However, when the nanowires were partially aligned in the aziumuthal direction on the 

TFBG surface, they behaved very much as a continuous metal thin film with a well-defined 

SPR response (as evidenced by the PDL difference between a TFBG with oriented and non 

oriented nanowires shown in Fig. 1.2.12 (c),(d)).  

 

Fig. 1.2.12. (a) SEM image of aligned nanowires perpendicular to the fiber axis; (b) the UV-vis-

NIR spectrum of the nanowires solution; (c) PDL spectrum of a TFBG coated with randomly 

oriented nanowires; (d) and with orthogonally aligned nanowires (reproduced from [85]).  
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1.3.3.3 Nanophotonic phenomena based on metal films at percolation 

Percolation in metal films is defined as the point (during deposition or etching for instance) 

where an insulator-metal phase transition occurs. At percolation, the "metal" film shows 

remarkable optical properties resulting from localization of plasmons leading to extremely 

strong confinement of electromagnetics filed in sharp nm-sized volumes called "hot spots." 

The local field enhancements associated with the hot spots amplify the nonlinear optical 

processes such as Kerr optical nonlinearities [86,87], surface enhanced Raman scattering 

[88], and enhancements of second harmonic generation [89-91]. Metal layers at percolation 

can be produced by thermal evaporation or sputtering of metal onto an insulatiing substate 

where the metal filling factor is gradually increased [92,93], and the coalescence between 

initially isolated metal granules results in the formation of irregularly shaped fractal 

clusters of metal particles. As we have seen, it is possible to detect the optical properties 

of thin metal films on the surface of TFBGs and thus to detect the percolation threshold.  

In this respect the polarization control of the probing evanescent field (i.e. either parallel 

or perpendicular to the thin film, by using S- or P-polarized input light) by the TFBG is 

critical since percolation (i.e. sudden changes in conductivity) is only meaningful for 

electron motion in the plane of the film. Preliminary work in the measurements of thin film 

optical properties by tracking resonance amplitude and wavelength shifts with TFBGs at 

wavelengths between 1500 and 1600 nm was carried out in the following cases: Chemical 

vapour deposition (CVD) of Au and Cu [94-96], electron-beam evaporation of Au [97], 

electroless plating of Au [98], and atomic layer deposition (ALD) of  Al2O3 [99].   
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Fig. 1.2.13. Cladding mode response to gold nanoparticle grown by CVD for P- and S- polarized 

incident input (reproduced from [95]). 

        For instance, Fig. 1.2.13 shows experimental results of cladding modes resonances (1 

cm in length, 10-degree TFBG) responding to the gold film growth real time during (CVD) 

under vacuum, as the gold film changes from isolated nanoparticles to a continuous film. 

Basically, both the S- and P-polarized resonances go through a similar evolution in that 

cladding modes become much attenuated at first, and then recover to a strong strength. 

Meanwhile, a very large wavelength shift (i.e. 0.45 nm blue shift) for S-polarized light 

occurs at the same time as the resonance amplitude collapses totally, while the P- polarized 

cladding modes shifts much less (i.e. 0.1 nm red shift) as shown Fig. 1.2.13. New results 

from Chapter 2 of this thesis on gradual etching of a Ag coating now indicate that the 

special signature that was observed for the S-mode during CVD Ag deposition more than 

6 years ago corresponds in fact to the percolation threshold (thanks to simultaneous 

measurements of film conductivity during etching that show a large change in conductivity 

when the S-mode amplitude collapses and its wavelength suddenly blue shifts). 
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1.3 Organization of thesis 

This thesis is organized in the following manner. Chapter 1 provides an introduction to the 

problem, motivation, and general contents of this thesis. It also contains a literature review 

containing the basic optical properties of TFBG and of coated TFBGs (including functional 

materials, metal nanospheres, nanorods, and metal films at percolation). A list of research 

output published or presented during this PhD is also included, with descriptions of the 

author's contributions in each case. 

        Chapter 2 reproduces the research article entitled "Optical detection of the percolation 

threshold of nanoscale silver coatings with optical fiber gratings," by Fu Liu, Xuejun 

Zhang, Tuan Guo, and Jacques Albert, presently under review at APL Photonics. This 

article shows the in-situ, real-time measurement of the TFBG spectra at wavelengths near 

1550 nm to monitor the metal-to-dielectric transition of silver films coated on surface of 

grating during wet etching. Confirmation of the percolation threshold is obtained from 

simultaneous measurements of the silver film conductivity, corresponding to the total 

collapse of all cladding modes resonance polarized azimuthally in the TFBG transmission 

spectrum.  

        Chapter 3 reproduces the research article "Saturable absorption and bistable switching 

of single mode fiber core-guided by a 6 nm-thick graghene coating on the cladding 

surface," by F. Liu, M. Qi, T. Guo, and J. Albert, accepted for publication in  Annalen der 

Physik. This article shows that the coupling of less than 80 W of in-plane polarized near-

infrared light in a 6 nm-thick graphene layer deposited on TFBG produces important 

permittivity changes leading to bistability and self-starting 50% modulation of over 1 W 

of continuous wave light in the core. The pulse repetition rate of the modulation increases 
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from 10 to 269 Hz for input powers ranging from 0.3 to 1.33 W in the core, which results 

from photo-induced Joule heating in the graphene layer giving rise to temperature increases 

of the order of 60oC and corresponding permittivity changes in the graphene and underlying 

silica fiber. 

        Chapter 4 reproduces the research article "40 GHz-rate all-optical cross-modulation 

of core-guided near infrared light in single mode fiber by surface plasmons on gold-coated 

tilted fiber Bragg gratings," by F. Liu and J. Albert, APL Photon. 4, 126104 (2019). This 

article shows that a 25 ps-time scale switching of continuous wave light is achieved by 

pump pulses pumping plasmonic hybrid guided cladding modes near 1550 nm due to hot 

carriers from the SPPs in a 45 nm-thin gold coating on the fiber cladding, leading to 

modification of metal complex permittivity on a time scale of the order of picoseconds and 

hence modulating the cladding mode resonance wavelengths and amplitude of the TFBG. 

        Chapter 5 shows the anti-reflection properties of a partially etched Ag film at 

percolation coated on surface of a fiber grating. The far-field scattering of the special film 

is measured at near-infrared wavelengths. This investigation will be continued as future 

work. 

        Chapter 6 summarizes the main results proposed in this thesis. 

        Some repetition between chapters is unavoidable, such as the fabrication of TFBGs 

from chapter 2 to chapter 4, because this is an "integrated thesis" which reproduces the 

actually facsimile copies of published or submitted papers. The references for each chapter 

follow the chapter instead of being grouped at the end. In response to comments and 

questions raised during the oral thesis defense, minor additions (clarifications) were made 

to the text in Chapters 3-4, so that they are no longer exact replicas of the published papers. 



33 

Furthermore, Chapter 2 is undergoing minor revisions in response to the review process at 

the journal where it was submitted, so again the published version will be slightly different. 

        This doctoral project resulted in the following publications: 

        Publications in peer-reviewed journals: 

1. F. Liu, X. Zhang, T. Guo, and J. Albert*, "Optical detection of the percolation 

threshold of nanoscale silver coating with optical fiber gratings," APL Photonics, 

under review. 

Contribution: F. L. carried out the experiments and analyzed the data; X. Z and T. G. 

fabricated silver coated sample; J. A. supervised the project and analyzed the data; F. 

L. and J. A. co-wrote the manuscript. 

2. F. Liu, M. Qi, T. Guo, and J. Albert*, "Saturable absorption and bistable switching of 

single mode fiber core-guided light by a 6 nm-thick, few layers graphene coating on 

the cladding surface, " Annalen der Physik, 2000157 (2020). 

Contribution: F. L. carried out the experiments and analyzed the data; M. Q. and T. 

G. fabricated the graphene sample; J. A. supervised the project and analyzed the data; 

F. L. and J. A. co-wrote the manuscript. 

3. F. Liu, J. Albert*, "40 GHz-rate all-optical cross-modulation of core-guided near 

infrared light in single mode fiber by surface plasmons on gold-coated tilted fiber Bragg 

gratings," APL Photonics 4, 126104 (2019).  

Contribution: F. L. carried out the experiments and analyzed the data; J. A. supervised 

the project and analyzed the data; F. L. and J. A. co-wrote the manuscript. 

4. T. Gang, F. Liu, M. Hu, and J. Albert*, "Integrated differential area method for 

vaviable sensitivity interrogation of tilted fiber Bragg grating sensors," J. Light. 
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Technol. 37, 4531-4536 (2019). 

Contribution: T. G. carried out the experiments; F. L and T. G. analyzed the data; J. 

A. supervised the project and analyzed the data; T. G and J. A. co-wrote the manuscript. 

5. J. Albert* (supervisor), F. Liu, V. Marquez-Cruz, "Hypersensitivity and application of 

cladding modes of optical fibers coated with nanoscale metal layers," Sensors 18, 1518 

(2018). 

Contribution: J.A. designed the study, performed all the data analyses, and wrote the 

paper; F.L. performed all of the simulations; V.M.-C. performed all the experiments 

and data analysis for Section 3.4. 

6. J. J. Lao (co-first author), P. Sun (co-first author), F. Liu, X. J. Zhang, Ch. X. Zhao, 

W. J. Mai*, T. Guo*, G. Z. Xiao, and J. Albert, "In situ plasmonic optical fiber 

detection of the state of charge of supercapacitors for renewable energy storage," Light 

Sci. Appl. 7, 34 (2018). 

Contribution: T.G. and W.J.M. conceived the sensors, supervised the project, and 

analyzed the data; J.L. P.S. and F. L. carried out the experiments; Theoretical analyses 

were done by G.X. and J.A. All authors contributed to the preparation of the 

manuscript. 

7. X. J. Zhang, S. S. Cai, F. Liu, H. Chen, P. G. Yan, Y. Yuan, T. Guo*, and J. Albert, 

"In situ determination of the complex permittivity of ultrathin H2-infused palladium 

coatings for plasmonic fiber optic sensors in the near infrared," J. Mater. Chem. C 6, 

5161-5170 (2018). 
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Contribution: X. J. Z. performed the experiment; Z. J. Z, S. S. C and F. L. analyzed 

the data; T. G. and J. A. supervised the project, and carried out the theory simulation; 

All authors contributed to the preparation of the manuscript. 

8. X. J. Zhang, Z. Wu, F. Liu, Q. Q. Fu, X. Y. Chen, J. Xu, Z. C. Zhang, Y. Y. Huang, Y. 

Tang, T. Guo*, J. Albert, "Hydrogen peroxide and glucose concentration measurement 

using optical fiber grating sensors with corrodible plasmonic nanocoatings," Biomed. 

Opt. Express 9 (4), 1735-1744 (2018). 

Contribution: X. J. Z. performed the experiment; Z. J. Z, Z. W. and F. L. analyzed the 

data and performed the simulation; T. G. and J. A. supervised the project; All authors 

contributed to the preparation of the manuscript. 

        Conference papers: 

1. F. Liu, and J. Albert*, "All-optical ultrafast switching based on plasmon-generated hot 

carriers in gold-coated fiber gratings," Laser Science to Photonic Applications (CLEO) 

(San Jose, USA), May. 2019. (Oral presentation) 

2. F. Liu, and J. Albert*, "Anti-reflection for fiber cladding modes by silver island film 

coating," Photonics North (Quebec City, Canada), June. 2019. (Oral presentation) 

3. T. Gang, F. Liu, M. Hu, and J. Albert*, "Tilted fiber Bragg grating interrogation 

method with adjustable and increased sensitivity," 26 th Optical Fiber Sensors 

(Lausanne, Switzerland), Sep. 2018. (Poster presentation) 
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Chapter 2: Optical detection of the percolation threshold of nanoscale 

silver coatings with optical fiber gratings 

 

Abstract 2: The metal-to-dielectric transition of silver films deposited on single-mode 

optical fibers is monitored by measurements of the transmission spectra of tilted fiber 

Bragg gratings inscribed in the core of the fiber. In-situ, real-time measurements of the 

spectrum at wavelengths near 1550 nm during the wet etching of a 50 nm thick silver 

coating show a sudden and temporary decrease of more than 90% in the amplitudes of the 

core-to-cladding mode coupling resonances when the film thickness reaches 18 nm. 

Confirmation that this observation corresponds to the percolation threshold is obtained 

from simultaneous measurements of the silver coating conductivity during etching and by 

simulations of the grating response. The characteristic spectral signature of the percolation 

threshold is only obtained for cladding modes polarized azimuthally in the fiber cross-

section, i.e. parallel to the film surface. 

2.1 Introduction 

Following early investigations in the 1950s, ultra-thin metallic and semi-metallic coatings 

have received renewed interest in recent years due to their interesting plasmonic and 

nonlinear optical properties [1-16]. Part of the interest also lies in the fact that these 

properties depend quite strongly on how the coating is produced (method, rate, substrate) 

[1,5]. Since thicknesses of interest often lie in the few tens of nm range, and since such 

coatings tend to have some roughness, standard optical techniques to measure their 

complex permittivity from visible to near infrared wavelengths (400-1600 nm), such as 

spectroscopic ellipsometry, are pushed to their limits [17,18]. This is further complicated 
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by the fact that the response of ultrathin metals depends greatly on the orientation of the 

electric field of an incoming electromagnetic wave relative to the plane of the film, since 

the in-plane conductivity can be much larger than the out-of-plane one [19]. Finally, there 

have been efforts to fabricate metal films with thicknesses as near as possible to the 

percolation threshold, i.e. where the in-plane conductivity changes from near zero to 

significant values marking the metal-to-insulator transition and where the absorption at 

visible and near-infrared wavelengths becomes anomalous [7-8,20]. Also, at the 

percolation threshold the real part of the “metal” film permittivity goes from highly 

negative to slightly positive and the zero crossing corresponds to a situation where the 

nonlinear optical properties are greatly enhanced [9-13]. Since this transition occurs very 

suddenly as a function of thickness and that it depends strongly on the material 

morphology, it is difficult to prepare films exactly at the percolation threshold even with a 

thickness monitor. Here, we present a highly efficient method to determine the percolation 

threshold of silver layers deposited on silica surfaces independently of their thickness, 

based on the polarization-controlled measurements of high Q-factor plasmonic resonant 

structures at near infrared wavelengths using low loss tilted fiber Bragg gratings (TFBG) 

written in standard single mode optical fibers [21-22]. The overall design of the experiment 

is shown in Fig. 2.1. It will be shown that the transmission spectra of TFBGs with a 50 nm 

thick silver coating have a clear, sudden, and unique collapse of the grating resonance 

amplitudes of more than 90% during a slow wet etch of the silver when its thickness drops 

below ⁓20 nm. Independent measurements of the coating conductivity during the etching 

further demonstrates that these thicknesses also correspond to the metal-insulator transition 

with a sudden change in resistance from less than 0.1 to over 10 M across a length of 2.3 
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cm on the surface of the fiber. Therefore, the proposed technique allows the real-time and 

in-situ monitoring of the preparation of ultrathin metallic films at the percolation threshold, 

either as a process measurement tool based on plasmon excitation [23-27], or by itself for 

the fabrication of optical fiber-based devices with enhanced nonlinear optical properties 

[28-30]. The importance of such technique is that the percolation transition is very abrupt 

(in terms of rate of change with thickness) and that the properties of ultrathin films depend 

greatly on the process used and on the rate of deposition (or etching), and therefore an in-

situ measurement is critical to ensure that the film fabrication is stopped exactly at the 

threshold condition [1,8-9]. 

 

Fig. 2.1. Sketch of the experimental configuration used to measure transmission of silver coated 

TFBGs. The device is fully immersed in a dilute etching solution and the input and output leads of 

the fiber are connected to an external polarization-controlled broadband source (BBS) and optical 

spectral analyzer (OSA) respectively. For the confirmation of the correlation between the optical 

measurements and the silver conductivity presented in this work, additional probes from an 

electrical resistance meter are attached to the silver coating. See Methods for details. 
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2.2 Results and discussion 

Transmission spectra of silver coated TFBGs in the etch solution are shown in Fig. 2.2, at 

the beginning and end of the etch process, as well as at a critical intermediate step. The 

spectra for both polarization states before the etch clearly show that the silver coating is 

metallic: the P-polarized spectrum has a notch in the spectrum of resonances near 1550 nm 

due to coupling of the cladding modes to a surface plasmon polariton of the silver-water 

interface, forming a surface plasmon resonance (SPR) superimposed on the cladding mode 

resonances [22]. The initial thickness of 50 nm is very close to the optimal thickness for 

observation of SPR effects in silver on glass substrates, but for P-polarized light only [31]. 

At a characteristic time of 27 minutes of etching, the thickness has decreased to a point 

where the SPR has broadened to cover the 1560-1590 nm range, as expected for thinner, 

rougher metallic coatings [31]. Upon further etching, the P-spectrum ends up similar to 

that of a bare TFBG in water, with a relatively sharp decrease in the amplitudes of the 

cladding mode resonances at wavelengths shorter than those of the last cladding guided 

resonance, where modes become leaky and hence lossy [21]. In the remainder of the text 

we will refer to the etch solution as water since it is so dilute that its optical properties are 

essentially identical. On the other hand, the resonances in S-polarization present strikingly 

different behavior. Before etching, the metal coating completely shields the guided modes 

from the external medium and even resonances with effective indices lower than that of 

water remain essentially lossless and guided [32]. Then, as the etch progresses, the 

resonance amplitudes in S-spectra begin to fade more or less uniformly, reaching a point 

after 170 minutes where they are completely collapsed, leaving a smooth and slowly 

varying attenuation across the measurement range (except near the Bragg wavelength 
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where the modes are either confined to the core or very strongly confined cladding modes). 

At the end of the etch, the S-spectrum becomes similar to that of the P-spectrum, for the 

same reasons (i.e. the behavior of a bare TFBG in water) [33]. 

 

Fig. 2.2. Representative experimental transmission spectra at various characteristic stages of 

etching for: (a) radially polarized cladding modes; (b) azimuthally polarized cladding modes. The 

three spectra in each plot are offset for clarity. The green shaded spectral range corresponds to the 

guided-to-leaky mode transition, or “mode cut-off”. 

    In order to describe what happens to the cladding modes, the surface morphology of 

silver coated TFBGs was measured by atomic force microscopy (AFM) on samples etched 

for various durations. Fig. 2.3 and 2.4 show the surface profiles obtained and the extracted 

average thickness and roughness as a function of etch time, respectively. 
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Fig. 2.3. AFM of the surface morphology on nominally identical silver coated TFBGs with an 

initial silver thickness of 50 nm and etched for various durations (indicated by the labels).  
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Fig. 2.4. Measured average thickness and roughness from the atomic force microscopy results of 

Fig. 2.3. A linear fit of the thicknesses between 0 and 230 minutes is used to provide a calibration 

of the thickness vs etch time correspondence (over this range) for the results of chapter 2.  

    It is clear from Fig. 2.3 and 2.4 that the silver coatings are quite uniform and smooth 

initially but that as the etch progresses, the thickness decreases regularly but the roughness 

peaks at significant values (relative to the thickness) between 125 and 175 minutes, 

corresponding to thicknesses between 18 to 27 nm. A polynomial fit of the thicknesses on 

Fig. 2.4 was used to calibrate the correspondence between etch time and thickness for all 

the spectral results in the remainder of the text. Another interesting observation from the 

results of Fig. 2.3 occurs in the image corresponding to an etch of 170 minutes where a 

very discontinuous structure with significant agglomerations of very uniform nanoparticles 

and large voids is found, unlike all other etch times. In order to further elucidate the 

correlation between the optical and physical measurements, more detailed spectral 

evolution plots as a function of etch time are presented in Fig. 2.5. 
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Fig. 2.5. Continually measured spectra during etching for the two polarization states, at intervals 

of 1.5 minutes (Video 1 in Supporting Information). Resonances show up as blue lines of various 

hues except when they diminish significantly in amplitudes, tending towards pink colours. The 

vertical dashed lines in the figure indicate the approximate mode cutoff point where the mode 

effective indices become smaller than 1.3154 (the refractive index of water at these wavelengths). 

    While there is interesting information throughout the plots shown in Fig. 2.5, the spectral 

region where the strongest resonances occur is between 1545 and 1565 nm, and it is also 

where the most clearly identifiable changes are found during etching. At longer 

wavelengths, the evanescent fields of the modes penetrate less and less outside of the fiber 

cladding and therefore become insensitive to what happens in the silver layer. At shorter 

wavelengths the modes have effective indices lower than that of the external medium and 

as soon as the silver layer becomes thin enough some of the evanescent fields tunnel and 
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lose energy radiatively, in addition to the intrinsic losses due to the silver layer itself. 

Concentrating thereon on the resonances of interest, the P-spectra indicate a widening and 

weakening of the SPR notch as the thickness decreases, in total accord with the literature 

on the subject [31], followed by a gradual transition towards the spectrum corresponding 

of a bare fiber in water. By the time the thickness reaches the “interesting” range near 20 

nm, there is so very little interaction between the radially polarized mode fields and the 

free electrons in the metal that the modes behave more or less as if the coating was not 

there: the mean free path of the electrons at these wavelengths becomes similar to the 

available path length across the layer thickness. For the S-spectra however, little change 

occurs until about 160 minutes of etching and then a sudden, large decrease in the mode 

amplitudes is observed simultaneously across the band, followed by another sudden 

recovery associated with a wavelength shift. Because of this highly peculiar behavior, and 

recalling that the S-spectra correspond to cladding modes with their electric fields polarized 

in the plane of the coating and thus that the resonances probe the in-plane conductivity of 

the silver coating, the remainder of this chapter deals solely with S-polarized results. 

Having explored the “big picture”, we now look more closely at one of the interesting 

resonances from Fig. 2.5. Fig. 2.6 shows how the amplitude (i.e. minimum power level) 

and the wavelength of the resonance initially located at 1544.8 nm evolves during etching. 
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Fig. 2.6. Extraction of the experimental wavelength and amplitude of one of last non-leaky 

resonances as a function of etch time (the etch time axis is inverted so that the thicknesses increase 

from left to right). 

    Clearly, something special happens around 175-180 minutes (corresponding to a 

thickness of 18 nm), where the amplitude change is maximum, and where the wavelength 

shift is large and very sudden. Since a decrease of the amplitude of a resonance (the 

measured transmission increases) and some broadening occurs with increasing mode loss, 

Fig. 2.6 indicate a loss increase (i.e. an increase in the imaginary part of the mode effective 

index), while the wavelength blue shift points to a large decrease in the real part of the 

mode index (to preserve phase matching between the wavelength and grating period) [21]. 

Before discussing this further, another test was carried out where electrical measurements 

were made simultaneously with optical ones at 2.5-minute intervals. The results are 

presented in Fig. 2.7. In this case, the approximate sheet resistance is seen to remain near 

zero until about 155 minutes of etching (22 nm thickness), where it jumps to 300/ at 
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160 minutes (21 nm). This is followed by a gradual increase to 1k/ at 180 minutes (18 

nm) and then more rapidly to higher values as the thickness continues to decrease. If we 

assign the transition of the sheet resistance from 30 to 300/ to the metal-to-insulator 

transition, in accordance with the literature [16,34], the corresponding thickness would be 

21 nm (with a roughness of 12 nm). This value is different from the thickness of the 

transition observed in Fig. 2.6 (i.e. 18 nm), but we see in Fig. 2.7 that for this particular 

sample both the wavelength shift and amplitude collapse also occur earlier and correspond 

to the jump in resistance. The results of this simultaneous measurement, shown in Fig. 2.7, 

confirm two things. First, the “special point” where the amplitude collapse is maximum 

and where the resonance wavelength suddenly red-shifts by a large amount is a very good 

indicator of the metal-to-insulator transition and thus can be used (without the need for the 

electrical probing) to determine the percolation threshold of the film. Secondly, the 

percolation threshold occurs here at a slightly larger thickness (21 nm) than in the case 

shown in Fig. 2.6 where the thickness at the which the amplitude collapse was maximum 

at 18 nm. This reflects the fact that there is no unique relationship between thickness and 

percolation threshold and that other factors come into play, causing the threshold to occur 

at slightly different thicknesses. The optical and electrical properties of these ultra-thin 

metal films depend strongly on the exact values of the process parameters and the very 

sudden nature of the transition makes it very hard to predict accurately the properties of 

films deposited in nominally identical conditions and at a given target thickness. Therefore, 

even an accurate in-situ thickness monitor may not be able to produce layers at the 

percolation threshold accurately and reproducibly. What is demonstrated here however, is 

not an in-situ measurement of thickness but rather of the percolation threshold itself.  
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Fig. 2.7. Measurement of the silver coating sheet resistance during etching (filled black squares), 

with simultaneous measurements of the wavelength shift of the last guided resonance (empty red 

squares) and of its amplitude change (empty blue circles) (the amplitude change is reported here in 

linear units instead of dB). The distance between the two electrical contacts on the coating was 2.3 

cm (Video 2 in Supporting Information). 

    Finally, simulations of the TFBG transmission spectra were carried out to investigate if 

the observed results could be related to known properties of silver coatings at these 

thicknesses and wavelengths. S-polarized spectra were simulated for 253 silver different 

thicknesses between 0 and 50 nm, over a wavelength range from 1544 to 1547 nm. The 

real and imaginary parts of the refractive index of silver used in the simulations were taken 

from ref 2, where similarly produced coatings were measured by spectroscopic reflection 

and transmission measurements at oblique incidence. The values they reported are 

reproduced in Fig. 2.8 and they were fitted between the measurements to allow  

continuous simulations with finer thickness spacing. 
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Fig. 2.8. Fitted values of silver refractive index as a function of thickness for thermally evaporated 

coatings and wavelengths near 1500 nm (data points reproduced from ref 2). 

    The percolation threshold shows up in Fig. 2.8 as a maximum in loss (imaginary part of 

the refractive index, k) and a sudden increase in the real part of the refractive index (n) 

which becomes nearly equal to the imaginary part (so that the real part of the relative 

permittivity (n2-k2) goes from large and negative (typical of metals) to near zero. Using 

this data, Fig. 2.9 shows simulated spectra as well as replicas of the experimental results 

of Fig. 2.6, for both spectral evolution plots and relevant parameters. The main and obvious 

differences between our experimental results and those obtained by simulations with silver 

data from ref 2 are that the percolation threshold thickness is different (18 nm vs 6.5 nm), 

the thickness range where the amplitude collapse is larger (20 nm vs 10 nm), and amplitude 

collapse does not fully recover at the end of etching (while that of the simulation returns to 

that of a perfectly bare TFBG). On the other hand, the wavelength shifts overlap quite well 

in size and in the range of thicknesses over which they occur.  
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Fig. 2.9. Comparison between measured (a,b) and simulated (c,d) wavelength and amplitude shifts 

for a guided mode near cutoff. The properties of silver used in the simulation are taken from Fig. 

2.8 (Video 3 in Supporting Information). 

    The overall qualitative agreement between the simulations and experiments supports our 

hypothesis that the sudden change in spectral properties occurring at thicknesses near 20 

nm in our case is due to a metal-to-insulator transition. The large difference in thickness 

where this occurs in the simulation is obviously due to the fact that the percolation 

threshold of the underlying refractive index data (Fig. 2.8) is located at 6.5 nm, and this is 

attributed to the fact that the silver coatings in the reference were produced by thermal 

evaporation, likely at a relatively fast rate (there is little information about this in the 
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reference), and that measurements were performed on as-deposited films of different 

thicknesses. These conditions are known to produce very smooth and uniform films down 

to thicknesses below 10 nm [1,5]. By contrast, while our silver coatings are very smooth 

and uniform initially (as seen in Fig. 2.3 and 2.4, a finding confirmed by the very narrow 

spectral width of the SPR coupling in Fig. 2.2 (a)), our method to obtain different 

thicknesses by etching a thicker film very slowly produces relatively rougher coatings. In 

fact, the roughness becomes equal to the thickness (within experimental error) after about 

175 min of etching, i.e. in the vicinity of where we find the percolation thresholds and 

begin to lose conductivity. The roughness can also be the cause for the larger range of 

thicknesses where the amplitude collapse is observed experimentally. We attribute the 

widening of the loss curve to the fact that an additional loss mechanism, i.e. roughness-

induced scattering (which cannot be included in the imaginary part of the coating refractive 

index in the simulation because it does not change the permittivity in the same way as a 

change in conductivity), increases the overall mode loss for a range of thicknesses around 

the percolation threshold, including at the end of the etching. The latter effect is supported 

by the observation of residual silver particles with sizes near 1-3 nm in Fig. 2.3 (at 300 

minutes of etching) and its extracted parameters in Fig. 2.4.  

    Finally, if the response of the TFBG to changes in silver thicknesses near the percolation 

threshold is due to the real part of the permittivity of the film approaching zero, it should 

be comparable to that of the same TFBG covered with a broadband perfect absorber, as 

discussed in ref 35. In order to verify this, a bare TFBG was immersed in an index matching 

fluid, i.e. a liquid with an index equal to that of the cladding so that all the light coupled 

out of the core is radiated away instead of being coupled to cladding modes. Results from 
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Fig. 2.10 show transmission spectra of a bare TFBG as a function of the refractive index 

of the external medium. As expected, and as measured from the transmitted light 

propagating in the core, individual resonances disappear completely and are replaced by a 

smooth spectral loss curve that only depends on the variation of the coupling coefficient of 

the grating with wavelength. This situation is identical to what would happen if a perfect 

absorber was located at the cladding boundary. Therefore, the similarity of the index-

matched spectrum of Fig. 2.10 to that of the silver coated-TFBG at the percolation point in 

Fig. 2.2(b) further supports our claim that the spectral signature is indicative of the 

percolation threshold. 

 

Fig. 2.10. Measured transmission spectra of a bare TFBG immersed in media with various 

refractive indices. The spectra are offset by ⁓10 dB for clarity. 

2.3 Conclusion 

The occurrence of a percolation threshold for RF sputtered 50 nm-thick silver films 

deposited on TFBGs and then slowly etched in liquid has been detected in-situ and in real 
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time by simultaneous measurements of the TFBG transmission spectra. Polarization-

selective spectral measurements for cladding modes with their electric fields aligned in the 

plane of the coating on the fiber surface show a sudden and very large change in the 

wavelengths (by more than 1 nm, i.e. almost 10 times their width) and amplitudes (by more 

than 10 dB) of a group of cladding modes coupled from the input core-guided light by the 

grating. It was verified by measurements of the electrical conductivity of the silver coating 

that this optical signature is associated with the beginning of a loss of conductivity, i.e. a 

percolation threshold. Simulations of the TFBG transmission confirm that a percolation 

threshold does lead to the types of spectral transmission changes observed experimentally, 

with only minor differences due to the exact values of the variation of the complex 

permittivity and scattering properties of silver coatings at thicknesses of the order of a few 

tens of nm. Furthermore, the spectral signature of the TFBG at the percolation point is 

identical to that of a TFBG with a perfect absorber at its boundary. This supports the claim 

that the silver coating has a near zero permittivity at this value of thickness. In contrast to 

other methods to prepare thin metal films exactly at the percolation threshold by measuring 

their thickness, TFBG measurements can precisely determine the moment where the layer 

goes through a metal-to-insulator (or insulator-to-metal) transition during deposition or 

etching instead of by trial and error using external measurements on multiple samples. 

These results indicate that TFBG technology is a valuable new approach to probe for the 

optical properties of matter at the nanoscale and that it can be used as a process monitor 

for both optical and electrical properties of ultrathin metal coatings on surfaces. 
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2.4 Materials and methods 

2.4.1 TFBG fabrication. Each 20 mm-long TFBG with 12-degree internal tilt angle was 

inscribed in hydrogen-loaded CORNING SMF-28 fibers by using the phase-mask method 

and a rotation of the phase mask and the fiber around an axis perpendicular to the fiber 

orientation [21]. Hydrogen loading was performed at room temperature and a pressure of 

15.2 MPa for 14 days. Gratings were written in a section of fiber stripped of its protective 

polymer jacket with a KrF pulsed excimer laser (model PM-848 from Light Machinery 

Inc.) emitting light at 248 nm and 100 pulses/s. A rectangular section of the large output 

beam of the laser was selected and cylindrically focused along the fiber axis over the 

desired length (at the fiber). The resulting pulse energy at the fiber was ⁓40mJ. Optical 

transmission spectra were measured with an Erbium-doped fiber amplified emission source 

(ASE) and an optical spectrum analyzer (OSA) (ANDO AQ 6317B) with a resolution of 

0.02 nm. A polarization controller (OZ OPTICS. LTD.) was used to linearize the input 

light polarization either in the tilt plane of the TFBG (P-polarized) or out of plane (S-

polarized), as determined by maximizing either the short or long wavelength resonance of 

the polarization-dependent pairs of resonances [36]. For the continuous monitoring of 

spectra during etching, the data acquisition system produced full spectra every 1.5 minutes. 

2.4.2 Silver coating. 50 nm-thick uniform silver films were deposited on TFBGs by RF 

magnetron sputtering (Polaron Instruments TRI-S500 fiber material metal coating system). 

To achieve a high-quality coating, the stripped fiber section was cleaned by immersing it 

in a piranha solution (an 8:1:1 mixture of deionized water, Ammonium Hydroxide, and 

Hydrogen Peroxide) for 30 minutes. Each TFBG was fixed on a movable holder inside the 

sputtering chamber and coated in 5 Pa pressure of Ar gas at a discharge current of 0.2 A 
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and a voltage of 0.4 kV. The uniformity of the silver film around the cladding surface was 

ensured by rotating the fiber around its axis at a constant speed of 0.5 rad/s, resulting in a 

mass-equivalent thickness of 50 nm in 130 s of deposition. 

2.4.3 Silver etching. In order to be able to characterize the film state with sufficient 

thickness resolution and to obtain highly uniform thickness changes, the silver-coated 

TFBGs were etched in very dilute (1:10,000) solutions of Hydrogen Peroxide (30% VLSI 

grade Amplex Chemical Products Ltd) in deionized water [37]. At this dilution, the total 

etch time lasted 6 hours, during which various measurements (spectral and electrical) could 

be carried out at regular intervals of 2.4 minutes. The thickness calibration was performed 

by AFM measurements on a set of TFBGs etched for various durations and a linear fit of 

the results yielded a thickness in nm of 49 – 0.174×etch time in minutes.  

2.4.4 Electrical measurements. The electrical measurements to determine the 

resistance of the silver film over grating region were performed as follows. The silver 

coated TFBG was fixed in the etch solution with metal clamps that also secured soft metal 

wires (each with a total resistance under 0.005) in contact with the coating on each side 

of the TFBG. The exact location of the TFBG was predetermined by launching red light in 

the fiber core and observing scattered light under a microscope. The metal wires were then 

connected to a multi-frequency LCR meter (Hewlett Packard HP 4274A) operated at 2 

kHz. Since the electrical measurements were to be conducted in real time and in-situ, a 

measurement of the resistance of the etch solution without the silver coated-TFBG was 

made to ensure that there was no good electrical path other than the silver coating. The 

resistance of the highly dilute etch solution was larger than 12 M. The sheet resistance 

was approximated (because taken with 2-point probing only) by dividing the measured 
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resistance by the distance between the probes and multiplying the result by the width of 

the coating, i.e. the 393 m cladding circumference. Resistance values were logged 

manually after each automatically captured optical spectrum. Because of this, the time 

interval between measurements was increased to 2.4 minutes, which caused an additional 

uncertainty of +/- 0.5 nm in thicknesses reported for the rate of etching reported in Section. 

4.3. 

2.4.5. Simulation. Finally, simulations of the transmission spectra of silver coated 

TFBGs in the etch solution were carried out by first calculating the vector mode fields and 

effective indices of the core and cladding as a function of silver thickness and wavelength 

with a cylindrical finite-difference mode solver for layered structures with complex 

permittivity. Then, transmission spectra for P- and S-polarized input core guided light were 

obtained using complex coupled-mode theory to establish mode couplings at each 

wavelength and a Runge-Kutta algorithm to calculate the transfer function at each 

wavelength. The simulation tools used were our own, based on the algorithms reported in 

Ref. 38. The parameters used in the simulation of the fiber were: core radius=4.1 m, 

cladding radius=62.5 m, and core refractive index=1.4535, cladding refractive index 

=1.4441, silver coating thicknesses and refractive indices varied as in Fig. 2.10, external 

medium refractive index =1.3181 (based on the value of pure water at 1545 nm) [33]. 
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Chapter 3: Saturable absorption and bistable switching of single mode 

fiber core-guided light by a 6 nm-thick, few layers graphene coating on 

the cladding surface 

 

Abstract 3: The coupling of less than 80 W of in-plane polarized near-infrared light in a 

6 nm-thick graphene layer deposited on an optical fiber produces important permittivity 

changes leading to bistability and self-starting 50% modulation of over 1 W of continuous 

wave light in the core.   These features arise from resonant coupling of core-guided light 

into the cladding by a 12-degree tilted, 1 cm long fiber Bragg grating (TFBG) via 

narrowband, polarization-dependent resonances that allow the selection of cladding modes 

with electric fields polarized in the plane of the graphene. The pulse repetition rate of the 

modulation increases from 10 to 269 Hz for input powers ranging from 0.3 to 1.33 W in 

the core, with no evidence of saturation. Investigations into the origin of these effects 

through physical modelling and different experimental conditions point to photo-induced 

Joule heating in the graphene layer giving rise to temperature increases of the order of 60oC 

and corresponding permittivity changes in the graphene and underlying silica fiber. Those 

changes lead to shifts in the resonance positions which result in the equivalent of saturable 

absorption for light guided in the core without direct contact with the absorbing graphene 

layer. 

3.1 Introduction 

Graphene has many interesting applications in several areas of physics, electronics and 

photonics, including an ultrafast carrier mobility and a high intrinsic thermal conductivity 

along the plane of its two-dimensional structure [1-5], including thermal bistability [6-10]. 
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While switching based on thermal bistability is a relatively slow process, it still may be 

used for applications where ultrafast response speed is not necessary such as optical routing 

and switching [7-8,10-11]. In fact, several silicon-based thermally bistable photonic 

integrated devices using graphene-based flexible heat conductors have been demonstrated, 

such as waveguide resonators [6], microfiber phase shifters [7,8], photonic ring resonators 

[9], and micro gratings [10]. In contrast with the various configurations used so far, a very 

simple, monolithic, and low insertion loss all-fiber structure is proposed and demonstrated 

here, comprising a tilted fiber Bragg grating (TFBG) inscribed in a standard telecom single-

mode fiber with a nanometer scale graphene coating on the surface of the cladding of the 

fiber.  This configuration does not require to physically modify the fiber by etching, 

tapering or side polishing [7-8,10]. Furthermore, and this is a very unique property of the 

proposed configuration: the graphene layer is never in contact with the core-guided light 

and a very small fraction (less than 0.01%) of the input light is actually needed to modulate 

it by more than 50%. The demonstration of the ability to excite novel nanomaterial layers 

with controlled amounts of light intensity and polarization on the surface of un-modified 

standard optical fibers represents a significant advance in materials research. One 

straightforward application of the configuration shown here is Q-switching of fiber lasers, 

with the particular advantage that all of the laser light would not go through the graphene 

layer but only a very small portion of it, and also that the fiber would not have to be 

physically modified [12, 13]. Fibers used here have inherently zero transmission loss for 

the lengths used in such experiments, near zero insertion loss, and a wide array of relatively 

low-cost fiber-coupled instrumentation (sources, detectors, spectrum analysers, 
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polarization controllers) is available because of the telecommunication industry and 

associated R&D activities. 

        A TFBG written in the core of a fiber by an ultraviolet light induced photosensitive 

process enhances the coupling of light from the single forward-propagating core mode to 

a large number of backward propagating cladding modes. Coupling to each cladding mode 

occurs at different wavelengths to satisfy the phase matching relation between the effective 

index of the core, the effective index of one of the cladding modes and the grating period. 

This results in a low insertion loss transmission spectrum that includes a large number of 

discrete lossy resonances with a Q-factor greater than 104, separated by 0.2-2 nm and 

distributed over a broad spectral range (10-100 nm depending on tilt angle) [14]. These 

cladding modes interact with the external medium through their evanescent fields and thus 

penetrate the graphene layer where they are partially absorbed, generating heat. An 

important feature of TFBGs is that the evanescent field of the cladding modes can be 

oriented either parallel or perpendicular to the cladding surface by linearly polarizing the 

input core light in S- or P-polarization relative to the tilt plane [14]. Upon any change in 

the external medium permittivity, the narrow cladding resonances shift in wavelength 

and/or amplitude, resulting in large transmission level modifications within their spectral 

width. This high sensitivity to very small changes in the TFBG surrounding has been used 

previously to develop high performance sensors for biomedicine [15,16], electrochemical 

and magnetic detection [17,18], gas monitoring [19,20], and renewable energy storage 

facilities [21]. Here, permittivity changes are due to evanescent field absorption by 

graphene to demonstrate a platform for light-matter interaction with a simplified 

waveguiding structure, very low intrinsic loss, and ease of fabrication [22-24]. 
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        In chapter 3, the optical bistability and self-pulsing properties of graphene-coated 

tilted fiber Bragg gratings (G-TFBG) are studied experimentally as a function of the core 

propagating input light power, polarization and wavelength. Modulation amplitudes larger 

than 50% and pulse repetition rates up to 269 Hz are obtained for input light powers near 

1W in the core of the fiber. With regards to the polarization dependence however, 

significant modulation amplitudes were only obtained for light polarized tangentially 

(along the graphene plane), in spite of the preliminary results for broadband pumping that 

showed little polarization sensitivity. These results are discussed in the context of a bistable 

scheme based on nonlinear positive feedback of the output power on the system 

transmission [25-29]. 

3.2 Photo-thermal effects in graphene coated-TFBG 

 

Fig. 3.1. Schematic diagram of the G-TFBG. The CW laser input power is coupled out of the core 

by the cladding mode resonance that in turn modulates the graphene and fiber permittivity by photo-

induced Joule heating. The transmission of the CW laser at the pumping wavelength gets modulated 

as the grating resonances shift in response to temperature and refractive index change of graphene. 

Intensity (color bar) and orientation of the electric field of radially and azimuthally polarized 

cladding modes are also shown. 
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The measured transmission spectrum of a TFBG contains a multitude of narrowband 

resonances corresponding to contra-directional coupling from the single core mode to the 

many available modes guided by the much larger fiber cladding. The wavelengths of the 

cladding mode resonances (clad) depend on the phase matching provided by the grating 

period () between the propagation constants of the core, Neff(core), and that of the coupled 

cladding mode Neff(clad), as clad = (Neff(core)+Neff(clad)). As a result, if the effective 

index of a cladding mode is modified, the corresponding resonance shifts. While the core 

and the cladding of the fiber are extremely transparent at the wavelengths used (in the 

telecommunication band around 1550 nm), graphene on the cladding surface can absorb 

some of the cladding mode power, leading to permittivity changes and heat. This effect is 

proportional to the fraction of cladding mode power propagating the very thin graphene 

layer, where the temperature increase is essentially instantaneous because of the small 

volume involved. Heat then diffuses with some delay to the underlying glass and changes 

its refractive index through the photothermal effect. For the glass, the only consequence is 

a change in the real part of the refractive index, but for graphene both the real and imaginary 

parts can be modified by the absorped power. Depending on the power density present in 

the graphene, its properties may depend nonlinearly on the absorbed light power. All these 

interactions are also polarization-dependent as the conductivity of very thin graphene (as 

that of all “2D” materials) is very different for in-plane and out-of-plane electric fields of 

the pump light, a property which can be selected by a TFBG [30]. When a broadband input 

pump light source is used, i.e. much broader than individual resonances, even if the 

resonance wavelengths shift under optical pumping, this does not cause a significant 

change in the amount of power coupled from the core to the cladding and then to the 
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graphene material, yielding a stable, but different, G-TFBG transmission spectrum. In 

resonant pumping on the other hand, a laser with a linewidth much narrower than the 

spectral width of the cladding mode resonances is used. In this case, any shift of the 

cladding mode resonance results in an immediate change in the coupling efficiency and 

hence to the pumping level into the graphene layer, which in turn modifies the heat 

generation rate. This feedback system leads to time-dependent fluctuations of the system 

transmission. The dynamics of these fluctuations depend strongly on the initial position of 

the laser wavelength within a resonance spectral width and on the pump power. As will be 

demonstrated below, resonant pumping can result in self-starting oscillations of the 

transmitted power from the pump laser. The frequency of the oscillations depends on the 

input power and their amplitudes depend on the initial detuning of the pump from the 

resonance.  

        The current manuscript aims at studying the effect of broadband and resonant 

pumping on the static and dynamic power transmission of the G-TFBG, as a function of 

input power, cladding mode polarization, and, in the case of resonant pumping, the 

wavelength of the laser in relation to its position in the spectral band of a resonance. 

3.3 Materials and methods 

The graphene film was synthesized on a copper surface by atmospheric pressure chemical 

vapor deposition (APCVD) with acetylene (C2H2) as the carbon precursor. This process 

can dramatically decrease the defects in synthesized graphene. A five-layer graphene film 

can be obtained by synthesis at a temperature of 850°C for 60 minutes [31,32]. After the 

synthesis, the copper foil supporting the deposited graphene was etched by using an 

(NH4)2S2O8 solution and rinsed in deionized water several times. 
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        The 12o TFBG (1 cm length) was fabricated in photosensitive single mode fiber 

(CORNING SMF-28) using 248 nm light from a pulsed high-energy KrF excimer laser 

(model PM-848 from Light Machinery Inc.) operated at 248 nm and ~40 mJ per 20 ns pulse 

at 100 pulses/s with the phase mask technique. Optical transmission spectra were measured 

with an Erbium amplified emission source (ASE) and an optical spectrum analyzer (ANDO 

AQ 6317B) with a resolution of 0.02 nm. A polarization controller (OZ OPTICS. LTD.) 

was used to linearize the input light polarization either in the tilt plane of the TFBG (P-

polarized) or out of plane (S-polarized), as determined by maximizing either the short or 

long wavelength resonance of the polarization-dependent pairs of resonances (Fig. 3.2(a)) 

[30]. As discussed in Refs 14 and 30, the polarization convention used here refers the 

orientation of linearly polarized core guided input light relative to the plane in which the 

grating fringes are tilted. Furthermore, an important feature of TFBGs is that high order 

cladding modes excited by P-polarized light are polarized almost 100% in the radial 

direction (i.e. perpendicular to the cladding surface) while those excited by S-polarized 

input light are polarized azimuthally (i.e. parallel to the cladding surface). In the remainder 

of this chapter the spectrum resonances corresponding to those two types of excitation will 

be referred as “P-polarized” and “S-polarized” resonances. 

        The graphene film was transferred onto the surface of TFBG by contacting the side of 

the fiber with the edge of the graphene sheet and wrapping it in a single turn around the 

fiber circumference. Fig. 3.2(b) shows the effect of the graphene coating on the 

transmission spectrum of the TFBG: mostly a small attenuation and broadening of the S 

and P resonances. Given that the S resonances are deeper by about 2 dB than the P ones in 

the bare TFBG and end up several dB shallower in the graphene coated TFBG, it is obvious 



80 

that the graphene impacts S polarized modes (electrical field of the mode in the plane of 

the graphene) much more than P polarized ones. Furthermore, the significantly decreased 

spacing (from 240 pm to 72 pm) between resonances in the coated sample relative to the 

bare one shows that the real part of the mode effective indices of S and P modes are also 

modified differently. The induced loss following the addition of the very thin graphene 

layer must be attributed to mechanisms that include absorption by graphene but likely also 

some scattering. While the spectral changes just noted are certain, the exact resonance 

positions and amplitudes cannot be compared between Fig. 3.2(a) and 3.2(b) as they were 

measured on different (but similar) gratings. 

Fig. 3.2. Transmission spectra of (a) bare; and (b) graphene-coated TFBG (1 cm-long, 12 degree 

tilted), both in air. 
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Fig. 3.3. Microscope images of 12o TFBG with 514 nm green light coupled into the core (a1) 

without graphene on the cladding, and (a2) with graphene; (b) average thickness of graphene from 

AFM height histograms; AFM images over (c) 5 μm×5 μm, and (d) 2 μm×2 μm. 

        For the loss, a contribution from scattering is supported by the fact that when visible 

light is coupled into the core, a significant amount of light can be observed to come out of 

the grating region resulting from the fact that the input light at 514 nm is experiencing a 

small grating coupling to cladding mode through a third order (fundamental cladding mode 

resonance is around 1550 nm) phase matching equation, but only when graphene is present 

(Fig. 3.3(a)). Indeed, an examination of the graphene surface by atomic force microscopy 

(AFM) reveals a relatively rough surface with an average thickness of 5.8 nm with random 

variations of the order of +/-3 nm (Fig. 3.3(b)-3(d)). 

        Light-induced variations of the G-TFBG static and dynamic transmission 

characteristics were carried out as follows. For broadband pumping, the output of an 
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Erbium-doped fiber amplifier (Amonics AEDFA-33-B-FA) was coupled in the core of the 

fiber without input seed laser signal. The total broadband power was controlled by the 

driving current of the amplifier pump laser. On the other hand, for resonant pumping the 

narrowband light from a tunable laser source (HP 81640A tunable laser, power: 2 mW) 

was amplified by the same amplifier before being coupled into the fiber. In both cases, the 

polarization controller was set to either S- or P-polarization of the input light by an initial 

spectrum measurement with the amplifier without seed and at low power. In the resonant 

case, the output spectrum is unstable and cannot be measured; dynamic (time-dependent) 

transmitted power measurements of the narrowband pump source were then carried out 

with a photo-detector (New Focus D400FC) and monitored with an oscilloscope (Rigol 

DS4054 Digital Oscilloscope). 

3.4 Results 

3.4.1 Non-resonant pumping 

From the characterizations shown in Fig. 3.4, it is clear that the loss induced by graphene 

is at least partly due to scattering. But linear absorption also plays a role in the spectrum 

modifications due to the graphene layer, since this material has a complex refractive index 

at these wavelengths (2.52-2.24i) [7]. Separating the contributions of scattering and 

absorption can be carried out by monitoring resonance wavelength shifts amplitude 

changes as a function of input power. Scattering does not lead to refractive index changes 

and therefore to wavelength shifts, while absorbed power does because of the heat 

generated which leads to refractive index changes. With regards to resonance amplitude 

changes, they can come about from two sources: 1) absorption changes in the graphene 

layer; 2) effective index chirp along the grating (which widens and flattens the resonances). 
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It is more difficult to distinguish between these two causes of resonance amplitude changes 

but chirp typically induces asymmetry in the spectral shape of resonances while absorption 

causes a symmetrical widening. 
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Fig. 3.4. Measured normalized transmission of G-TFBG for several values of input power, and two 

input core mode polarization: a) P-polarized (radial cladding mode electric field at fiber surface); 

b) S-polarized (tangential electric field at fiber surface). Note: The actual un-normalized spectra 

are offset vertically by the change in input power: here, the highest value of the transmitted power 

was used as the normalization level. Evolution of several S and P resonance wavelengths (c) and 

amplitudes (d) as a function of input power in the core mode. 
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        Fig. 3.4(a) and 3.4(b) shows the effect of broadband pumping with S- and P-polarized 

light on the transmission spectrum of G-TFBG. As expected, in all cases the resonances 

red-shift, broaden (while becoming somewhat asymmetric, indicating potential optical 

bistability [33-35]) and attenuate with increasing pump power and these effects are stable 

in time. With regards to the origin of the optical bistability in graphene, the thermo-optical 

nonlinearity is likely dominant in our case while the free-carrier dispersion and optical Kerr 

effect can be neglected due to the relatively weak broadband pumping power and the 

millisecond scale responses to be shown in section 3.4.2 [36-38]. In order to extract 

information from the modified spectra, the wavelength and the minimum transmission of 

typical S and P resonances are plotted in Fig. 3.4(c) and 3.4(d) as a function of the total 

input power in the fiber core. For wavelength, an average linear shift of 670 pm/W of input 

power in the core is obtained (+/-26 pm/W), regardless of polarization, for the six 

resonances analyzed. The net coupling strength (as indicated by the amplitude of the 

resonance in transmission) also changes quite linearly (especially at higher powers and 

transmission levels). The slope of the amplitude changes with power is the same for S and 

P polarized input, and they remain separate. 
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Fig. 3.5. Simulation of the electric field of a mode of the graphene coated cladding for (a) S-

polarization mode (E field tangent to fiber surface); (b) P-polarization mode (E field radially 

oriented); (c) mode energy density distribution of the two modes along the fiber diameter. The inset 

shows the the energy distribution in and around the graphene layer. The overall shapes of the modes 

in (a) and (b) are essentially identical for the uncoated fiber, while the discontinuity at the cladding 

surface in the inset of (c) is slightly different but not relevant to the results and concepts presented. 

        In order to understand these results, we first compute an estimate of the amount of 

optical power absorbed by the graphene layer. Fig. 3.5 shows the simulation of the electric 
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field of a graphene-coated fiber at the resonance pumping position (HE1,46 (S mode) and 

EH1,46 (P mode)). The modes are calculated with a complex finite-difference vectoral 

simulation tool (FIMMWAVE, by Photon Design). The following parameters are used: 8.2 

m core diameter with refractive index 1.449311, 125 m cladding diameter with 

refractive index 1.444078, graphene thickness and complex refractive index as noted at the 

beginning of this section, and surrounding medium of air (refractive index=1.00027). For 

the modes corresponding to resonances near 1546 nm (i.e. those used in our experiments), 

the effective indices found by phase matching from the grating period are close to 1.33, 

corresponding to radial mode order 46 in the mode list found by simulation. The inset of 

Fig. 3.5(c) shows how the mode energy is distributed in and around the graphene layer, 

with discontinuities reflecting the different boundary conditions for the fields of the modes 

and the relatively large permittivity differences occurring at the graphene boundaries. The 

fraction of the mode energy density located in the graphene layer is 7.4 ×10-5
 for the S 

mode and 4.4×10-5
 for the P mode, and these values do not change much over the spectral 

range where this TFBG has significant resonances. Therefore, for a given input power and 

similar integrated core to cladding coupling for S and P modes, there would be almost twice 

as much energy dissipated in the graphene for S modes than for P modes, so the rate of 

heating should be significantly higher. However, Fig. 3.4 shows that the power coupling 

from the core to the cladding is higher for P resonances than for S resonances. The fact that 

the wavelength shifts for both polarizations are nearly the same reveals that the difference 

in energy density in the graphene is compensated by the difference in coupling efficiencies 

into cladding modes. More importantly however, under continuous broadband pumping, 

energy keeps being dumped into graphene at a very high rate regardless of where the 
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resonances shift or their exact amplitudes, as long as there is some coupling (i.e. the core-

to-cladding mode resonances do not flatten out completely).  In this situation it is 

reasonable to expect the TFBG-graphene system to converge to a steady state that does not 

really depends on polarization but rather on the heat dissipation properties of the graphene 

surroundings.  A difference due to the heating rate would appear only briefly upon the start 

of the pumping, on a time scale of the order of ms and before the whole system is driven 

towards thermal equilibrium between heat generation (absorbed light power) and heat 

dissipation. This dissipation occurs mostly via conduction in the graphene and the glass, 

and possibly by convection in the surrounding air. Since the dissipation rates are 

proportional to the temperature difference T between the heated body (the graphene) and 

its surroundings, and heat generation is proportional to the absorbed power, equilibrium 

will be reached when: 

                          A × P= C × T                                                  (3.1) 

where P is the amount of power absorbed by the graphene while A and C are constants 

related to geometry and to the thermal properties of the materials in the system. The amount 

of power absorbed is further related to the device parameters by: 

                          P = Pin × Fclad × Pfrac × aeffective                                                         (3.2) 

where Pin is the input power in the core, Fclad the fraction of the core guided light coupled 

to the cladding mode, Pfrac the fraction of cladding mode energy in the graphene layer, and 

aeffective an effective absorption coefficient for the graphene layer located on the TFBG. 

Therefore, there is a one-to-one relationship between the input power in the core and the 

steady-state temperature of the system, and the experiments show that it is the same for S 
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and P polarized inputs. Finally, in fiber gratings the wavelength shifts of resonances can 

be related to the thermal coefficient of the silica glass (dn/dT near 10-5/degree) as follows: 

first, the phase matching condition can be used to derive the following relationship between 

wavelength shifts and input power: 

              P = (Neff(core)+Neff(clad)) × P                                  (3.3) 

(where  is the grating period along the fiber axis, equal to 557.2 nm, and Neff the effective 

index of the core and cladding mode being coupled). We can replace 

(Neff(core)+Neff(clad)) by (2×dn/dT)×T since the effective index changes are entirely 

due to the temperature increase and almost perfectly equal for core and cladding modes 

[14]. Therefore, the average temperature increase of the graphene layer at equilibrium as a 

function of input power can be found as: 

                 T/P= (P) / (2 × Lg × dn/dT) = 60oC per W of input per power        (3.4) 

        With regards to the amplitude dependence on pump power, it can also be related to 

temperature increases because the cladding mode power distribution along the grating 

length is highly non-uniform: from coupled mode theory for contra-directional coupling, it 

follows a 2sinh( ( ))C z Lg− dependence (where z is the axial position along the grating, C is a 

coupling constant and Lg the length of the grating) (i.e. an exponential-like decay from the 

beginning of the grating to the end) [39]. The grating is much hotter at its input than at its 

end. Therefore, the effective index shifts are also non uniform and phase matching occurs 

at different wavelengths along the grating, which is equivalent to a period chirp. The 

grating response is then weaker at each wavelength and distributed over a broader 

wavelength range around the original resonance, as seen on the experimental results in Fig. 
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3.4(a) and 3.4(b). This mechanism of a purely thermal effect explains the fact that the 

slopes of the amplitude changes in Fig. 3.4(d) are independent of polarization, as were the 

wavelength shifts. The constant separation between the S and P results comes solely from 

the starting point, as the P resonance is stronger at zero pumping because it was less 

attenuated by the addition of graphene on the cladding (Fig. 3.2).  

3.4.2 Self-starting modulated switching under resonant pumping 

A second group of experiments was carried out by resonant pumping (See Fig. 3.9 in the 

Supporting information for the experimental set-up). First, an amplified, S-polarized laser 

signal was launched in the core of the G-TFBG at different wavelength positions relative 

to a cladding mode resonance. The relative positions of the laser wavelength and 

transmission resonance was verified by a spectrum measurement obtained with low laser 

light power and simultaneous low power broadband light in the device. Then, the output 

was switched to the power detector instead of the spectrum analyzer, and the time-

dependent transmission measured as a function of the laser wavelength, for a fixed value 

of the amplified laser power. The results shown in Fig. 3.6 indicate that for S-polarized 

input (E-field mode polarization in the plane of the graphene) a strong modulation of the 

output power occurs for several laser wavelength positions. 

        While the average output power levels in Fig. 3.6(b) change in accordance with the 

transmission factor of the G-TFBG for the tested wavelengths, as shown in Fig. 3.6(a), the 

strongest modulation of 56% of the average transmitted power occurs when the pump 

signal wavelength is near the middle of the resonance upward slope on the long wavelength 

side. Negligible modulation occurs for pumping on the short wavelength side of the 

resonance, or for pumping at any wavelength when using P-polarized input (Fig. 3.6(c)). 
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Fig. 3.6. (a) CW pumping wavelengths used relative to the resonance spectrum (transmission 

converted from dB to linear units for better correspondence with parts (b-d)); (b) Self-pulsing 

response for wavelengths shown in (a); (c) Input polarization dependence. 

        This general behavior can be explained as a dynamic bistability of the transmitted 

light caused by the feedback of the amount of power transmitted on changes of the position 

of the resonance due to heat from absorbed cladding mode power. In simple terms, power 

coupled to a cladding mode by a pump on the long wavelength side heats up the grating 

and causes a red shift of the resonance, as seen in the broadband pumping case.  In single 

wavelength pumping however, this shift first increases the coupling of power to the 

cladding (because the maximum coupling wavelength of the resonance becomes closer to 
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the pump wavelength), which further accelerates the red shift of the resonance wavelength, 

which increases the heating rate further. This continues to accelerate until the resonance 

wavelength becomes equal to the pump wavelength. As the graphene continues to heat up 

however, the resonance wavelength red shifts past the pump wavelength and the coupling 

to cladding modes starts to decrease, thereby decreasing the rate of heating. Then the fiber 

eventually cools down by the same dissipative mechanisms seen in broadband pumping. 

As a result, the resonance begins to shift back towards shorter wavelengths (and higher 

coupling to cladding modes for higher heating rate) for the cycle to restart. In order to 

investigate this further, another experiment was carried out by fixing the pump wavelength 

at 4 (where the maximum modulation is observed) but varying the input power. Results 

from Fig. 3.7 show that the frequency (or pulse repetition rate) of the self-starting 

oscillations increases with input power, reaching 269 Hz at the maximum power that could 

be tested with our equipment, and without loss in the amplitude of the modulation.  
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Fig. 3.7. Self-pulsing response to pump power: a) simulation; b) measured. 

  

Fig. 3.8. The self-pulsing repetition rate as a function of pump power in the core. 
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        The trend in frequency vs input power (Fig. 3.8) shows an apparent threshold near 

950 mW and a non-saturating increase of 0.7 Hz/mW. It is expected for the modulation 

rate to increase with input power because this increases the heating rate as well as the 

cooling rate (as defined in Equation 3.4), according to our simple model. This model for 

self-pulsing is based on a simplified one-dimensional finite-difference simulation of the 

thermal diffusion equation for the temperature on a 125 m long spatial grid for the radial 

position “r” oriented along a diameter of the coated fiber, with time-dependent heat sources 

at the fiber surface locations. The heat sources were calculated from absorption of the 

cladding mode power according to Equation 3.2.  The initial state of the system was fixed 

at room temperature everywhere and an initial heat input was calculated from the power 

coupling and absorption in graphene at the initial value of the resonance position. Then at 

each time step the temperatures were updated across the simulation domain, with a time 

step t = r2/2 to ensure numerical stability, where r=1 m is the spatial discretization 

and  is a power dependent thermal diffusivity parameter determined empirically. The 

updated temperatures were used to recalculate the resonance shift and to find new values 

of the absorbed power for the next time step (see Supplementary note 2 in the Supporting 

information for further details). Results shown in Fig. 3.7(a) indicate that this model can 

reproduce the power dependent increase of the self-pulsing frequency, provided that the 

thermal diffusivity parameter changes with input power. This relationship is believed to 

originate at least partly in changes of the graphene absorption and permittivity as a function 

of the power propagating in it. Note that the simulation results in Fig. 3.7(a), show the 

steady state oscillations that begin a few ms after the input power is introduced into the 

system. 
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        In fact, a better estimate of the efficiency of power dependent switching process (than 

that provided by Equation 3.4 which calculates the efficiency in terms of input power in 

the core) can be obtained by calculating the amount of the optical power actually located 

in the graphene. Since the transmission of the grating at the pump wavelength (4) is about 

10%, then 90% of the input light is initially redirected into a cladding mode. Following 

this, for the S mode the fraction of the mode power in the graphene layer is ≈7×10-5
 (from 

Fig. 3.5). Therefore, at the maximum pump power used (1334 mW) there is ≈80 W in the 

graphene cross-section around the fiber, i.e. an intensity of 29 kW/cm2. The bistable 

explanation is also supported by the absence of modulation for pumping on the short 

wavelength side: in this case the feedback is negative (even less power is coupled to the 

cladding as the resonance shifts to longer wavelengths due to heating): similar effects have 

been predicted and observed for Kerr-type nonlinearities in gratings and distributed 

feedback structures at much higher pump powers (but also much faster modulation speeds) 

[40-42]. 

        Finally, the absence of modulation for P-polarized light is clear (Fig. 3.6(c)) and 

surprising in view of the results obtained in broadband steady state pumping. The most 

likely explanation is that in the case of P-polarized light, with the fraction of cladding mode 

power being about half of that for S-polarized light, even at the maximum power level we 

could generate the absorbed power (and heating rate) fall below the threshold needed for 

self-starting oscillations, i.e. about 1000 mW, below which even S-polarized light does not 

induce oscillations. This difference between S- and P-induced effects is confirmed by the 

difference in the imaginary part of their effectiv index (Fig. 3.10 of the Supporting 

information) and by similar observations that the light-matter interaction efficiency in 2D 
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materials is stronger for HE or TE modes (light polarized in the plane of the 2D material) 

[43-45]. 

3.5. Conclusion 

An all single-mode fiber configuration for photo-thermal based bistability and self-pulsing 

has been investigated by using a multi-layered graphene coated TFBG and single watt level 

CW laser pumping. Self-starting pulsing at a rate of up to 269 Hz, pulse width of 1.4 ms, 

and modulation amplitudes larger than 50% has been observed. The pulse repetition rate 

was further observed to increase with pump power at a rate of 0.7 Hz/mW with no evidence 

of saturation over the range of pump power available to us (0-1.4W). Calculations of 

cladding mode overlap with the graphene indicate that the power density there is less than 

80 W, corresponding to an intensity of 29 kW/cm2. The bistability arises from the 

nonlinear transmission of the system as a function of wavelength associated with positive 

feedback of the transmitted power on the wavelength of the high finesse spectral 

resonances via the rapid heating of the graphene layer. This phenomenon is akin to a 

saturable absorption of the core-guided light, but without direct contact between core-

guided light and the absorbing material located on the cladding surface, and with relatively 

very little power actually being absorbed by the graphene. This demonstrated configuration 

can potentially be extended to any other system where the power coupled to the cladding 

of a TFBG would cause a change in the effective index of the cladding mode resonances, 

including coating materials with large nonlinear optical coefficients to change refractive 

indices through the much faster Kerr effect or other nonlinear effects such as two-photon 

absorption, self-focusing, self-phase modulation, saturable absorption [46-47]. 
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3.7 Supplementary information 

3.7.1 Supplementary note 1: Experiment configuration 
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Fig. 3.9. Schematic diagram of the switching system; (b) G-TFBG spectrum changes during non-

resonant pumping. The dashed green spectrum represents both the stable output power resulting 

from non-resonant pumping, and the instantaneous one produced by resonant pumping; (c) resonant 

pumping spectrum. 

3.7.2 Supplementary note 2: dynamic of the self-starting modulated switching 

The model for self-pulsing is based  on a simplified one-dimensional finite-difference 

simulation of the temperature on a 125 m long spatial grid corresponding to a diameter of 

the coated fiber using the thermal diffusion equation and a time-dependent heat source at 

the two ends of the simulation domain, which correspond to the fiber surface [S1]: 
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2

2

T T

r t

  
=

 
                                                       (3.5) 

Where T is the temperature rise due to graphene heating, r is the radial coordinate, and 

 is an equivalent diffusivity parameter for the system. The system is solved in Matlab by 

using the finite differential form of Equation 3.5 (on a spatial grid of r values separated 

by r): 

                                           
Tt+1-Tt

∆t
= α

(Tx+1,t+Tx-1,t-2Tx,t)

(∆r)2                                             (3.6) 

Where the equivalent diffusivity parameter  has been adjusted to fit the experimental 

results as:       

                        α = 5.05 × 10-8 + 1.35 × 10-6 (1 + 105.353(1.135-Pin)) m2 s⁄⁄            (3.7) 

        In Equation 3.5 the temperature at the surface is increased at each time step by an 

amount derived from Equation 3.1 and 3.2 where Fclad is determined from standard 

coupled-mode theory as [S2]: 

                          Fclad = |
κ∙sinh (SL)

-Δβ∙sinh(SL)+iS∙cosh (SL)
|

2
 with S = √κ2-(Δβ + δ(Δβ))2            (3.8) 

and where 

                                     = () (Neff(core)+Neff(clad)) -                                  () 

is the detuning of the input light from the resonance before heating comes into play. 

Furthermore,  

                                                            κ = tanh-1√1-Tmin/Lg                                           (3.10) 
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is the coupling constant of the grating derived from the maximum amplitude of the core 

mode loss at resonance (Tmin) while the change in detuning of the resonance by the 

temperature change in the glass is derived from Equation 3.3 as: 

                                                      δ(∆β) =
4π

λ

dn

dT
ΔT(fiber)                                        (3.11) 

3.7.3 Supplementary note 3: Imaginary part of graphene coating-guided cladding 

mode 

 

Fig. 3.10. Simulation of the attenuation of graphene coating-guided cladding modes with effective 

indices near 1.33 corresponding to CW pumping position. Each vertical bar corresponds to a 

particular cladding mode and is color-coded by its polarization state (Red and green for TE and HE 

modes, which are S-polarized at the cladding surface; Black and blue for TM and EH mode, which 

are P-polarized). 

Fig. 3.10 shows the effective refractive index of graphene coating-guided cladding mode 

by FIMMWAVE mode solver by setting: 8.2 m core diameter with refractive index 
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1.449311, 125 mm cladding diameter with refractive index 1.444078, 6 nm thick graphene 

thickness with complex refractive index 2.52-2.24i [S3], and surrounding medium of air 

(refractive index=1.00027). The imaginary part of guided mode (which determines the 

absorption of cladding guided mode power by the graphene overlayer and induces the 

thermal nonlinearity) rises gradually towards smaller mode effective indices (i.e. higher 

order modes and corresponding lower wavelength resonances in the TFBG spectrum) [S4-

S6]. Because of the 2D nature and thinness of the graphene coating, the absorption 

efficiency for S polarized input is more than two times larger than that of P polarized at the 

mode where the effective index is around 1.33, corresponding to  resonances where CW 

pumping is performed, and the mode fill factor is 7.4 ×10-5
 in the graphene layer (HE 

mode). 
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Chapter 4: 40 GHz-rate all-optical cross-modulation of core-guided near 

infrared light in single mode fiber by surface plasmons on gold-coated 

tilted fiber Bragg gratings 

 

Abstract 4: All-optical control of Surface Plasmon Polaritons (SPPs) can switch light with 

high speed and large signal to noise ratio. We demonstrate 25 ps-timescale switching of 

continuous wave light by pump pulses co-propagating in the same single mode fiber at 

different wavelengths near 1550 nm. The switching is due to hot carriers from the SPPs in 

a 45 nm-thin gold coating on the fiber cladding. The SPPs are generated by pump pulses 

coupled from the core to cladding modes by a tilted fiber Bragg grating (TFBG). Hot 

carriers modify the complex permittivity of the metal coating on a time scale of the order 

of picoseconds and hence the cladding mode resonance wavelengths of the TFBG. A probe 

light signal co-propagating in the same fiber can therefore be modulated by the 

transmission resonance shifts. With 25 ps pulses at 1540.4 nm, 1 MHz and 50 mW average 

power, the modulation depth of a CW probe at 1543.4 nm co-propagating in the core 

reached 4.5±1% with a pulse width broadened to 56 ps. Under these conditions, the pump 

power density was 0.147 GW/cm2 in the metal layer, for a conversion efficiency as high as 

30±7% per GW/cm2. Since many other plasmonic and nonlinear active materials can be 

deposited on fiber claddings, we believe that this very simple all-fiber configuration to 

perform all-optical switching of core-guided light in single mode fibers by plasmon-

modulated resonances has strong potential applications in studies of light-matter 

interactions over fast and ultrafast time scales. 
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4.1 Introduction 

Surface Plasmons Polaritons (SPP) provide an effective way to confine electro-magnetic 

fields to sub-micrometer thick layers near the surface of metals and excitation of SPP at 

femtosecond time scales can initiate a cascade of linear and nonlinear processes with 

multiple outcomes such as non-radiative decay to carriers and phonons, radiative decay via 

emission of photons [1-4]. Such processes have opened new avenues toward the realization 

of ultrafast nanophotonic devices for all-optical signal processing in high speed 

telecommunication networks but one of the major challenges is how to achieve fast and 

efficient switching or modulation of light by SPPs without excessive insertion losses in 

fiber or optical waveguide systems. In earlier work, plasmonic devices combining phase 

control in external materials like semiconductor [5,6] or organic films [7] achieved light 

switching or modulation but on relatively long timescales of microseconds because of 

dominant thermal processes. When generating SPPs by interband transition pulsed 

pumping on the other hand, hot carriers are generated on femtosecond time scales in the 

metal and they strongly modify the complex permittivity on the same time scale [8-12]. 

Such changes can then be used to build modulators and switches from nonlinear effects in 

guided wave interferometers and resonators operating at sub-picosecond time scales [13-

15]. The issue with interband pumping is that it necessitates pump photons at wavelengths 

much shorter than the telecommunication bands in the near infrared. To avoid this problem, 

intraband (using longer wavelength photons) transitions in so called “epsilon near zero” 

material have been identified as extraordinary new building blocks for high performance 

optical devices with extremely high nonlinearity and ultrafast switching speed covering the 

near- and mid-infrared wavelength ranges [16-19]. Again, integration of epsilon near zero 
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materials with optical fibers remains challenging for now and it is desirable to find devices 

and configurations where hot carriers from intraband pumping could be used. It has been 

shown that hot carriers generated by SPPs at near-infrared wavelengths in “conventional” 

metals can be used for switching but with modulation efficiencies is much lower than those 

achieved by interband transitions [20-22]. Therefore, designing practical switches with 

GHz-level bandwidths and high modulation efficiencies at telecommunication 

wavelengths remains an important goal for photonic and materials research. 

        One of the ways in which light guided in the core of standard single mode fibers can 

be made to interact with materials deposited on the surface of the cladding is through TFBG 

written in the fiber core by photosensitive processes [23]. The transmission spectrum of 

TFBGs contains hundreds of “comb”-like discrete resonances corresponding to coupling 

from a forward propagating core mode light to backward propagating cladding modes. 

Under certain conditions, when the cladding is covered by a thin metal coating, some of 

the cladding modes have effective indices that are closely matched to the effective index 

of an SPP mode propagating at the outer surface of the metal coating. When this occurs, 

and when the metal layer is thin enough for the evanescent field of the cladding modes to 

tunnel through the metal layer, some of the cladding mode power is coupled to the SPP, 

resulting in increased attenuation of the cladding mode and some broadening of the 

corresponding resonances [23-25]. It is important to note that the TFBG resonances have 

a Q-factor greater than 104 and their signal to noise ratio can be greater than 40 dB, with 

near zero insertion loss out of the resonances. Because of the large spectral slopes of the 

cladding mode resonances, small perturbations of the cladding mode properties (such as 

those due to permittivity changes occurring near the outer metal surface) can lead to large 
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changes in transmission at certain wavelengths, by 10s of dB in certain cases thus allowing 

the development of high-performance sensors in multiple areas such as biomedicine [26-

28], electrochemical and magnetic detection [29,30], gas monitoring [31,32], and 

renewable energy [33]. Furthermore, these features are obtained with very simple device 

fabrication method and trivial, very low loss input/output coupling. Therefore, such devices 

provide an ideal tool to study light-matter interaction processes and to develop optical 

switching systems. 

        In this chapter, an all-optical 25 ps-scale switching configuration based on TFBG-

assisted plasmonics in a gold coated standard single mode optical fiber is proposed and 

demonstrated. Pumping one of the SPP-active cladding modes with intense laser pulses 

launched in the fiber core leads to an increase in the damping term in the dielectric function 

of the gold and consequently to a synchronous (due to the femtosecond response time for 

the generation of hot carriers) change in the SPP effective index. This in turn shifts the SPP 

spectrum as well as the underlying cladding mode resonances. When a second (continuous 

wave (CW)) signal is injected in the core of the same fiber (with a wavelength-multiplexing 

fiber coupler) at a wavelength associated with another cladding mode resonance (but still 

within the spectral bandwidth of the SPP), the latter signal is modulated by the pump-

induced optical property changes in the metal coating, on the same time scale as that of the 

pump. We achieved the modulation of a CW probe signal with ~56 ps response time and 

switching efficiency as high as 30±7% per GW/cm2. 
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4.2 Method 

4.2.1 Fabrication of the TFBG 

The TFBGs (20 mm in length) were inscribed in hydrogen-loaded CORNING SMF-28 

fibers by using the phase-mask method [23]. The fibers were hydrogen-loaded at a pressure 

of 15.2 MPa, a temperature of 20 °C, and a duration of 14 days, conditions sufficient to 

saturate the fiber core and increase its photosensitivity to ultraviolet light. After stripping 

a 5 cm section of fiber jacket, gratings were inscribed in the stripped section with a pulsed 

high-energy excimer laser (model PM-848 from Light Machinery Inc.) and the phase mask 

technique. The laser was operating at 248 nm with a fluence per pulse at the fiber of ~40 

mJ/cm2 over an area of 2 cm   50 m determined by selecting a portion of the laser beam 

and focusing it along the fiber. The tilt of the grating fringes was obtained by rotating the 

fiber/phase mask assembly (as well as the cylindrical focusing lens) around an axis 

perpendicular to the fiber axis and the plane of incidence. 

4.2.2 Fabrication of the gold coating 

A 45 nm thick uniform gold film (supplementary note 1) was deposited on the TFBG by 

thermal evaporation. To achieve a high-quality coating, the stripped fiber section is cleaned 

by immersing it in a piranha solution (an 8:1:1 mixture of deionized water, Ammonium 

Hydroxide, and Hydrogen Peroxide) for 30 minutes. Then the TFBG was fixed on a 

movable holder in a thermal-evaporation physical vapor deposition system (Balzers BA 

510) at room temperature and under vacuum (10-7 Torr). Two deposition steps were carried 

out, with a rotation of the fiber holder by 180o between the two runs. The depositions were 

carried out at a relatively rapid deposition rate of 6 nm/min for 7.5 minutes per side, 
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resulting in a mass-equivalent thickness of 45 nm around the full circumference of the 

fiber. 

4.2.3 Dynamic TFBG-SPR simulations 

In the simulations of TFBG-SPR spectra modulated by hot carriers decay, three steps are 

considered for the ultrafast switching process. Firstly, the temporal evolution of hot 

electron populations and lattice temperature due to plasmonic excitation of the gold film 

were simulated by using a delayed two-temperature model within the short pumping time 

(supplementary note 2). Secondly, the resulting change in the dielectric function (complex 

permittivity) of the gold layer was calculated by using a Drude model with two critical 

points and damping terms modulated by hot electron and phonon temperatures 

(supplementary note 3). Finally, the time-dependent TFBG-SPR spectra associated with 

the variations of the dielectric function of the gold layer were simulated by first calculating 

the changes in the radially polarized cladding mode families (i.e. the EH and TM mode 

families, which are the only ones that can hybridize with SPPs of a metal layer on the 

cladding) with a cylindrical finite-difference vector mode solver at each wavelength (and 

taking into account material dispersion), and then using complex coupled-mode theory and 

a Runge-Kutta algorithm to calculate the transmission at each wavelength. 

4.2.4 Ultrafast switching measurement 

As shown in Fig. 4.9 (supplementary note 4), the pump-probe interrogation setup consists 

of a tunable picosecond laser (Genia Photonics Programmable Picosecond Laser, pulse 

width: 25 ps; repetition rate 1 MHz; adjustable average power: 0-100 mW) and a CW 

tunable laser (HP 81640A tunable laser, power: 2 mW) coupled into a common fiber with 

a 3dB coupler. A manually adjustable bandpass filter (Yenista XTM-50) was used 
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downstream of the TFBG to prevent the pumping pulse from reaching the detector. The 

pump modulated probe light was detected by a 40 GHz photodetector (New Focus, Inc) 

and measured with a digital oscilloscope (86100D Infiniium DCA-X Wide-Bandwidth 

Oscilloscope). Pump and probe wavelengths were adjusted precisely relative to the TFBG 

resonances by directing the output of the TFBG to an Optical Spectrum Analyzer (ANDO 

AQ 6317B) instead of the photodiode, in between switching experiments. 

4.3 Results 

4.3.1 The hybrid SPP-cladding modes of a TFBG 

 

Fig. 4.1. Schematic diagram of the plasmonic gold-coated TFBG. The pulsed pump (IP) coupled 

out of the core by the tilted grating excite SPP on the gold surface and hot carriers (e- and h+) that 

in turn modulate the metal permittivity. A co-propagating CW probe at a different wavelength gets 

modulated as the grating resonances shift in response to the permittivity change. 

The effective index of the SPP propagating at the interface of two media with relative 

permittivity 1 and 2 is given by [1]: 

     1 2

1 2

SPP

effN
 

 
=

+
                                                 (4.1) 
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At near infrared wavelengths in the vicinity of 1550 nm, the relative permittivity for gold 

and water are -115.13-11.259i and 1.7371-0.0000986i respectively, yielding Neff
SPP values 

near 1.328 [34,35]. Then, in order to excite the SPP at the surface of a gold coating 

deposited on the cladding of an optical fiber immersed in water and remembering that the 

cladding supports guided mode with effective indices between the index of silica glass 

(near 1.444 at these wavelengths) and that of the external medium (1.315), it is sufficient 

to use an in-core tilted grating to couple light from the single mode core to a cladding mode 

that has an effective index equal to Neff
SPP. To be precise, a 556.015 nm period grating with 

an internal tilt angle of 12 degrees can generate a large number of cladding modes with 

effective indices in the vicinity of the required value at wavelengths near 1550 nm, as will 

be shown in exact calculations below. So even though the light wave frequency is far from 

the plasma frequency (0.8 eV vs 2.38 eV in the usual units for plasmonics) the real part of 

the permittivity of gold has a large negative value and a SPP wave can be excited efficiently 

by the evanescent wave of a cladding mode tunnelling across the gold layer. With such low 

energy photon excitation, SPP excitation relies on phonons to provide the necessary 

momentum conservation to generate the hot carriers. These phonon-assisted transitions are 

important contributors to losses arising from various damping mechanisms such as a 

Landau damping and electron-phonons scattering which add up to contributions from 

electron-electron scattering and losses arising from defects of the metal such as nanoscale 

roughness [20-22]. 
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Fig. 4.2. TFBG-SPR linear properties: (a) measured spectrum in water (red, SPP phase matching 

near 1540 nm) and air (blue, no surface plasmon at these wavelengths); (b) the Lorentz model 

fitting for wavelength shifts with- and without- SPR (indicative of changes in the real part of the 

cladding mode effective index), and of the amplitude change (due to the imaginary part of the mode 

effective index); (c) The relationship between the Lorentz fit of (b) and the values of the imaginary 

part of the effective index of guided cladding modes calculated using FIMMWAVE close to SPR 

(the TM/EH modes are those excited by P-polarized input light). Non SPR-active modes have 

imaginary parts of the order of 10-5 and less at the same wavelengths. 

        Fig. 4.2 shows the transmission spectra of a 12o tilted Au-coated, 2-cm long TFBG 

measured in air and immersed in deionized water.  The main feature of these spectra is the 

presence of a very dense comb of cladding mode resonances that are individually very 
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narrow (sub-nm).  In both cases, in order to fulfill the necessary condition for the excitation 

of SPP waves of the gold film, the input light injected in the core is polarized in the plane 

of the tilt (P-polarized) which results in the excitation of cladding modes that are radially 

polarized at the outsides surface of the fiber (i.e. TM-like) [36]. When the TFBG is in air, 

the index contrast is highest, the cladding modes are well confined in the fiber by the 45 

nm thick gold coating and the spectrum is not much different from that of the same TFBG 

in a bare fiber.  However, when the TFBG is immersed in water, the lower index contrast 

allows some tunneling of energy to the external surface of the gold and to the excitation of 

a SPP at wavelengths near 1541 nm where cladding modes have effective indices near that 

of pure SPP waves of a gold-water interface.  For S-polarized input, no SPP can be excited 

even in water because the cladding mode polarization is then TE-like. When a SPP is 

excited, the mode power fraction in water increases from 0.68 to 25.7% and in the metal 

layer from 0.035 to 0.736% (supplementary note 5, Fig. 4.12). This has two consequences: 

shifts in the resonance wavelengths and resonance amplitude decreases of those cladding 

modes with effective indices within the SPP spectral width (see the inset of Fig. 4.2(a)). 

Those cladding modes become hybridized with the SPP.  The measured resonance 

modifications are reported in Fig. 4.2(b) and fitted by a Lorentz line shape function of the 

mode effective indices (supplementary note 6) where the real and imaginary parts are 

associated respectively with wavelength shifts (directly caused by change in the real part 

of the mode effective index, through the grating phase matching condition) and with 

transmission changes (since the increase in the imaginary part, i.e. loss, of the mode 

effective indices shortens the effective coupling length and hence the reflectivity of the 

resonance).  A Lorentzian fit of the shifts gives a SPP-hybridization width of 0.32 nm for 
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the metal coated fiber in Fig. 4.2(c).  As in other surface plasmon resonance phenomena, 

the hybridization width is strongly dependent on the metal thickness [37] (supplementary 

note 7, Fig. 4.13).  Here, the 44 nm thickness and very low surface roughness (near 1 nm) 

result in a very narrow lossy bandwidth where collective collision damping is the dominant 

source of loss [38]. In these conditions, only 1 or 2 cladding mode resonances are strongly 

attenuated. While these particular resonances are rendered “useless” by the excessive loss 

and consequential weakening of the coupling, adjacent resonances retain enough coupling 

to the SPP while maintaining significant coupling with the core mode as well as a narrow 

linewidth required for efficient switching. 

        In order to demonstrate the validity of the Lorentz model for absorption, the complex 

effective indices of the hybridized cladding guided-SPP modes of the Au-coated fiber were 

simulated using the FIMMWAVE mode solver (from Photon Design Inc.). By use of the 

grating phase matching relation, the simulation results can be plotted as the mode loss 

(imaginary part of the effective mode index) against wavelength, as shown in Fig. 4.2(c). 

The imaginary part of the cladding mode effective index peaks at a value of 0.0007 close 

to the SPP resonance and fits the Lorentzian line-shape of the measured resonance loss 

increases. At the peak, the loss corresponds to an attenuation coefficient of 57 cm-1 for the 

cladding mode centered on the SPR wavelength, much too large for efficient coupling by 

the 2 cm-long grating. Pumping on the nearest neighbor resonance however still couples 

energy to the SPP but with a cladding mode that has an attenuation coefficient 10 times 

smaller (of the order of 6 cm-1) which allows for strong coupling from the input core mode. 

        While this excitation condition is relatively narrowband its consequences following 

intense in-band pumping of one resonance affect all the other cladding mode resonances 
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within the SPP bandwidth due to the global permittivity change induced by the hot carriers. 

Therefore, probe light at neighboring resonances will experience the consequences of 

pumping (i.e. modulation) at some wavelength separation from the pump wavelength and 

peak SPP coupling without the excessive damping losses experienced by in-band light. 

4.3.2 Ultrafast dynamic of surface plasmon decay 

In noble metals, it was demonstrated that internal thermalization of the electrons (i.e., 

establishment of an electron temperature following some excitation mechanism) takes 

place on the time scale of a few picoseconds thereby allowing ultrafast switching 

mechanisms to take place [39-42]. The change in temperature of the conduction band 

electrons modifies the Fermi-Dirac distribution function, which decreases the population 

below the Fermi level and increases it above the Fermi level. As a result, the response time 

and the nonlinear susceptibility of hot electrons in metals in terms of plasmonics have been 

widely investigated [43-45]. In particular, hot carriers generated by surface plasmon decay 

in thin metal films [20-22] make it possible to achieve ultrafast switching based on the 

modulation of high Q-factor transmission resonances in TFBGs. Fig. 4.3 shows a 

simulation of the effect of the dynamic hot carriers generated by picosecond pulsed 

excitation of SPP on the transmission spectrum of a TFBG. 
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Fig. 4.3. Plasmonic ultrafast switching based on TFBG spectral combs: (a) simulated spectrum 

evolution during the hot carrier dynamic process (Supplementary Video 1); (b) simulated spectra 

for electrons at room temperature (black line) and hot electron temperature (870 K, red line); (c) 

dynamics of cladding modes close to SPR; (d) experimental ultrafast switching of the probe light 

(Supplementary Video 2). 

        A delayed two-temperature model for the hot electrons (supplementary note 2, Fig. 

4.7) is used to calculate the non-thermal energy dissipation by electron-electron scattering 

and by reaching thermal equilibrium via electron-phonon scattering. This results in a time-

dependent change in the damping term of the imaginary part of the complex permittivity 

of the Au film (supplementary note 3, Fig. 4.8).  The calculated permittivity as a function 

of time is then input into a cylindrical finite-difference complex vector mode solver to 

calculate perturbed mode fields and complex effective indices which are then used to 

calculate transmission spectra by coupled mode theory. The end result is a sequence of 
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simulated transmission spectra during and after the arrival of a 25 ps duration pump pulse 

from time t=-50 to +125 ps (Fig. 4.3(a)) and more closely during the pulse (t=3 ps) on Fig. 

4.3(b). In this simulation, the fact that the physical length of the 25 ps pulse (FWHM 5 

mm) is similar to that of the TFBG was not taken into account (i.e. it was assumed that the 

electron temperature was the same, as a function of time, over the whole length of the 

grating).  It is still clear from Figs. 4.3(a) and 4.3(b) that during high intensity irradiation 

by the pumping pulse many resonances shift slightly and some weaken considerably as 

well, over a certain bandwidth around the SPP peak attenuation, and mostly on the long 

wavelength side.  The broadening of the SPP-induced attenuation agrees with previous 

observations in free-space plasmonics [46,47]. The post-pump recovery is somewhat 

slower than the rise time because the 25 ps input pulse is much longer than the intrinsic hot 

carrier relaxation time (less than 1 ps) [22] and because thermalization of excited electrons 

also occurs through other, slower processes and continue to disrupt the permittivity of the 

Au. Another factor that will slow down recovery in actual experiments is the temperature 

dependence of overall refractive index of the structure and the TFBG itself while heat 

generated by the excitation process must be dissipated. The main prediction of this 

simulation remains however that the arrival of the pump pulse and its coupling to the 

hybridized-cladding mode identified in Fig. 4.3(c) will cause a shift in the resonance 

position of another cladding mode (at the “probe” wavelength in Fig. 4.3(c)). Therefore, a 

co-propagating continuous wave core mode at the probe wavelength will be modulated 

synchronously by the pump pulse, but with a slightly longer “tail” (leading to a modulated 

pulse length of 56 ps) due to the slow relaxation processes predicted in the two-temperature 

model Fig. 4.3(d) shows a typical experimental result for the modulated CW probe 
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(described in detail in the following section) which agrees well with the predicted pulse 

shape. 

4.3.3 Ultrafast switching experimental results 

 

Fig. 4.4. Pump-induced modulation of CW probe: (a) the output response with pumping power; (b) 

the simulation for (a); (c) the output response with probe position; (d) the simulation for (c). 

Fig. 4.4 shows the change in the transmitted power of a CW laser probe co-propagating in 

the fiber core with the pump, as a function of pump power and probe wavelength.  The 

pump wavelength was fixed at 1540.4 nm, on the long wavelength side of the first 

resonance located on the short wavelength side of the SPP maximum. This pump 

wavelength was determined experimentally to yield the strongest probe modulation. When 
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the probe wavelength is located on the transmission minimum of the resonance, the arrival 

of the pump pulse blue-shifts the resonance and the transmitted power increases. Fig. 4.4(a) 

shows the result for this situation, i.e. a pulsed increase of the probe power with rise times 

ranging from 27 to 39 ps and slightly longer recovery times.  The maximum modulation 

depth increases with pump power and reaches 4.5 % at an average pump power of 50 mW 

(corresponding to .147 GW/cm2 in the metal layer, given an excitation efficiency of 0.7% 

between the input power and the guided power in the metal, as described in Supplementary 

note 8). The modulation depth was determined by comparing the power level changes to 

those measured by blocking the CW beam. For higher pump powers, the modulation depth 

of CW beam decreases, likely due to saturation of SPR48 together with competing slow 

processes caused by the relatively high (1 MHz) pulse repetition rate of our tunable 25 ps 

laser [49]. Self-detuning of the pump from its resonance may also contribute to lower 

efficiencies at higher pump levels. The self-detuning can be observed in simulations (Fig. 

4.3(c)) and experiments: the transmitted pumping pulses are broadened (even broken up 

into a train of smaller pulse) and show an ultrafast amplitude modulation (greater than 

35%) (supplementary note 4, Figs. 4.10 and 4.11). It was verified that the decrease at higher 

pump powers is not due to damage (such as delamination of the gold film) because it was 

verified that high modulation efficiencies return after testing at higher pumping levels. Fig. 

4.4(b) shows corresponding simulations for transmission at the probe wavelength where 

the range of power density in the metal layer is from 0.088 to 0.206 GW/cm2. 

        In Fig. 4.4(c), the switching response at the optimum pump power is measured for 

different wavelength positions of the probe relative to the resonance. The response time 

remains stable and the highest efficiency occurs when the probe is right on the resonance 
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transmission minimum, in good agreement with simulations (Fig. 4.4(d)), except for the 

case where the CW probe is tuned to the shorter wavelength edge of the probe-mode 

resonance, because the “reverse” pulse generated by the switching is below the background 

noise. 

 

Fig. 4.5. Summary of pump-induced modulation of a CW probe as a function of the power density 

in the metal layer. The input (pump) pulse width is 25 ps. 

        Fig. 4.5 summarizes the switching results in terms of modulation efficiency and pulse 

width of the modulated probe, up to the maximum power level available from our system.  

The maximum efficiency occurs at the same power level as the largest temporal broadening 

and the effects appear to decrease and saturate beyond that point. Finally, it was verified 

that no modulation is observed when pumping and probing at resonances further away from 

the SPP spectral peak, but also at any wavelength (even close to the SPP maximu), for S-

polarized input light in agreement with the well-established result that surface plasmon 

resonances are never observed for gold thicknesses of a few tens of nm due to the fact that 

this polarization couples only to TE-like cladding modes [23-33]. 
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4.4 Discussion 

The observations reported in chapter 4 constitute both experimental and simulation 

evidence that hot carriers can be generated by SPP waves excited on the surface of metal 

coated optical fibers by in-core TFBGs and that these hot carriers modulate the complex 

permittivity of the metal layer on a picosecond time scale.  The spectral width over which 

the SPP excitation is possible for an optimal gold thickness and low roughness is still quite 

larger than the wavelength spacing between the grating resonances of the modes of the 

fiber cladding which means that pumping and probing of the complex permittivity can be 

carried out simultaneously with different wavelengths co-propagating simultaneously in 

the single mode core. While the results for high speed modulation of a CW probe by hot 

carriers from pump pulses show a reasonable overall agreement with simulations based on 

a very simple model of the light matter interaction, several factors may impact the 

maximum modulating efficiency observed here. First, the impact of the hot carriers on the 

complex permittivity not only shifts the transmission resonance at the probe wavelength 

but also at the pump wavelength which causes a kind of self-modulation of the pump, i.e. 

the pump pulse “detunes” itself from resonance during the pulse. The main effect of this is 

an unresolved ultrafast relative intensity noise as large as +/-18% superimposed on the 

measured transmission of the pump pulses which, most significantly, is maximum for the 

same input pulse intensity where the maximum probe modulation is observed (0.147 

GW/cm2). Another issue is that the spatial extent of the 25 ps pump pulse in the fiber is 

around 5 mm, i.e. ¼ of the grating length.  Therefore, contrary to what is assumed in the 

simulations, an SPP wave is only excited in a small part of the grating at any given instant.  

While the SPP waves propagate some distance backward from their excitation point and 
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the cladding mode responsible for it has a power distribution that falls exponentially with 

distance from the beginning to the end of the grating (with an effective length of 6 mm, for 

the pumping resonance, based on coupled-mode theory for contra-directional coupling), it 

is fair to say that the complex permittivity change associated with the hot carriers is likely 

to be quite non uniform along the grating, resulting in a fast chirp of the grating resonances. 

Compounding this issue is the fact that the spectral width of the 25 ps pulses is near 0.13 

nm, i.e. roughly the same width as the transmission resonances so that the total power 

transmission factor results from the convolution of the pulse and resonance spectra. Finally, 

there may be saturation of the surface plasmon in our layers beyond the maximum 

switching power48 and the efficiency of probe modulation goes down.  A significantly more 

complex theoretical modelling will be required to fully explain these results and lead to 

improved efficiency by optimizing all the adjustable parameters (such as grating strength 

and length, and coating material). 

4.5 Conclusion 

In spite of these mitigating factors, an “all single-mode fiber” configuration was 

demonstrated where core-pumping a gold-coated TFBG in water with 25 ps pulses of near 

infrared light at 1 MHZ and 50 mW of average input power resulted in a synchronous 

modulation of a CW signal propagating in the core of the same fiber by 4.5%, with a 

modulating efficiency of 30±7% per GW/cm2 and pulse duration widening of ~30ps. This 

achievement stems from many factors, including the low insertion of loss of the TFBG 

inscribed in standard telecom fiber, the dense comb of narrowband cladding mode 

resonances with high Q factor, and the strong light-matter interaction efficiency of the 

plasmonic hybridized cladding modes. Even though the reported modulation efficiency 
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obtained in these devices is currently too low for conventional switching applications (in 

data transmission for instance), the fact that watt level input powers can be guided in this 

kind of fiber without damage leads to further potential applications in fiber-based nonlinear 

light-matter interactions like nonlinear sensing [50], plasmonic-assisted frequency 

conversion [51,52], and THz antenna [53]. It is also believed that further experiments with 

parameter variations (of grating properties, material choices for the coating, and pump 

pulse widths for instance) will lead to improved understanding of the effects observed and 

optimization of their performance. 
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4.7 Supplementary information 

4.7.1 Supplementary note 1: Physical characterization of Au layer 

The uniform metal coating process can be controlled properly with the thermal evaporation 

method. Post-deposition verification by AFM microscopy in Fig. 4.6 shows a thickness of 

44 nm and a roughness 0.87 nm). The small roughness ensures low parasitic loss in the 

metal layer from contributions other than the excitation of a surface plasmon wave, such 

as scattering and localized SPR. An SEM image is also shown to described the larger scale 

homogeneity of the coating on the fibre. 

 

Fig. 4.6. AFM and SEM images of the Au coating on the fiber cladding. 

4.7.2 Supplementary note 2: Delayed two-temperature model 

We used the delayed two-temperature model to simulate the temperature of the hot 

electrons and lattice. We neglect the lattice contribution to the thermal diffusion and the 

heat diffusion by hot electrons in the axial direction. With pumping, the generated hot 

electrons acquire a non-thermal energy distribution. The evolution of the electrons and 

lattice temperature of the metal after absorption of a laser pulse near a surface plasmon 

resonance can be expressed as [S1-S3]: 
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where 
eC and 

lC are the electronic and lattice heat capacities ( 6 3 12.5 10lC J m K− −=    and 

( )e eC T t=  where 71 =  3 2J m K− −   for gold), 16 3 12.3 10epg W m K− −=    is the electron-

phonon coupling coefficient of gold [S2], 
eT  (

lT ) is the temperature of the thermal 

electrons (lattice), we assume a Gaussian pump temporal dependence

0( ) (1 ) exp( 2( / ))az

pP t R T e P t −= − − − , p is the pulse duration, R is the reflection, T is 

the transmission,   is the absorption coefficient of the pulse at the SPR, The relaxation 

time of electron-electron collision ( ee ) and electron-phonon collision (
ep ) can be 

expressed as: 
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        Fig. 4.7 shows the electron and lattice dynamics upon pumping by a 25 ps pulse. Since 

the thermal effect is easily induced from phonon-phonon scattering to the lattice, as can be 

seen from the tail of the temperature rise at long durations, a relatively weak pumping is 

more suitable for the observation of ultrafast switching. 
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Fig. 4.7. The transient response of Te and Tl for hot carriers. 

4.7.3 Supplementary note 3: The dynamics of the dielectric function of the Au layer 

based on hot carrier relaxation 

As for the dielectric function of a thin gold film, we are using the Drude model with two 

critical points (DCP) [S4,S5]. 
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where  , p  and 
Au are the background dielectric constant, plasma frequency and 

linewidth; iC , iE ,   and i  are the oscillator strength, oscillator energy, oscillator 

damping and oscillator phase, respectively. 

        The influence of pumping on the effective mass effm of the electron and on the carrier 

density en can be neglected in the plasma frequency 2

0/p e effn e m =  for switching [S6] 

because the hot carriers excited by surface plasmon decay at intraband transition close to 
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1550 nm is too  far away from the plasma frequency (~139 nm) and interband transition 

(~520 nm). Therefore, the Drude damping term 
Au


 =  will dominate the switching 

process, where   is the electron relaxation time: 

                                                                    
1 1 1

ee ep  
= +                                                            (4.5) 

        According to Equation 4.5, the electron-electron scattering rate 1/ ee  and electron-

phonon scattering rate 1/ ep are related to the time-dependent electron and phonon 

temperatures which modulate the gold dispersion at the intraband transition near 1540.4 

nm. The imaginary part of the dielectric function is strongly affected, with a corresponding 

effect on the RI of Au (45 nm thick) as shown in Fig. 4.8. 

 

Fig. 4.8. Evolution of the (a) real and (b) imaginary part of effective RI of the Au film 
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4.7.4 Supplementary note 4: Experiment configuration and pump pulse response 

 

Fig. 4.9. (a) Schematic diagram of the switching system using a New Focus 40 GHz bandwidth 

photodetector (“PD”) and a Yenista tunable band blocking filter (“filter”)  (  (for measurement of 

the pump pulse variations, the pump filter is removed); (b) Measured transmission spectrum of the 

TFBG-SPR 

The experimental configuration is shown in Fig. 4.9(a) while Fig. 4.9(b) shows the 

experimental transmission spectrum around the SPR with a simulated pump pulse spectrum. 

Fig. S5 shows the photodetector response measurement of the input and output pump 

pulses at different pump wavelengths (aligned with different cladding modes). The pump 

pulse temporal broadening is largest when lined up with mode 4, i.e. at the peak of the SPR 

and larger for modes 2 and 3 than for modes 5 and 6 since the photon energy at modes 2 

and 3 is higher than that of the surface plasmon (i.e., corresponding to the two-level system 

assumption of SPR [S6]). Furthermore, a strong chaotic amplitude modulation is only 
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happening for the pump aligned with mode 3, i.e., on the short wavelength (high energy) 

side of the SPR, where the plasmonic hybrid guided mode sensing sensitivity is large 

enough to respond to the hot carrier relaxation changes inside the metal layer. 
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Fig. 4.10. The pump pulse response for pumping at different cladding mode wavelengths (see Fig. 

4.9 for wavelengths corresponding to mode numbers). 
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        Fig. 4.11 shows the ultrafast amplitude modulation efficiency of the pumping pulse 

when pumping at mode 3 vs pumping power. The peak modulation reaches 36 % at a 

pumping power of 0.118 GW/cm2 and then decreases gradually with higher pump power.  
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Fig. 4.11. The transmission of pump pulses at mode 3 versus pumping power. 
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4.7.5 Supplementary note 5: Plasmonic guided mode 

 

Fig. 4.12. Radial dependence of simulated plasmonic guided mode E-fields versus normal guided 

mode E-field. Insets show corresponding 2D intensity profiles 

        Fig. 4.12 shows the radial dependence of the radial electric field vectors and 2D mode 

intensity distributions of SPR-active and non-active cladding modes of the fiber simulated 

by the FIMMWAVE mode solver. The SPR significantly enhances the localized energy at 

the fiber surface and the fill factor of the mode field intensity increases significantly in the 

45 nm thick metal layer, up to 2%, (Fig. 4.12, red curve) while a normal guided mode 

without plasmonic excitation can only support a maximum of 0.035% of the cladding mode 

fill factor in the same layer (Fig. 4.12, blue curve). The mode used for pumping in the 

reported experiments corresponds to the adjacent resonance to the SPP maximum on the 

short wavelength side and its fill factor is 0.74% in the metal.  
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4.7.6 Supplementary note 6: Effective linear susceptibility of the SPR 

In the weak pumping approximation, we consider the TFBG-SPR dispersion properties 

based on the loss from collective electron collision damping only. The effective linear 

susceptibility can be described by using the typical Lorentz model and by replacing the 

atom vibration resonance and damping by the frequency and damping term of the SPR: 
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( )
( 2 )
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e N

m i
 

   
=

− − 
                                  (4.6) 

where 235.458 10effN =  cm-3 is the effective carrier density of the SPR, 

104.8 10e −=  esu is the electron charge, 
effm is the effective mass (0.3 mo), 0 is the 

permittivity in vacuum, SPR is the SPR frequency,   is the bandwidth of the SPR (0.32 

nm). Furthermore, the wavelength difference between cladding modes with- and without-

SPR can be simulated by 1 ( )eff SPRS   = +  , where 589.8 /SPRS nm RIU= is 

the SPR cladding mode sensitivity [S8]. 

4.7.7 Supplementary note 7: TFBG-SPR Au-thickness dependence 

Fig. 4.13 shows the TFBG-SPR spectra modulated by thickness of Au layer, simulated by 

cylindrical finite-difference vector mode solver for modes and coupled mode theory for 

spectra [S9]. Transmission spectra simulations (with accepted values for bulk Au thin film 

refractive indices, including wavelength dispersion) [S10] were performed for thicknesses 

from 10 nm to 70 nm. The properties were used for fiber as follows: core radius=4.1 um, 

cladding radius=62.5 um, cladding material of pure silica (SiO2), and core material of 

germanium-doped silica with 0.0625 germanium/silicon ratio [S11]. The “best” SPR 

response (spectrally narrowest and with the highest localization of cladding mode energy 

in the metal layer) is obtained for a thickness of 44 nm. 
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Fig. 4.13. Simulated TFBG-SPR Au thickness dependence: (a) P-polarized input core mode; (b) S-

polarized. 

4.7.8 Supplementary note 8: Plasmon excitation efficiency and energy density inside 

the metal layer 

As for the energy density inside the metal layer: ave
density filling grating

p
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=  

 
, where aveP  

is the average power, 
p  is the input pulse width (25 ps), H is the pulse repetition rate (1 

MHz), 2metal dS rL=  is the total surface of the gold layer on the fiber cladding (

62.5r m=  is the fiber radius, 22.96dL nm= is the skin depth of  the enhanced plasmonic 

field in the metal layer (
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)), 0.00736f = is the fill factor of the SPP 
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mode in the metal layer, and Rgrating = 0.94 is the coupling efficiency from the core-guided 

light to the cladding mode which couples the incident laser power into the metal layer. The 

coupling efficiency from the input mode power to the power guided in the metal layer is 

given by the product of f and Rgrating, i.e. 0.007 here. 
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Chapter 5: Broadband anti-reflection coatings for fiber cladding modes 

by partially etched nanoscale silver films at percolation (future work) 

 

Recently, ultrathin metallic films were demonstrated to work as efficient impedance-

matching, antireflection coating layers in the terahertz and mid-infrared frequency ranges, 

showing broadband performance [1-3]. In TFBGs, the tilted grating plane resonantly 

couples the input light from the forward-propagating core mode to a large number of 

backward-propagating cladding modes, resulting in a series of perfect “comb”-like discrete 

resonances over a large wavelength range in transmission, which are sensitive to external 

coatings such as thin metal films. In this chapter, the thickness and roughness of a 50 nm 

thick silver film on the surface of a TFBG was gradually etched by H2O2 in water while 

being measured in transmission. A special point, identified by a complete collapse of the 

resonances (i.e. at the percolation of the Ag film where the metal-insulator phase transition 

occurs together with tremendous permittivity change (real part) from negative to positive), 

corresponds to the silver film providing full impedance matching for cladding modes 

between glass and the water solution at near infrared wavelengths, since the spectrum is 

then identical to that of a bare TFBG immersed in index matching liquid. 
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Fig. 5.1. Transmission spectra of a silver coated TFBG with S-polarized input light at three stages 

of etching of the silver coating (left) and corresponding AFM images of the silver film (right). 

        In order to detect more details of the metal properties, a 50 nm thick silver film coated 

on the surface of a TFBG was gradually etched by H2O2 in water while being measured in 

transmission. By controlling the etching speed to a very low value by using a very dilute 

concentration of liquid etchant ((1:10,000) solutions of Hydrogen Peroxide (30% VLSI 

grade Amplex Chemical Products Ltd) in deionized water), it takes 6 hours to bring the 

metal layer from its metallic state to its non-metallic state and thousands of spectra can be 

acquired in real time during a full etch. Fig. 5.1 shows the experimentally measured 

transmission spectra of the 12o silver-coated TFBG. The initially smooth 50 nm thick silver 
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film becomes thinner and rougher, and the cladding mode resonances fully collapse at a 

thickness of 18 nm and roughness of 14 nm. Upon further etching the resonances reappear 

and the transmission spectra approaches that of a bare TFBG immersed in the water 

solution. At one special point, identified by a complete collapse of the resonances (i.e. at 

percolation), the silver film provides full impedance matching for cladding modes between 

glass and the water solution at near infrared wavelengths, since the spectra is then identical 

to that of a bare TFBG immersed in index matching liquid, so the coating then behaves as 

an antireflectionlayer.   

 

Fig. 5.2. Far-field scattering from the metal surface of a TFBG pumped by broadband S-

polarized light and immersed in water for three thicknesses during the etching of the metal: 

(a) 50 nm ; (b) 18 nm; (c) 0 nm (bare fiber grating). 

        Fig. 5.2 shows the far-field scattering of metal surface during etching.  As we expect 

the scattering is weak for 50 nm coated Ag film because the evanescent field of cladding 

modes is shielded by the "thick" metal film, but we still can "see" some scattering light 

because of small roughness in the metal surface. On the other hand, the scattered light at 

the antireflection film thickness is very bright (comparatively) resulting from the fact that 



147 

the full impedance matching for cladding modes between glass and the water makes the 

resonances collapse and extracts the light transferred from the core to the cladding directly 

through the metal surface, leading to strong scattering. The last image (all images were 

captured with the same settings of input power and camera sensitivity) further demonstrates 

that no such scattering occurs in bare fiber grating immersed in water as all the light 

remains confined by total internal reflection in the cladding.  

        In the future, we will focus on three main issues: firstly, measure the far-field 

scattering of a bare fiber grating immersed in refractive index matched liquid when all 

cladding modes collapse, which will further support the antireflection theory of the Ag 

coating at percolation. Secondly, measure the far-field scattering from the metal surface 

through P- or S-polarized cladding mode in real time and separately during the gradual 

etching process, and analyse the correspondence between the scattering properties for the 

two polarization states during the change from metal to insulator. Finally, measure the 

nonlinear properties of antireflection coated fiber grating by using high peak power pulse 

laser, which would lead to new applications such as nonlinear ultrafast switching or 

frequency conversion. 
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Chapter 6: Conclusion 

The primary focus of this thesis has been setting on all optical switching based on light-

matter interaction between the evanescent field of the cladding mode of TFBG and surface 

coated material such as the Ag film at percolation, graphene, Au metal film with surface 

plasmon excitation. 

        The TFBG, inscribed in standard telecom single mode fiber without modification of 

fiber by using phase mask technology, couples the forward propagation core mode to 

hundreds of backward propagation discrete cladding mode (i.e. 0.2-2 nm separated) with 

high Q factor (larger than 104)). An important feature of TFBGs is that the evanescent field 

of the cladding modes can be oriented either parallel or perpendicular to the cladding 

surface by linearly polarizing the input core light in S- or P-polarization relative to the tilt 

plane. Upon any change in the external medium permittivity, the narrow cladding 

resonances shift in wavelength and/or amplitude, resulting in large transmission level 

modifications within their spectral width, and hence it is used as a light-matter interaction 

platform for the rest of work during my PHD. 

        Firstly, the occurrence of percolation threshold by slowly etched 50 nm thick silver 

films deposited on TFBGs has been detected in-situ and in real time through the TFBG 

transmission spectra. The S polarized cladding modes (i.e. azimuthally polarized electric 

fields aligned in the plane of the coating layer) show a sudden and very large change in the 

wavelengths (by more than 1 nm) and amplitudes (by more than 10 dB). It was verified by 

simultaneous measurements of the electrical conductivity of the silver coating during 

etching, convincing the beginning of a loss of conductivity when the percolation threshold 

happens. In contrast to other methods to prepare thin metal films exactly at the percolation 
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threshold by measuring their thickness, TFBG measurements can precisely determine the 

moment where the layer goes through a metal-to-insulator (or insulator-to-metal) transition 

during deposition or etching instead of by trial and error using external measurements on 

multiple samples. 

        Secondly, an all single-mode fiber configuration for photo-thermal based bistability 

and self-pulsing has been investigated by using a multi-layered graphene coated TFBG and 

single watt level CW laser pumping. Self-starting pulsing at a rate of up to 269 Hz, pulse 

width of 1.4 ms, and modulation amplitudes larger than 50% has been observed, 

corresponding to 80 W inside the graphene layer (i.e. energy density of 29 kW/cm2) with 

over of 1 W continuous wavelength light in the fiber core, in which the oscillation threshold 

could be lowered through using the fibers with thinner cladding resulting in higher intensity 

mode fields inside the graphene layer located on the surface fiber. The bistability arises 

from the modulation of the transmitted spectra cladding resonance (i.e, wavelength shift 

and amplitude attenuation) via the rapid heating of the graphene layer. This demonstrated 

configuration can potentially be extended to any other system where the power coupled to 

the cladding of a TFBG would cause a change in the effective index of the cladding mode 

resonances, including coating materials with large nonlinear optical coefficients to change 

refractive indices through the much faster Kerr effect. 

        Thirdly, an all optical synchronous modulation of a CW signal propagating in the 

standard single fiber core by 4.5%, with a modulating efficiency of 30±7% per GW/cm2 

and pulse duration widening of ~30ps was achieved by core-pumping a gold-coated TFBG 

in water with 25 ps pulses of near infrared light at 1 MHZ and 50 mW of average input 

power. The switching arises from modification of metal complex permittivity on a time 
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scale of the order of picoseconds and hence modulate the cladding mode resonance 

wavelengths and amplitude of the TFBG because of hot carriers generation from the SPPs 

on the interface of Au film and water together with taking advantage of low insertion, the 

dense comb of narrowband cladding mode resonances with high Q factor, and the strong 

light-matter interaction efficiency of the plasmonic hybridized cladding modes, leading to 

further potential applications in fiber-based nonlinear light-matter interactions. 

        Finally, broadband antireflection of cladding modes based on partially etched Ag film 

at percolation coated on the surface of fiber grating was achieved by gradually etching of 

50 nm thick RF coated Ag film, in which the scattering light at antireflection film surface 

in near-infrared wavelength region is strong (i.e. working as a photonic lighthouse), 

resulting from the fact that the full impedance matching for cladding modes between glass 

and the water makes the resonance collapse and extracts the light guided inside the fiber to 

metal surface, leading to strong scattering. The potential application in terms of nonlinear 

scattering by high peak power pumping through fiber core will be continued in future work. 

 

 

 

 

 

 

 

 

 


