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ABSTRACT: The vision behind this work is the fabrication of high performance 
innovative fiber-based optical components over kilometer length-scales. The optical 
properties of these fibers derive from their multilayer dielectric photonic band-gap 
structure that exhibits omnidirectional reflectivity. The theoretical tools needed to 
design, analyze and optimize such structures are introduced. We show that defect layers 
in these otherwise periodic structures act as optical micro-cavities that enable precise 
design of the fibers' spectral response. Fabrication of these composite fibers by thermal 
drawing of a macroscopic preform in the viscous state requires solving material selection 
challenges in order to identify pairs of materials with high refractive index contrast and 
similar thermo-mechanical properties. Operational wavelengths ranging from the UV to 
the IR are demonstrated and made possible by the wavelength scalability of the photonic 
band-gap structure and accurate knowledge of the materials' dispersion relation afforded 
by broadband spectroscopic ellipsometry. The fundamentals of this technique, which is 
used to characterize a number of dielectrics, semi-conductors and metals, are surveyed. 

Two fiber structures are then explored: fibers for external reflection and hollow- 
core transmission fibers. We demonstrate that the resonance wavelength of Fabry-Perot 
cavities embedded in reflecting fibers can be tuned reversibly under applied elastic strain 
or external illumination at 514 nm. A simple opto-mechanical model is developed to 
assess the mechanical tuning efficiency while a review of the photodarkening effect in 
chalcogenide glasses and accurate measurements of the amplitude and response time 
associated with its transient component are presented to explain and optimize the optical 
tuning scheme. Modulation of the fibers' reflectivity near their cavity resonant 
wavelengths is demonstrated at various frequencies. Based on these results, we show that 
optical micro-cavities in transmission fibers can induce very high group-velocity 
dispersion as a result of the interaction between the propagating core modes and the lossy 
cavity resonant mode(s). Widely tunable dispersion is achieved using a mechanical 
tuning scheme. Applications for these fibers and future research directions are 
envisioned. 
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I Introduction 

Fibers are everywhere. Our clothes are made of synthetic polymer or natural 

fibers. The most massive of suspension bridges are held by bundles of steel fibers. 

Conductive copper wires are used to transmit data and power via electrons, while silica- 

glass fibers deliver voice and data across the globe by guiding light (and may truly be 

considered the "fabric" that holds together our information society). The fibers in each of 

these cases are usually comprised of a single material (or two very similar materials in 

the case of the core-cladding structure of optical fibers) and perform a single function, i.e. 

clothing, mechanical support, information transfer, etc. We seek to overturn this 

paradigm by producing 'hybrid' fibers that consist of more than one material to enable 

novel functionalities. These fibers may then be used to construct fabrics that deliver 

these functionalities on large areas with low cost. 

The fabrication and characterization of silica optical fibers has been developed 

into a precise art under the impetus of the remarkable success of the telecommunications 

industry. An unintentional side effect of this success has been the focusing of efforts on a 

small set of materials and structures that provide light guidance in the fiber core through 

total internal reflection. This situation has changed radically in the last decade. Novel 

micro-structured fibers have been explored that allow for more fieedom in designing the 

performance of the fibers, although light guidance still relied on total internal reflection. 

Fibers that contain two-dimensional photonic crystal structures and guide light by a 

photonic band-gap effect have also been fabricated. The wide range of results obtained 

with these fibers has been recently reviewed.ly2 Nevertheless, the materials used in these 

novel fibers are the traditional fiber materials (namely silica glasses or polymers) with the 

addition of air holes. 

Our group has pioneered several new material systems and geometries adding 

them to the repertoire of optical fibers, and the rich interplay between these aspects has 

led to a number of unique and unconventional fibers. This goal necessitates innovative 



fabrication approaches that allows for the use of new materials and geometries that have 

not been, hitherto, associated with fibers. By combining materials and exploring novel 

geometries, conventional functionalities can be enhanced and new ones introduced. This 

vision presents a unique set of challenges. Whatever the processing method, materials 

with potentially quite different electronic or optical properties must be compatible in such 

a way that enables the production of kilometers of composite fibers with submicron 

feature sizes, an aspect ratio on the order of lo3! 

The mechanism that we rely on for light guidance is omnidirectional reflection 

from a one-dimensional photonic crystal ~tructure.~ This structure has the form of a 

concentric thin-film multilayer structure, where two materials having a high refractive- 

index contrast alternate with prescribed thicknesses, allowing for light guidance in a 

hollow core. A distinctive feature of this light-guidance mechanism is that it is 

wavelength scalable, i.e. the final scale of the structure determines the wavelength of 

light that is transmitted along the fiber. An important consequence is that we may use the 

same overall fabrication strategy to produce fibers that guide ultra-violet (UV) or mid- 

infrared (mid-IR) light by simply changing the targeted final dimensions. [Fig. 1 a] shows 

an example of the fine control over wavelength scalability where a set of fibers with 

transmission peaks that extend throughout the visible 'unweaves' the rainbow spectrum 

of white light from a light-emitting diode. 

Figure 1: a Hollow-core transmission fibers drawn from the same preform to slightly 
different outer diameters transmit light at different wavelengths in the visible spectrum, b 
reflection fibers with different outer diameters exhibit metallic colors. Such fibers could 
be used to create large-scale flexible mats for radiation protection as shown in the insert. 



A striking application is the placement of the omnidirectional reflector on the 

external surface of the fiber. Light that impinges on the fiber outer surface is reflected 

away if it lies within the forbidden band-gaps, which are wavelength scalable as in the 

case of transmission fibers [Fig.lb]. Our first demonstration of this particular fiber 

structure, in fact, yielded reflection that surpassed that of gold. Furthermore, so-called 

'defect' cavities may be placed within the reflecting structure to allow a resonant 

wavelength within the photonic band-gap to tunnel through the structure instead of being 

reflected. Such fibers lend themselves to highly efficient mechanical and optical tuning 

of their optical response, creating opportunities for a new generation of active integrated 

optical components. 

We shall first review in section I1 the theory behind one-dimensional photonic 

crystal structures and the conditions necessary to achieve omnidirectional reflectivity. 

We will also show that defect layers in these otherwise periodic structures act as optical 

micro-cavities that enable efficient light confinement and precise design of their spectral 

response. It will be apparent that the materials refractive indices are key performance 

parameters and section I11 will detail how they can be measured with high accuracy by 

broadband spectroscopic ellipsometry. In section IV, we will see that our core 

fabrication strategy is to use the common technique of thermal drawing of a macroscopic 

fiber preform in the viscous state and that several challenges, such as material selection, 

are imposed by the nature of this technique. Then, two fiber structures will be explored: 

external reflection fibers and hollow-core transmission fibers. In section V, we will 

demonstrate that the resonance wavelength of Fabry-Perot cavities embedded in 

reflecting fibers can be tuned reversibly under applied elastic strain or external 

illumination at 5 14 nrn. A simple opto-mechanical model will be developed to assess the 

mechanical tuning efficiency while a review of the photodarkening effect in chalcogenide 

glasses and accurate measurements of the amplitude and response time associated with its 

transient component will be presented to explain and optimize the optical tuning scheme. 

Modulation of the fibers' reflectivity near their cavity resonant wavelengths will also be 

demonstrated at various frequencies. Based on these results, we will show in section VI 



that optical micro-cavities in transmission fibers can induce very high group-velocity 

dispersion as a result of the interaction between the propagating core modes and the lossy 

cavity resonant mode@). A mechanical tuning scheme will be implemented to induce 

widely tunable dispersion. Applications for these fibers and future research directions 

will be discussed all along. 

Background 

One-dimensional photonic band-gap structures 

Photonic crystals can be classified according to their dimensionality. The 

simplest photonic crystal consists of a one-dimensional stack of planar layers with 

alternating high and low refractive indices, also called a Bragg reflector. Because this 

multilayer structure possesses two mirror symmetries perpendicular to the plane of the 

layers, the solutions to Maxwell's equations can be decomposed on the basis of two 

orthogonal polarizations:4 the transverse electric (TE) polarization, for which the electric 

field is perpendicular to the plane of incidence, and the transverse magnetic (TM) 

polarization, for which the magnetic field is perpendicular to the plane of incidence 

[Fig.2a]. 

Figure 2: a Schematic of the structure and orientation of the electric and magnetic fields 
for the TE and TM polarizations, b light with wavelength A1=2(nld1+n2d2) is diffracted 
when propagating near normal incidence (red), while it is eventually index guided along a 
high-index layer when propagating near grazing incidence (green). 



At normal incidence, the TE and TM polarizations are indistinguishable and therefore 

degenerate. Such a multilayer structure can be designed to exhibit TE and TMphotonic 

band-gaps i.e. energy states that are forbidden to propagate in the photonic crystal in 

certain directions: in analogy with electronic band-gaps in semiconductors that result 

from Bragg diffraction of electrons by the periodic atomic lattice. More precisely, the 

direction of light is entirely defined by its wave-vector k whose projection onto the plane 

of the multilayer structure is called the parallel wave-vector, noted P. While the 

conservation of energy leads to the Huygen's principle and the conservation of the 

frequency w, the conservation of momentum in the plane of the homogeneous layers 

leads to Snell's law and the conservation of f l  For small values of P (i.e. close to normal 

incidence), light is strongly diffracted by the periodic index profile and cannot propagate 

in the structure if its wavelength satisfies the Bragg diffraction condition: 

A,,, = 2 nld l+  n2d2 (at normal incidence) (1) 
m 

where nl, n2 are the refractive indices and dl, d2 the thicknesses of the high index and 

low-index layers, respectively and m is the diffraction-order integer, also called the band 

number [Fig.2b]. For large values of P (i.e. close to grazing incidence), light is much less 

affected by the periodicity of the structure and is index-guided in the high refractive 

index layers. Therefore, a one (two, three)-dimensional photonic crystal imposes a 

diffraction condition for light in one (two, three) directions of space. 

Even though a complete photonic band-gap that would reflect light of frequency 

w propagating in any direction of space (i.e. any possible and for any polarization 

cannot be achieved in a one-dimensional photonic crystal, it is possible to observe 

external omnidirectional reflectivity for light incident from the semi-infinite space that 

does not contain the photonic crystal, typically air, because P is then naturally limited by 

the group velocity of light in air (,Or d ~ ) . ~  



11.1.1 Optimal structure for a Bragg reflector 

If one was to design an efficient reflector at a specific wavelength A with a single 

dielectric layer, a natural choice would be to use a quarter-wave layer with high 

refractive index. Indeed, the high refractive index (nlayer) leads to a high reflectance at the 

airllayer interface: 

and the quarter-wave condition, which imposes that the optical thickness of the layer 

R = 

nlayeJIayer be equal to 1 4 ,  ensures that the light reflected at the airllayer interface 

interferes constructively with the light reflected after multiple reflections in the layer. 

This is due to the ir (0)-phase shift experienced upon reflection by light traveling from a 

low (high) index to a high (low) index material.6 Taking into account this interference 

effect, the total reflectance of a quarter-wave layer is given by: 

'layer - 1 

'layer + 1 

By stacking multiple quarter-wave dielectric layers with alternating high and low 

refractive indices, one creates a succession of highly reflective interfaces that reflect light 

2 

(at normal incidence) (2 )  

constructively with one another and can yield much higher total reflectivity around A than 

a metallic mirror due to the absence of absorption loss in the dielectric materials. The 

corresponding ratio of high to low refractive index material dlld2, also called the filling 

paction, is given by?' 

--- dl - n2 (at normal incidence) (4) 
d* n, 

d, - 4 4 - 1  - - (at grazing incidence) (5 ) .  
d2 JG 

More fundamentally, the reason why a quarter-wave stack is the optimal Bragg 

reflector derives from an energy argument. Let's consider the electric field profile 



associated with light of wavelength A1=2(nld1+nzd2) incident on the structure at normal 

incidence. Because such a wave satisfies the Bragg diffraction condition, its electric field 

profile in the structure must correspond to a standing wave. In addition, it must satisfy 

the symmetry constraints of the structure, which leaves only two possible solutions: a low 

energy solution wl where the electric field reaches its extrema in the high-index layers 

and a high energy solution where the electric field reaches its extrema in the low- 

index layers. The difference in energy between these two solutions is a direct result of 

the electro-magnetic variational theorem, which predicts that low-frequency modes 

concentrate their energy in high-index regions while high-frequency modes concentrate 

their energy in low-index regions: It follows that any state with frequency between 01 

and is forbidden. It also becomes intuitive that the larger the refractive-index contrast 

between the Bragg layers, the wider the forbidden band. This is the physical origin of the 

band-gaps and the reason for the high reflectivity of these structures. 

11.1.2 The Transfer Matrix Method (TMM) 

For an in-depth analysis of the optical response of an arbitrary multilayer 

reflector, we need to solve the four macroscopic Maxwell equations (in cgs units): 

vgB = 0 (6) 

where E and H are the macroscopic electric and magnetic fields, D and B are the 

displacement and magnetic induction, p and J are the free charges and currents. 

Assuming no external charges and currents and a non-magnetic system, we can derive the 

master equations for E: 



Due to the continuous translational symmetry in the plane of the layers (assumed 

to be homogeneous and isotropic), the solutions to Maxwell equations are of the form:4 
iwt ipp Em,$ (r,t) = e e u,,p (2) (12) 

where m is the band number, ,/3 is the conserved parallel wave-vector and p is a vector in 

the plane of the layers (r = p + z). At fixed p, the one dimensional master equation 

reduces to: 

This equation has the form of a Schroedinger equation with potential o.?(~-@~/c~ and 

eigenvalue 3 /c2 .  Therefore in each layer (region of constant "potential"), its solution is 

simply a linear combination of plane waves propagating in the +z and -z directions: 

where kz is the perpendicular component of the wave-vector (p=(n w/~)~=@+k;). There 

are two unknowns for each layer (the coefficients E+, and E,) and two boundary 

conditions at each interface corresponding to the continuity of the tangential component 

of E and H. By imposing the initial condition that the source lies on one side of the finite 

multilayer structure (air) and that there is no incoming light from the other side (referred 

to as the substrate), the system is entirely determined and has a unique exact solution. 

Note that since the boundary conditions depend on the polarization of light, solutions for 

the TE and TM polarizations differ. They can be obtained separately if and only if the 

two polarizations are truly independent, which is the case under the assumption that the 

layers are homogeneous and isotropic. To do so, it is convenient to use a matrix 

formalism often referred to as the Transfr Matrix Method (TMM)*,': one can write the 

TE (TM) solution in each layer as a vector with components E+, and Em=, the TE (TM) 

boundary conditions at each interface as a 2x2 "transfer" matrix T and the phase shift 

induced by propagating through each layer as a 2x2 "propagation" matrix P. Then in 

layer q, we have: 



where N is the total number of layers, l?+, and fl, are the components of the electric 

field in layer q at the q-llq interface and the electric field in the substrate is normalized. 

The coefficients of the P and T matrices are given explicitly in 6 .  Note that if the layers 

were instead anisotropic, the TE and TM polarizations would be coupled and a general 

solution would have to be calculated using a 4x4 matrix formalism. 

Using this formalism, it is possible to find an exact solution to Maxwell's 

equations for any arbitrary one dimensional index profile, not just a perfectly periodic 

Bragg reflector. The reflection coefficient r, reflectance R, transmission coefficient t and 

transmittance T of the multilayer structure at a certain incident angle Bo, frequency w are 

then given by: 

where the superscripts 0 and s refer to the air and substrate layers, respectively. Since 

any incident polarization state can be decomposed on the basis of the TE and TM 

polarizations, its reflectance and transmittance are simply a weighted average of the ones 

calculated for the pure TE and TM polarizations. 

In the case of a Bragg reflector as described in 11.1.1, the reflectance at normal 

incidence is typically higher than 99.9% for frequencies in the band-gap [Fig.3a]. 
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Figure 3: a Reflectance (blue) and transmittance (green) for a 15 bilayer Bragg reflector made of 
poly(ether-imide) (PEI - n=1.65 at A=1.55 pm) and As2S3 (n=2.4 at A=1.55 pm), b intensity 
profile in the structure at A=1.55 pm. 

The intensity profile in the multilayer structure at these frequencies exhibits a steep 

exponential decay [Fig.3b] similar to the decay experienced by an electro-magnetic wave 

upon reflection on a metallic mirror within the skin depth of the metal. 

Photonic band diagrams 

To synthesize the performance of a Bragg reflector over all incident angles and all 

polarizations, it is common to map evanescent and propagating states (corresponding to 

regions of high and low reflectivity, respectively) in the (w,P) plane, resulting in what is 

called a photonic band diagram. One elegant way to do so is by assuming an infinite 

periodic stack. The solutions to Maxwell equations then become Block waves due to the 

discreet translational symmetry perpendicular to the plane of the layers:4 

iwt im ik,z 
Em,B,kz (lyt) = um,p.k, (2) (20) 

where k, is now the conserved Block wave-vector and u , , ~ ~ z + A ) = u , , ~ ~ ( z )  with 

A=dl+d2. Writing Block's theorem with the matrix formalism, it follows that? 

This implies that the matrix [pq-'1. [ T ~ - " ~ ] *  [ P q ] .  [T~"+' ] is a translation operator whose 

eigenvalues are etikzA . This condition leads to the dispersion relation between the two 

conserved quantities w and p and the Block wave-vector k,. Regimes where k, is real 



correspond to propagating waves while regimes where k, is complex correspond to 

evanescent waves: these are the photonic band-gaps. The imaginary component of k, is 

equal to zero at the band-edges and reaches a maximum at the center of the band-gaps. 

The width of the fundamental band-gap Aw for a quarter-wave stack at normal incidence 

can be approximated from the dispersion relation as? 

where w, is the frequency at the center of the photonic band-gap. It depends therefore 

linearly on the refractive index contrast between the layers, which is consistent with the 

energy argument presented in section 11.1.1. 

As discussed earlier, the boundary conditions for the TE and TM polarizations are 

different and so are their photonic band diagrams. They are often plotted on the same 

graph for convenience using the positive p axis for the TE polarization and the negative P 
axis for the TM polarization [~i~.4].lO 
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Figure 4: Photonic band diagram. Dark grey regions correspond to propagating states and light 
grey regions to evanescent states. Regimes where omnidirectional reflectivity is observed are 
highlighted in yellow. a=dl+dz is the multilayer period. (Courtesy of B. Temelkuran) 



For the TM polarization in particular, there exists an angle of incidence, called the 

Brewster angle, for which no evanescent state is sustained by the structure [green line in 

Fig.41. This may seem to render omnidirectional reflectivity impossible but it isn't so 

because in practice we are dealing at best with semi-infinite structures on which light is 

incident from an ambient medium, typically air. As a result, the group velocity of the 

incident light, which by definition is given by: 

is limited to c (or cln if the medium isn't air). This means that the only states in the 

photonic band diagram accessible to external light are confined in a cone defined by P 5 

w/c and called the light cone [delimited by the two red lines in Fig.41. It follows that a 

necessary condition for external omnidirectional reflectivity is that the Brewster angle of 

the structure be outside of the light cone. This can be achieved by using materials with a 

large refractive index contrast resulting in wide band-gaps, as demonstrated in 5 .  

11.2 Fabry-Perot micro-cavities 

The incorporation and optimization of intentional deviations from periodicity, so 

called "defects ", in a Bragg reflector allow for the creation of localized electro-magnetic 

modes in the vicinity of these defects. We will refer to such defect layers as the cavity 

layers and to the surrounding layers as the mirror layers in analogy with Fabry-Perot 

interferometers. In particular, it is possible to create a single-mode Fabry-Perot cavity by 

replacing a quarter-wave layer in the middle of the stack by a half-wave latent layer 

Figure 5: Schematic of the structure of a Bragg reflector with an embedded Fabry-Perot 
micro-cavity . 



Defect states in the photonic band diagram 

The photonic band diagram that corresponds to a planar multilayer stack 

containing a Fabry-Perot cavity is given in Fig.6a. 

Parallel wavevector (2da) Reflection Coefficient 

Figure 6: a Photonic band diagram of a Bragg reflector with an embedded Fabry-Perot 
micro-cavity, b corresponding reflectivity at normal incidence. 

It was calculated with the transfer matrix method (TMM) for a finite structure consisting 

of 16 alternating layers of indices 2.82 and 1.62, thicknesses 0.365a and 0.635a, with a 

defect in the middle having an index of 2.82 and thickness of 0.73a, where a is the 

multilayer period. The photonic band structure is essentially similar to that of an infinite 

one dimensional photonic crystal except for the appearance of a cavity mode (thin blue 

line) inside the photonic band-gap region where photonic states are normally not allowed. 

Note that this cavity mode exhibits some group-velocity dispersion, which significantly 

reduces itsfzeld of view in practice.6 The corresponding reflectivity at normal incidence is 

shown in Fig.6b and reveals that a frequency near the center of the band-gap has zero 

reflectivity, and thus tunnels through the multilayer structure. This of course does not 

mean that every single incident photon at this resonant frequency is transmitted through 

the structure: a large fraction of them are actually reflected at the first few interfaces, as 

intended by the structure. 



To better understand this tunneling mechanism, let's look at the electric field 

profile in the structure at the resonant frequency. For a Fabry-Perot structure, the middle 

plane of the cavity layer is a plane of symmetry, which imposes the mode profile to be 

symmetric or antisymmetric with respect to that plane. Furthermore, a low-index cavity 

layer can only sustain a symmetric mode due to the n-phase shift at the interface between 

the cavity layer and the surrounding mirror layers [Fig.7a] while a high-index cavity layer 

can only sustain an antisymmetric mode due to the 0-phase shift at the interface between 

the cavity layer and the surrounding mirror layers [Fig.7b]. 

Position (microns) Position (microns) 

Figure 7: Electric field profile at the resonant frequency for a low index (a) or a high 
index (b) Fabry-Perot cavity. Note that the first and last layers are half thick to eliminate 
surface modes. 

In both cases, the mode profile exhibits a strong confinement of light in the cavity layer. 

These trapped photons act as a mirror source that interferes destructively with the 

photons reflected by the structure. At the resonance frequency, the two contributions 

cancel each other exactly and the reflectivity of the structure is equal to zero. Off 

resonance, the confinement of light in the cavity is weaker and there are not enough 

photons to cancel all the reflected ones: the reflectivity goes up. 

Note that the first layer of a Bragg reflector can sustain another type of localized 

modes called surface modes.4 These can be eliminated by decreasing the thickness of this 

first layer by half, which was done systematically in this work. 



11.2.2 The quality factor of an optical resonator 

The degree of localization of the resonant mode is quantified through the quality 

factor Q of the cavity, which is proportional to the ratio of the energy stored in the 

resonator U to the power dissipated by the resonator Pd: 

The energy stored in the resonator is equal to the integral of the electro-magnetic energy 

density over the volume V of the multilayer structure: 

where E and p are the electric and magnetic permeability profiles of the structure. The 

power dissipated by the resonator is equal to the sum of the radiation losses calculated as 

the integral of the Poynting vector over the outer surface of the structure S and the 

absorption losses integrated over the volume V of the structure: 

The E and H profiles can easily be obtained with a TMM calculation. 

In practice however, the quality factor is often estimated directly from the spectral 

response of the Fabry-Perot resonator because the resonant nature of the confined mode 

makes it very sensitive to loss mechanisms in the cavity layer such as material absorption 

or scattering, which can be difficult to account for in the TMM calculations. Let's note 

ac the attenuation coefficient associated with absorption and scattering in the cavity layer 

and Rl and Rz the reflectance of the two surrounding Bragg reflectors. Then, the overall 

intensity attenuation factor for a round trip in the cavity of length d is equal to:12 

r = R, R, exp(-2a,d) = exp(-2a,d) (27) 

1 1 
where ae = aC + - 1" -- 

2d R, R, is the effective attenuation coefficient per unit length (cm- 

) It follows that the photon life time in the cavity is equal to n/aec (s) and that the 



effective attenuation coefficient per cycle, or l/Q, is equal to a&nwo. On the other hand, 

the intensity transmitted through the resonator is given by: l2 

x exp(- a, :) 
where lo is the intensity of the initial wave, F = 1 - exp(- a,d) (29) is defined as the 

2c 
jinesse of the resonator and VF = is the frequency spacing of adjacent resonant 

modes. Then it appears that for P > 1 ,  the width of the resonance is approximately equal 

to: 

A v = - - . - -  V~ - 2 C  - ( ~ ) . ( ~ . L ) = ~ ~ ~ ~ ~ ~ )  
F dn a,d nd ca,  

In other words, the quality factor can be approximated as the ratio of the 1 1 1  width at half 

maximum (FWHM) of the resonance (A v) and the resonant frequency (vo). 

While this simple analysis provides a lot of insight into the parameters that govern 

the quality factor, it strictly applies to a cavity surrounded by two metallic mirrors with 

negligible skin depth. In our case, keep in mind that a significant proportion of the 

resonant mode is not localized in the cavity layer but in the adjacent mirror layers [Fig.7]. 

11.2.3 Influence of the cavity optical thickness 

The cavity resonant wavelength is directly related to the optical thickness of the 

cavity layer. Using the Fabry-Perot approximation, we have: 

where m is an integer, /l, is the mth resonant mode and 8 is the incident angle. Therefore, 

the resonance wavelength can be shifted by tuning either the thickness or the refractive 

index of the cavity layer. The actual relation Am(dcmiv) calculated with the TMM is 

plotted in Fig.8a. 
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Figure 8: a Evolution of the cavity resonant wavelength as a function of the cavity layer 
thickness. The red lines correspond to a high-index cavity and the blue lines to a low- 
index cavity while the black lines represent the band-gap edges. b Evolution of the 
quality factor Q as a function of the cavity layer thickness. In all cases, the structure 
consisted of a 16-bilayer Fabry-Perot structure and calculations were done at normal 
incidence. 

Since the spacing between the resonant frequencies varies as (ncmi~caviw)-l, there exists a 

critical cavity thickness above which it becomes smaller than the width of the band-gap, 

allowing for multiple resonant modes within the band-gap (e.g. dcmi$5Af4 in Fig.9a). 

Note also that for dca,$Af4, the resonant wavelength associated with a high-index cavity 

is larger than the one associated with a low-index cavity of identical physical thickness, 

which is consistent with the electro-magnetic variational theorem. 

The quality factor Q depends also strongly on the cavity optical thickness [Fig.9b] 

and is maximum when the resonant mode is positioned in the middle of the photonic 

band-gap where confinement is maximum and a;, is minimum. Wider cavities exhibit 

higher Q factors due to a larger amount of energy stored U (assuming cy, is small). 

The density of modes 

Because of the induced strong localization of the electro-magnetic field at 

resonance, Fabry-Perot micro-cavities create opportunities for very interesting 

applications including optical delay lines, near resonance lasing, bistability and non- 



linear switching. In order to study such applications, it is often useful to calculate the 

density of modes (DOM) of the corresponding structures. 

The DOM represents the density of allowed wave numbers, or modes, in 

frequency space and is defined as:13 

It has been shown that the DOM of a multilayer stack can simply be calculated from its 

complex transmission coefficient ~ x + i y  as follows: l3 

1 y'x -x'y p = -  
d x ~ + ~ ~  

(33) 

where d is the physical thickness of the stack. The transmission coefficient t can be 

calculated with the TMM as described in section 11.1.2. In the case of a Fabry-Perot 

resonator, we find as expected that the DOM is maximum at the cavity resonant 

frequency and at the band-gap edges [Fig.9]. 

Wavelength (microns) Frequency (dpd(a+b)J) 

Figure 9: a Reflectivity spectrum of a 16 bilayer Bragg reflector made of PEI (n=1.65 at 
/2=1.55 pm) and As2& (n=2.4 at /2=1.55 pm) with a low-index Fabry-Perot cavity layer, b 
corresponding density of modes. Here a+b refers to the multilayer period d1+d2. 

To illustrate why the DOM can be a critical design parameter, let's consider the 

case of near-resonance lasing in a Fabry-Perot micro-cavity containing a fluorescent 

material (e.g. organic dyes). In regions where the density of modes vanishes (typically 

within the band-gap), there are no states available. As a result, population inversion is 

very likely but spontaneous emission is impossible and no lasing can be observed. In 



regions where the density of modes is high, many states are available. In this case, 

spontaneous emission is extremely likely but the excited state of the fluorescent material 

is associated with a very short life time, making population inversion and therefore lasing 

impossible. For such applications, the combined knowledge of the DOM of the structure 

and of the absorption and emission characteristics of the active material enable the 

prediction and optimization of the lasing efficiency. Note that in hollow core 

transmission fibers, the core itself forms an optical cavity which can be used as a laser 

cavity if a gain medium is inserted into it. We have demonstrated that the optical pump 

can then be guided in the fiber while lasing occurs in the transverse direction over an 

extended length. l4  

I11 Measurements of optical constants 

In order to predict the spectral response of a Bragg reflector, a careful 

characterization of the dispersion relation of the materials composing its multilayer 

structure is necessary. As shown in sections 11.1 and 11.2, the real and imaginary parts of 

the materials refractive indices, n and k, determine the photonic band structure of the 

Bragg reflector as well as the performance of embedded micro-cavities. 

111.1 What is an index of refraction? 

The optical properties of materials are determined to a large extent by the 

electrons and their ability to interact with the electro-magnetic field. The most widely 

used metric for quantifying the optical behavior of materials is the index of repaction fi, 
or equivalently the dielectric constant el\i2, which captures the extent to which electro- 

magnetic waves interact with the material. When an electro-magnetic wave arrives at an 

interface between air and another material, it can be reflected, transmitted or absorbed 

and its speed, direction and amplitude are modified. The index of refraction of the 

material allows us to predict and quantify the relative strength of these different 

behaviors. In general, fi is a complex number, written fi=n-ik, where n is also called the 

index of refraction and k the absorption or extinction coeflcient. 



Let's first consider light propagating in a dielectric material (no absorption, k 0 ) .  

Its electric field sets the electric charges of the material in motion. These moving charges 

behave as dipoles that act as a new source to re-emit light: the light is said to be 

scattered. The scattered light mixes with the transmitted incident beam with a time delay 

characteristic of the response time of the material. This produces a phase shift that 

apparently slows the light down. The ratio of the speed of light in vacuum, c, and the 

phase velocity in the medium, vm, is by definition the index of refraction of the medium 
15,16 n=c/vm. It follows from Huygen's principle that the wavelength of light in the 

medium is given by: Am=AaJn. Beware of preconceived ideas: most metals, even ITO, 

can reemit light so efficiently at certain frequencies that their corresponding index of 

refraction falls well below 1 l7 while some exotic materials even exhibit a negative index 

of refraction. 

If however the material is not a dielectric (kg0) and the energy of the incident 

light is sufficient to induce bond vibrations or electronic transitions in the material, the 

light is strongly absorbed and most of its energy is dissipated into heat (expect in 

fluorescent materials where some of it is re-emitted at a lower frequency). To see how k 

is related to the absorption of light, let's consider the plane-wave equation: 

whose solutions are of the form: 
i (wt -Kr)  i (wt -2mrl  A+i2nkr/ A) i ( d - 2 m r l  A) - 2 d r l  A E = Eoe = Eoe = Eoe e (35) 

where K is the complex wave-vector, which is related to the material complex refractive 

index through the dispersion relation K=iVo/c, A is the wavelength in free space and r is 

the distance of propagation in the material. It follows that: 

I /I~=~- 4 *&'A = em (36) 

where a = 4MA (cm-') is called the attenuation coeflcient. Therefore, k is a measure of 

how rapidly the intensity decreases as the light propagates in the material. The 

penetration depth, also called skin depth, of the material is then defined as Dp = ]/a. 



Note that in the field of fiber optics, the attenuation coefficient a is usually reported in 

dB/m, which is calculated from the following conversion formula: 

where L is the length of the fiber and Pin and Pat are the input and output power, 

respectively. 

In general, the complex index of refraction is a tensor quantity and one can define 

coordinate axes (called principal axes) such that the corresponding tensor is diagonal: 

Cubic crystals and amorphous materials are isotropic (fi1=fi2=fi3), trigonal, tetragonal, 

and hexagonal crystals are uniaxial (fi1#fi2=fi3) and triclinic, monoclinic and 

orthorhombic crystals are biaxial (fi1#&#fi3). In the rest of this thesis, the expressions 

'refractive index' and 'index of refraction' refer to the complex quantity fi and all 

materials are assumed to be isotropic, unless stated otherwise. 

111.2 Principles of ellipsometry 

Ellipsometry is a non-contact, non-destructive optical technique that determines 

the index of refraction of materials by measuring the change in polarization of a probing 

light beam upon reflection on a flat sample. It is said to be self-eferencing because it 

does not require a reference sample and is largely insensitive to variations in the beam 

intensity and ambient environment, making this technique highly accurate and 

reproducible. We've characterized various materials of great importance in optics and 

electronics using this technique and reported our results at http://mit-photonic band- 

pap.mit .edu/Paaes/DataBase. html. 

111.2.1 Definition of the ellipsometric parameters 

Using Huygen's principle, Snell's law and the boundary conditions for an electro- 

magnetic field at an interface, it is easy to derive the reflection coefficients for the TE and 



TM polarizations, also referred to as the s andp waves, upon reflection on a sample.6 For 

a homogeneous, isotropic, optically thick sample, which we'll refer to as a bulk sample, 

we have: 

n, cos 8, - n, cos 8, 
r, = 

n, cos 8, + n, cos 8, 
(39) 

- n, cos 8, - n2 cos 8, 
- n, cos 8, + n, cos B, (40) 

where subscripts 1 and 2 refer to the ambient medium and the bulk material, respectively. 

Note that rs 2 rp 2 0 for any angle of incidence and that rp is equal to zero at a unique 

incidence angle called the Brewster angle and given by OB = tan-' (122) [Fig. 1 Oa] . 
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Figure 10: Reflectance calculated (a) for bulk PEI and (b) for a 10 pm As2S3 thin film on 
a PEI substrate, at 1.55 pm. The blue (green) curves correspond to the s @) polarization. 

For a sample consisting of a single layer on a substrate, we have: 

where 0 = ~ z ~ ~ - ~ - c o s O ~  /A and subscripts 1, 2 and 3 refer to the ambient, the layer and 

the substrate medium, respectively [Fig. 1 Ob]. For samples composed of multiple layers, 

the TMM is used to compute rs and rp. 



Clearly the s and p waves have different complex reflection coefficients and 

therefore experience different amplitude reduction factors and phase shifts upon 

reflection on a sample. The ratio of r, and r, is a complex number that can be written as 

the product of an amplitude and a phase term:18 

p = rdr, = tan !ReiA (43) 

The ellipsometric parameter A is equal to the difference between the phase shifts induced 

upon reflection for the p and s waves (4-4 and the ellipsometric parameter tan Y is 

equal to the ratio of the amplitude of the reflection coefficient of the p and s waves 

( r ) .  These two parameters, which are the quantities actually measured in an 

ellipsometry measurement, contain all the information about the thickness and refractive 

index of each layer composing the sample. While the intensity of the reflected light is 

not much affected by the presence of a thin dielectric layer, the phase difference between 

the s and p waves is significant and measurable, making ellipsometry highly sensitive to 

even very thin layers. 

IIL2.2 The RPE and RAE configurations 

The two most common ellipsometry configurations are the rotating polarizer 

(WE) and rotating analyzer (RAE) ellipsometry.18 Our (Sopra GES5) spectroscopic 

ellipsometer uses the RPE configuration in the UV-Visible-NIR and the RAE 

configuration in the IR. Both are based on the same principles so we will only describe 

the RPE configuration [Fig. 1 11. 



Xe lamp 

Figure 11: a Schematic of the RPE configuration, b picture of the Sopra GES5 
spectroscopic ellipsometer. 

The source, in our case a Xenon lamp, emits light with random polarization. Circularly 

polarized light is generated by passing the light through a rotating linear polarizer. Upon 

reflection on the sample, the circularly polarized probing light becomes elliptically 

polarized with the amount of induced ellipticity depending on tanY and A. The 

elliptically polarized reflected light then passes through a fixed linear analyzer to 

generate linearly polarized light with a time dependent intensity. The intensity is 

measured over time with the appropriate detector and Fourier transformed to yield:19 

I(P) = I, [1 + a cos(2P) + P s in(2~)]  (44) 

where a and fl  are the first Fourier coefficients and P is the polarizer angle. On our 

ellipsometer, the polarizer rotates at a frequency of 9 Hz, thus allowing for the detection 

of a large number of periods in a short time. The ellipsometric parameters cosA and tany 

are then derived using the following relations: 

cos(A) = + a (46) 
J i 7  

where A is the fixed analyzer angle. Note that to obtain accurate tan Y and cosA values, 

precise alignment of the sample, which ultimately defines the plane of incidence from 



which angles and polarizations are defined, and precise calibration of the azimuthal 

position of the polarizer and the analyzer (typical error below a thousandth of a degree) is 

critical. 

To maximize the amplitude of the detected periodic signal, the analyzer angle is 

chosen so that its transmission axis is nearly aligned with the long axis of the elliptical 

polarization of the reflected light. A good approximation consists in setting the analyzer 

angle to a value close to the measured Yvalue [Fig. 121. 

Figure 12: Elliptical polarization represented in the (s, p)  plane. (Courtesy of Dr. 
Richard Sun) 

In spectroscopic ellipsometry, the analyzer angle is set at each wavelength to the Yvalue 

measured at the previous wavelength to avoid taking two measurements for each data 

point, a method known as previous tracking. As a result, tan Yand cosA can be measured 

with an average accuracy of -5 10". Note however that when tan Y is close to zero, the 

reflected light is almost entirely s-polarized and the detected intensity can be very low if 

the axis of the analyzer is not perfectly aligned with the s-polarization. 

In the RAE configuration used on our system, the Fourier coefficients a and P are 

determined from the measurement of the intensity at only four different analyzer angles 

(0 = 0°, 45O, 90' and 135') using the following relations: 



The advantage of the RPE configuration is that the measurement is not affected 

by the polarization sensitivity of the detectors since at each wavelength the detected light 

has a fixed linear polarization but it requires the light source to be perfectly randomly 

polarized to generate a perfectly circularly polarized incident beam. 

111.3 Equipment and measurement parameters 

The (Sopra GES5) ellipsometer allows for variable-angle spectroscopic 

ellipsometry and covers a spectral range from 230 nm to 20 microns with three different 

detectors: a photomultiplier (PMT) detector from 230 nm to 880 nm, an InGaAs detector 

from 880 nm to 2050 nm and a MCT-A (HgCdTe) detector fiom 1900 nm to 20 microns. 

Because these detectors can be non-linear and polarization sensitive (particularly the 

PMT detector), the system uses attenuators to maintain the detected intensity in a linear 

regime during the measurements as well as calibrated corrections for all detectors. 

The beam size can be adjusted with an aperture and is typically -2x5 mrn'. It can 

be further reduced in the visible/NIR region using a set of lenses called microspots to 

-200x500 pm2. However, the use of these lenses leads to two potential sources of 

systematic error: first, the incident beam hits the sample with a range of incident angles 

(-39, which must be taken into account in the regression analysis to avoid significant 

over-estimation of k, then the focusing lenses themselves induce a small change in the 

polarization of the probing light due to their curvature [Fig. lOa] and this effect cannot be 

separated fiom the polarization change induced by the sample. 

Before performing a measurement, it is necessary to precise the appropriate 

spectral and angular range and step. These four measurement parameters must be chosen 

carefully because they have a strong influence on the accuracy of the regression analysis 

that ultimately provides the thickness and the refractive index of the different layers 

composing the sample. To see why, let's review the important features of the cosd and 

tan V /  spectra for typical samples. 



Bulk samples 

In the case of a bulk sample, the shape of the tan Yand cosA spectra depends only 

on the dispersion relation of the material l\i(/2).18 Since rS2rP20 (see part 11.3. I), y lies 

between 0' (near the Brewster angle of the material) and 45' (near normal and grazing 

incidence) at any wavelength [Fig. 13al. 
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Figure 13: T y  (a) and c o d  (b) spectra measured for bulk PEI (pink), As2S3 (red), 
As2Se3 (purple) and Si (blue) at 75'. Note the Brewster angle of Si is equal to 75' at 0.75 
pm, while it is below 75' for the other materials in the measured spectral range. 

A is either equal to 0' or 180' for a dielectric sample depending on whether the angle of 

incidence is below or above the Brewster angle of the material, respectively, and it lies 

between 0' and 180' for absorbing materials (the larger the k value, the further from these 

two values) [Fig. l3bI. A is always equal to 90' at the Brewster angle. For such samples, 

the spectral range of the measurement can be limited to the range of interest while the 

spectral step size must be chosen small enough to appropriately describe the features of 

the dispersion relation #(A). Because of the simplicity of the sample's structure, no more 

than one incident angle is necessary. To improve the accuracy of the Fourier 

transformation used to calculate tan Yand cosA (see part 11.3. I), the angle of incidence is 

chosen to maximize the amount of ellipticity while maintaining a decent signal to noise 

ratio, typically at +I- 5 degrees off the Brewster angle of the material. 



Thin film samples 

In the case of a sample that consists of a single layer on a substrate, the shape of 

the tanY and cosA spectra versus frequency depends on the film thickness and the 

dispersion relation of both the substrate and the layer. Let's first consider the trajectory 

that a single-wavelength measurement traces in the (A, y) plan as a function of the layer 

thickness d [Fig. 141. 

Figure 14: (A,y) trajectory that a sample consisting of a single layer on a Si substrate 
traces in the plan (A, y) as a function of the layer thickness d (a) for a dielectric layer with 
different n values, (b) for a layer of As2Se3 with refractive index at 5 14 nm n=3.49-i0.63. 

The trajectory starts at the substrate position (As,w) for &0. It then draws a loop that 

closes on itself before repeating itself as d increases. This is a consequence of the 

periodicity of rSlp (part 11.3.1): each time @=mn or equivalently dm=m;U(2n2~~~B2), where 

S I P  = 
m is an integer, r~siP = rllip and $12 -tsip, where rl2 (rI3) and tl2 (t13) are the reflection 

and transmission coefficient, respectively, at the interface between layer 1 and 2 (1 and 

3)! In other words, the presence of a layer of thickness dm, so-called half-wave latent 

layer, does not affect the reflection and the transmission of light except for a possible n 

phase shift. It follows that accurate determination of the refractive index of a half-wave 

dielectric layer is impossible by a single-angle and single-wavelength ellipsometry 

measurement. In addition, for very thin layers (40 nm), it is very difficult to distinguish 



one material from another unless they have significantly different refractive indices 

because their trajectories in the A/ V /  plan are very close [Fig. 14al. For an absorbing 

layer, the dl(v trajectory goes fiom the substrate material position (As, fi) to the layer 

material position (Ar, w) as d increases [Fig. l4bI. It follows, as expected, that accurate 

determination of the thickness of a thick absorbing layer is impossible because it 

effectively behaves as a substrate. 

Now it is easy to see that for a sample consisting of an optically thin layer on a 

substrate, the tanY and cosA spectra versus frequency are periodic with period 

w=cd(dln2cos 02) that is independent of the substrate [Fig. 1 51. ' * 

Figure 15: Tan Y(a) and cosA (b) spectra measured at 75' for a 500 nm thick As2S3 film 
on a Si substrate. The film is transparent below -2eV and bulk above -3eV. 

The amplitude of the tan Y oscillations depends solely on the refractive index contrast 

between the substrate and the layer (H2 - &). The minimum tan Yvalue is reached when 

the half-wave layer condition is met (i.e. a~,,,=mcld(n~dcose~)) and therefore depends only 

on the optical constants of the substrate. CosA on the other hand is very sensitive to k2. In 

general, the measurement spectral range must be taken significantly larger than the range 

of interest due to poor accuracy of the regression analysis at the edge of the measurement 

range and the step size must be chosen small enough to not only appropriately describe 

the dispersion relations of the different materials but also the tan Yand cosA oscillations 

(periodicity and amplitude). The angle of incidence is set to the Brewster angle of the 

substrate (OB = tan-'(nsUhhatr)) to minimize reflection from the substrate and maximize the 



amplitude of the tan !Yoscillations (minimal tan Y value close to 0). For samples with 

thick layers (>5 pm) and samples of high structural complexity (multi-layers, 

inhomogeneous or anisotropic layers, rough interfaces.. .), two or three incident angles 

(e.g. 8~-2', BB, 8~+2') are necessary to improve the accuracy of the regression analysis 

due to the large number of unknown parameters. Note that single-wavelength multiple- 

angle ellipsometry is not recommended because the alignment of the sample is typically 

angle-sensitive. 

111.4 Measurement analysis 

The refractive index and thickness of the different layers composing a sample are 

determined by fitting the measured ellipsometric parameters with a model. The reason 

for this is that a single layer on a well-characterized substrate corresponds to a minimum 

set of 2N+1 unknowns: its thickness and the n and k values at N distinct wavelengths, 

while the measurement provides only 2N independent equations that are the tanY and 

cosA values at all N wavelengths. Note that additional angles do not provide additional 

independent equations. There is an obvious exception to this which is a uniform, 

isotropic, optically thick (bulk) sample. In this case, the (n, k) values can be calculated 

directly from the measured (tan c o d )  as follow: 

where 8 is the incident angle and p = tan 'kleiA. In all other cases, the dispersion relation 

of a certain layer in the sample is obtained by fitting the parameters of standard models to 

the measured ellipsometric data. Of course one model is usually not sufficient to 

reproduce all the features of the actual dispersion relation, but the additive character of 

the polarizability allows us to combine several models together. Indeed, the effective 

polarizability of a material can be written as a term summation of different 
.20,2 1 contributions. 



where ~ , , ~ - i & , , ~ = ~ ~ = ( n ~ - i k ~ ) ~  is the dielectric constant corresponding to the qth contribution. 

The final (n,k) values are obtained by using the inverse expression and the following 

relations: 

Because the dispersion relation of dielectrics, semi-conductors or metals have 

very similar features, most of the models have been developed specifically for one of 

these categories of materials. We will now review the most common ones. 

Dielectrics 

Dielectrics are characterized by a large electronic band-gap (>3eV) corresponding 

to an optical absorption band that lies mostly in the UV range (<413 nm). In the visible- 

near IR range, the dispersion relation is dominated by an exponentially decaying 

absorption tail called Urbach tail, which is characteristic of absorption resulting from 

interactions other than band-to-band transitions, such as electron-hole, electron-phonon 

and electron-impurity interactions [Fig. 161. 
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Figure 16: n (a) and k (b) spectra measured for As2Se3 (green) and As2& (blue). The 
dispersion relations were obtained by fitting the measured data with a Cauchy law below 
2.5 eV and 3.2 eV, respectively and using a bulk calculation at higher energies. 



The simplest model to describe the spectral dispersion of n in the Urbach tail was 

proposed by Cauchy in 1830 from empirical observations. It consists of a polynomial 

with even powers of 1/A: 

where A, B and C are constants. An alternative to this law is the Sellmeir law, which is 

based on the idea that for dielectrics, the dispersion of the real part of the dielectric 

constants EI (E) can be described using zero-broadened oscillators outside the measured 

spectrum: 

where E is the energy (eV) and Oflset, Al, El, A2 and E2 are constants. Later, the Urbach 

equation was introduced to model the spectral dispersion of k?* 

where CI, C2 and /Zo are constants. However, this equation is ill-fitted for a regression 

analysis because these three parameters are highly correlated, resulting in an infinite 

number of solutions. A better choice was inspired by the Cauchy law for n and consists 

in a polynomial with odd powers of 11A: 

D E F  
or k(A) =-+-+- (58) n ;13 n5 

where D, E and F are constants. It is easy to see that the parameters A, By C (for n) and 

D, E, F (for k) are not highly correlated since they correspond to different powers of 1IA 

and therefore contribute to different spectral regions. The complete n&k Cauchy law 

was the most employed model throughout this work. 

When the Urbach tail exhibits localized absorption peaks, typically due to band- 

to-band transitions, these can be taken into account by adding Lorentzian or Gaussian 



oscillators to the model. A Lorentzian oscillator is equivalent to the classical mass on a 

spring with a damping coefficient y and an external driving force ~ ( 1 ) : ~ '  

d 2 x  
m -  

dx 
+my-+ m w ; ~  = q ~ ( t )  

dt dt u - 
5- U harmonic restoring time dependent 

acceleration dissipation force electric .field (59) 

where Xis  the displacement and m the mass of the charge q. From this classical damped 

harmonic oscillator model it is possible to calculate the induced atomic dipole moment P 

and the atomic polarizability a(w) of the material: 

Assuming N dipole moments, the dielectric constant of the material is then related to the 

atomic polarizability by E( w)= 1 +4 dVa( w), which leads to: 

The Lorentzian oscillator works particularly well to describe electronic transitions in 

amorphous materials. The Gaussian oscillator features a Gaussian line shape for Ei, 

which means that the absorption goes to zero much faster than with a Lorentzian 

oscillator: 

E ,  = A-real(exp(-z2)erfc(-iz)) (62) 

si = A imag(exp(-z )e@(-iz)) (63) 

where z=11~1/&-111). This oscillator is often ideal for describing local molecular bond 

resonances [Fig. 171. 
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Figure 17: n (a) and k (b) spectra measured for poly(ether-sulfone) (PES). The 
dispersion in the UV region was fitted with a n&k Cauchy law while absorption from 
bond resonances above 6 pm was fitted with multiple Gaussian peaks. 

111.4.2 Semiconductors 

For semiconductors (electronic band-gap below 3 eV), the optical absorption band 

spans the visible and/or near-IR spectral ranges [Fig. 1 81. 
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Figure 18: n (a) and k (b) spectra measured for Si (blue), Ge (green) and H ~ c ~ T ~ ~ ~  (red). 
The dispersion relations were obtained by direct bulk calculation in the regions of high 
absorption and by fitting with a n&k Cauchy law elsewhere. 



Some large band-gap semiconductors can be modeled with the Cauchy law and 

additional Lorentzian oscillators but in general such a simple model does not provide an 

accurate dispersion relation and more specific models must be used. 

The Forouhi Interband Model is one of the most common models to fit 

semiconductors and is based on the quantum theory of absorption. k is determined by 

associating a finite life time with each of the excited states to which an electron can 

transfer due to photon absorption24 and n is then calculated from the Kramers-Kronig 

relations:25 

where P is the Cauchy principal value (it simply means that the integral should exclude 

the singularity for E '=E). This leads to the following expressions for n and k: 

where No is the value of n at high energy (theoretically 1 but No usually takes larger 

values due to the finite measurement range), Eg corresponds the optical band-gap energy 

defined as the energy for which k(E) has its absolute minimum, and A, Bq, Cq are three 

parameters that characterize each electronic transition q. B, is called the first 

intermediate parameter and is equal to A/Q(-B~/~+E~B-E:+c) and C, is called the second 

intermediate parameter and is equal to A/Q((E;+C)B/~-~E,c), where Q= 1 / ~ ( ~ c - B ~ ) O . ~  

and A, B and C are three independent parameters. Note that in this model the summation 

of the different contributions to the dispersion relation is made directly on the optical 

constants and not on the polarizability. 

The Model Dielectric Function is a more complex model that is used when the 

topography of the band structure is already well known, from theoretical calculations for 

instance.26327 The imaginary part of the dielectric constant E, is given by: 



where A is the reduced Planck's constant, e is the charge of an electron, <clplv> are the 

momentum matrix elements for valence (v) to conduction (c)  transitions, Jc,(w) is the 

corresponding probability of transition and n is the dimension of the corresponding 

critical point (1,2 or 3). The real part of the dielectric constant E, is then calculated using 

the Krarners-Kronig relations. 

111.4.3 Conductors 

The optical constants of conductors can usually be well modeled by the Drude law. 

The Drude law is based on a modified Lorentz model with no restoring force, which is 

appropriate to describe free electrons. The damping force y is still present and represents 

the ordinary scattering of electrons associated with electrical resistivity. Using the 

equations from section 111.4.1, we find that the dielectric constant is given by?' 

and Ei (W) = 
miwr 

w(w2 -Wf) 
(70) 

where E, is the dielectric constant at high frequency, ~ ~ = ( 4 ~ e ~ / m ) " ~  is the plasma 

frequency and o r  y is the scattering frequency. 

Assuming that o,<<o, the optical response of conductors can be approximated as 

follow: at high frequencies, the index of refraction is real and waves propagate freely 

(UV transparency) while for frequencies lower than the plasma frequency, E is purely 

imaginary and the field decays exponentially with distance from the surface [Fig. 191. 
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Figure 19: n (a) and k (b) spectra measured for Cu (blue), Au (green) and Ag (red). The 
dispersion relations were obtained by direct bulk calculation. 

When fitting the ellipsometric parameters measured for a thin conductive layer using a 

Drude type dispersion law, not only can the optical properties of the layer be inferred but 

also most of its electrical properties. Indeed, given the Drude's parameters, the 

conductivity of the layer can be calculated as follows: 

where 60 is the permittivity in fiee space. Since the fit also provides the thickness of the 

layer, the resistivity can then be deduced. The same parameters can be used to calculate 

the fiee carrier density and mobility as follow: 

where m* is the effective mass of the free carriers. 

Inhomogeneous layers and rough interfaces 

If a layer is made of an alloy or a mixture of different materials, its dispersion 

relation can be determined using mixed materials models, which are all based on the 

Clausius-Mossotti formula. For a mixture of two materials with dielectric constants EI 

and ~ 2 ,  the effective dielectric constant of the medium <Q is given by:21 



where Em is the dielectric constant of the medium with inclusions and f is the volume 

fraction of material 2. When the two materials play exactly the same role, 

<EP=E~=(&~+&~)/~: this is the Bruggeman approximation, also called the Effective 

Medium Approximation (EMA)? When one material, let's say material 2, is an inclusion 

in the other material (material I), then Em = ~ 1 .  More accurate expressions have been 

derived when material 2 is assumed to be in the form of spherical inclusions2920 or 

ellipsoidal  inclusion^.^' Keep in mind that grain size, grain boundary composition.. . can 

also influence the n and k values of the layer. 

These approximations can be used for example to determine the change in density 

of a layer grown using different techniques or under different conditions compare to a 

reference layer. Such a layer can be modeled as a mixture of the reference layer material 

(€1) and air or void (~2=1). Positive or negative volume concentration of void f signifies 

that the layer is less or more dense than the reference layer, respectively. Another 

example are oxynitrides which can be modeled as a mixture of silicone dioxide and 

silicon nitride. Finally, the EMA is typically used to model rough interfaces as additional 

layers made of a mixture of the two adjacent layer materials and whose thickness depends 

on the interface RMS roughness. The main effect of rough interfaces is to scatter the 

probing light, thus reducing the detected intensity, and to smooth the tanY and cosd 

spectra. For typical interface RMS roughness, these effects are dominant at shorter 

wavelengths (UV-visible range). Scattering does not affect much the accuracy of 

ellipsometry measurements since only the ratio of the s and p reflection coefficients 

matters, not their absolute values. Problems can occur, however, when the sample 

roughness is high enough to couple the s and p polarizations and induce energy transfer 

between the two. As a general rule, samples with RMS roughness larger than 1/10" the 

the probe wavelength are not appropriate for ellipsometry measurements. 



111.4.5 Fitting 

The regression analysis used to fit the generated model to the measured 

ellipsometric parameters is based on the Levenberg-Marquardt one of the 

standard algorithms for the least-square approximation of non-linear models. Because 

tanY can take very high values compare to cosA, a direct regression on these two 

parameters tends to put a larger weight on tanY than cosA and the fit is not optimized. 

Therefore, it is often better to run the regression on cos(2 Y) (also called a) and 

sin(2 Y).cos(A) (also called a) instead since both quantities are bonded between -1 and 1. 

The quality of the fit is estimated through a merit function, the most common one 

being the Mean-Squared Error (MSE): 

t[[ tan u, - tan u ( ~ ,  U)I2 + A, - cos A(" U) MSE = 
2N-M 1 O V  ,i O A , ~  

where ~ l ,  and Ai denote the measured values, Hii,a) and A(zi,ii) the calculated values and 

o@*,j is the standard deviation of @A at the rfh data point. The vector ii contains the 

known (fixed) parameters while the vector ii contains the unknown (variable) model 

parameters that are varied in order to fit the experimental data. N is the total number of 

(u,A) points and M the total number of variable parameters. Since the contribution of 

each data points is divided by the square of the standard deviation of that data point, the 

contribution of noisy data points tends to be much smaller. The error associated with 

each fitting parameter is typically below 0.25% for a good fit. The uniqueness of the 

solution depends strongly on the degree of correlation between the different fitting 

parameters and therefore a correlation matrix is provided with the result of the fit. If the 

correlation matrix exhibits elements larger than 0.997, then the corresponding two entry 

parameters are considered strongly correlated. This typically happens when too many 

parameters are used for the fit and can usually be reduced by increasing the number of 

angles used for the measurement. 

To confirm the correctness of the calculated n and k values, one can investigate 

their Krarners-Kronig consistency or compare the measured n and k values with tabulated 

values. In the latter case, it is critical to keep in mind that not all materials can be 



fabricated and/or deposited in a very reproducible manner. Single-crystal materials (e.g. 

Si) have extremely reproducible optical constants and are often used as the substrate 

material for this reason. Other materials such as silicon thermal oxide and silicon nitride 

deposited by low-pressure chemical vapor deposition (LPCVD) also have fairly 

reproducible optical constants. But polycrystalline metals, nitrides deposited by plasma 

enhanced chemical vapor deposition (PECVD), oxides (e.g. indium-tin-oxide ITO) and 

many other materials exhibit strong variations in their refractive index. 

111.4.6 Point to point n & k calculation 

For samples that consist of a single layer on a substrate, the (n, k) values can 

theoretically be calculated from the measured (tan Y: cosd) values at each wavelength if 

the layer thickness is known with high accuracy (typically determined after fitting). This 

technique is called point to point n & k calculation. The difficulty however is that very 

often the data does not provide a unique answer due to the uncertainty on the tan Y and 

cosd values, which leads to branch cuts in the solution. To eliminate this problem, the n 

and k values at each wavelength are determined using a regression algorithm that 

searches for the best solution around the value calculated at the previous wavelength or 

around an input value. It is possible for example to input the n and k values previously 

determined by fitting the measurement with a dispersion relation. The advantage of this 

technique is that complex optical features that would require fitting a very large number 

of parameters can be resolved. The drawback is that the regression output at each 

wavelength is very sensitive to the starting value and that experimental noise in the 

measurement is systematically translated into noise in the calculated dispersion relation. 

111.5 Sample preparation 

The most common substrate for ellipsometry measurements is a thick single-side 

polished Si wafer (>500 pm). It is an ideal substrate because its refractive index is well- 

known and exhibits high absorption in the UV, visible and near-IR and because its rough 

backside scatters light, which limits coherent reflection at this interface. In the IR, 

backside reflection increases because the absorption coefficient of Si decreases and 



because these wavelengths are not scattered as efficiently. To limit this effect, heavily 

doped Si wafers are preferred. When double-side polished or transparent substrates are 

used (e.g. glass slides), backside reflection can be avoided by using a small beam size 

(microspots) and placing a piece of tape on the back side of the sample. 

Our chalcogenide glass films were deposited by thermal evaporation (pressure 

<2.10m5 Torr, deposition rate -100 AIs) and were annealed for 2 h at 180°C under 

vacuum. Some of these glasses exhibit very robust stoichiometry of bonding (e.g. 

As2Se3, As2S3) and therefore have fairly reproducible optical constants when evaporated 

directly from the glass compound while other doped compositions (e.g . GeAsSeTe 

alloys) require co-evaporation of the different elements. The observed differences 

between the measured refractive indices and literature values were attributed to variations 

in the glass stoichiometry andlor in the density of the films. No absorption due to traces 

of H20, H2Se and other oxide impurities33 was measured in our samples within the 

resolution of the ellipsometer. 

Polymer films were prepared by spin coating (Laurel1 Tech. Corp. WS-400A- 

6NPPlLITE) of a polymer solution at 1500 rpm (in air) and were kept for 1 h under 

vacuum at 100°C to ensure complete evaporation of the solvent. The polymer solutions 

were obtained by dissolving purchased polymer films in the appropriate solvent, for 

example: 

- 25-micron PES film in N,N-Dimethylformamide (DMF) 

- 13-micron PEI film in 1 -methyl-2-pyrrolidinone. 

Using the measured n and k values [Fig. 171 and the TMM, we calculated the 

transmission spectra corresponding to the purchased polymer films and obtained a good 

agreement in the position and the shape of the different absorption peaks with 

experimental spectra (from our own measurement as well as from l i t e r a t ~ r e ~ ~ ' ~ ~ )  [Fig.20]. 
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Figure 20: Transmission spectra measured by FTIR (blue) and calculated with the TMM 
(red) for a 25 pm thick PES film. 

Fabrication of photonic band-gap fibers 

As described in section 11, one-dimensional photonic band-gap structures can be 

designed to reflect and confine light with very high efficiency. This opens opportunities 

to create high-performance waveguides or reflecting yarns with innovative integrated 

capabilities. The fiber fabrication is based on an optical fiber drawing process that 

consists in thermo-mechanically drawing down a macroscopic preform into hundreds of 

meters of multilayer fiber with precisely controlled sub-micrometer layer thickness. 

While this process is widely used in the silica fiber industry and guarantees the 

production of kilometers of fibers at low cost and high uniformity, applying it to the 

fabrication of photonic band-gap fibers is challenging. Indeed, in order to draw such a 

composite structure while maintaining structural order through the induced rough thermal 

and stress cycles, it is critical to find two amorphous materials whose glass transition 

temperatures T,, coefficients of thermal expansion CTE, and viscosities ~ ( 7 )  are similar. 

Unfortunately, similar thermo-mechanical properties generally come at the cost of similar 

refractive indices, making such materials pairing inadequate to fabricate high 

performance Bragg reflectors. We have selected different chalcogenide glasses as 

possible high-index materials, including arsenic triselenide (As2Se3), arsenic trisulfide 



(As2S3), and Ge, As, S, Se, Te compounds (GAST) which were purchased from Alfa 

Aesar/Strem Chemicals (purity 99.999%) or synthesized in our own laboratory [Fig.21], 

and two high T, polymers as possible low-index materials: poly(ether-sulfone) (PES) and 

poly(ether-imide) (PEI) purchased from Goodfellow Corporation, GE, Honeywell or 

other. 

Figure 21: Chalcogenide glass synthesis line. Pure elements are placed in a silica glass 
ampoule that is seal under vacuum and then placed in a rocking furnace (left) to create 
the glass compound (right). (Courtesy of Dr. M. Bayindir) 

The table below summarizes the important optical and thermo-mechanical 

properties of the materials most used in this thesis: 

Materials n @,I .55 p,rn17 ~ , 3 ~ ~ ~ ~  (OC) ~2~~~~ (OC) C T E ~ ~ ~ ~ ~  (K-l) 

As2Se3 2.82 175 260 25 
As2S3 2.4 180 300 21.4 
PES 1.62 190-220 210 55 lo-6 
PEI 1.65 215 219 3 1-56 10 '~  

More refractive index values are available at http://mit-photonic band- 

gap.mit .edu/Pages/DataBase. html. 



Preform fabrication 

The first step in the fiber fabrication process is the construction of a macroscopic 

preform. The high-index chalcogenide glass is first deposited on one or both sides of a 

free standing low-index polymer film by thermal evaporation [Fig.22a9d]. 

I.,. 

Low-index cavity: 

High-index cavity: 
- 

Figure 22: a d, Roll to roll thermal evaporator, b e, coated polymer films, rolling of the 
preform and cavity layer incorporation e consolidation of the preform, f, final preform. 

We use a made-to-order roll-to-roll thermal evaporator that can coat meters of film using 

four tungsten boats (two for each side of the film). The thickness of the deposited film is 

determined by the speed of the film and the evaporation rate which is measured in-situ 

with a thickness crystal monitor. Variations along the width of the film are of the order 

of 5%. The coated film is then wrapped around a borosilicate glass tube (Coming Pyrex) 

or a Teflon covered metallic rod to create the dielectric mirror layers of a transmission 

fiber preform [Fig.22b,e]. Additional polymer layers are added to provide mechanical 



strength to the fiber until the diameter of the preform is -32 mm. The inner diameter of 

the preform, typically between 5 and 15 mm, is chosen according to the targeted fiber 

core dimension. Alternatively, the dielectric mirror layers can be wrapped around a thick 

polymer cladding to create a reflection fiber preform. One or two additional polymer 

layers are then added to protect the mirror layers. 

The rolling of the mirror layers and the cladding is the most critical step in 

making a good preform and ultimately good fibers so here are a few tips to do it well. 

The most important is to ensure that the films are tightly rolled at all times. Therefore, 

the preform must be held very firmly with at least one hand at all times. When rolling, 

pressure should be applied downward and forward with both hands spread over the full 

width of the preform, including the edges which are the most likely to get loose. For the 

cladding, the thickness of the polymer films should be increased gradually (e.g. 25, 50, 

75 then 125 pm) to minimize the amount of air trapped at the interface and the risk of 

delamination during or after the draw. It is also helpful to insert the first cladding layer in 

the last mirror layer to ensure better cohesion. Finally, for small core transmission fibers, 

rolling the preform on a 5 mm tube is quite difficult but it can be made easier by loosely 

rolling the first few layers and baking them at 150°C for 1 h to induce a tight curvature at 

the beginning of the film. 

Micro-cavities can be incorporated in different ways. A single-mode low-index 

cavity can be introduced by inserting two back to back pieces of single-side coated films 

during the rolling of a double-side coated film [Fig.22b]. The width of the two additional 

films must correspond precisely to the preform circumference. Additional uncoated 

polymer films can be inserted in between them to create thicker multi-mode cavities. The 

same process can be used to incorporate high-index cavities using an asymmetric double- 

side coated film. For a single-mode cavity, one side must be three times thicker than the 

other. Alternatively, high-index cavities can be obtained by first rolling and 

consolidating the inner mirror layers and then depositing the cavity layer directly on the 

consolidated preform by thermal evaporation. The consolidation of the inner mirror 

layers must be done carefully to minimize the evaporation of the glass, typically at 257OC 



for 15 minutes. The outer mirror layers and the cladding can then be rolled on the 

preform. 

Once the rolling process is completed, the preform is tightly wrapped with Teflon 

and placed in a vacuum oven at 150°C overnight to anneal the stress in the layers and 

reduce the amount of air trapped in the preform. It is then placed in the consolidator, a 

three-zone horizontal tube vacuum furnace, where it is attached to a rotating motor that 

continuously rotates the preform around its axis. The preform is preheated for 2h at 170 

OC to ensure that its temperature is homogeneous and then consolidated at -268OC for 60- 

70 min with a small temperature gradient along its length (+I- 2OC). The actual 

consolidation time typically depends on the polymer(s) and chalcogenide glass(es) used 

to make the preform but should be long enough for the cladding to appear completely 

transparent. If a Teflon covered metallic rod was used to make the preform, it can be 

easily removed soon after consolidation thanks to the large coefficient of thermal 

expansion of Teflon [Fig.22cf and the preform is then cooled slowly in a vacuum oven 

at 150°C, then at 80°C and finally at room temperature. If a silica tube was used, it must 

be etched by placing the cold preform in a bath of hydrofluoric acid (HF) overnight. 

Because of the fairly large water absorption coefficient of PES and PEI (>0.25 volume % 

in 24h), the preform must be baked in a vacuum oven at 150°C at least overnight before 

drawing. To prepare the preform for the draw, both ends are cut flat and the tightest one 

is attached to the preform holder while the other is kept for the bait-off. 

IV.2 Drawing technique 

The next step in the fabrication process is the thermo-mechanical drawing of the 

preform into hundreds of meters of multilayer fiber with precisely controlled sub- 

micrometer layer thickness. Our fiber draw tower is composed of a (Thermcraft) three- 

zone vertical tube furnace, a tension-meter, a (Heathway) motorized capstan that controls 

the speed of the drawing and (Beta LaserMike) laser-micrometers that monitor the outer 

diameter of the fiber during the draw [Fig.23]. 
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Figure 23: a Schematic and pictures of the different parts of the draw tower including the 
three-zone furnace, the tension meter, the laser micrometer and the capstan, b pictures of 
the reduction cone. 

Before each draw, it is critical to verify that the tower is aligned, i.e. that the preform 

holder, the center of the furnace and the tension-meter are all aligned on the same vertical 

line. This is done by hanging a weight from the preform holder with a short nylon wire 

to align the preform holder with respect to the center of the furnace and with a long wire 

to align the tension-meter. The preform is then mounted to the preform holder and its 

position is adjusted so that the bait-off appears to be at the center of the furnace. This is 

critical to ensure a uniform temperature distribution and therefore viscosity distribution 

across the reduction cone. The temperature of the upper (lower) zone of the oven is kept 

constant around 190°C (1 80°C) during the draw. The temperature of the middle zone is 

first set to 3 10-3 15°C to initiate the draw and then reduced between 295 and 305°C 

during the draw [Fig.24a]. 
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Figure 24: a Temperature (black line), capstan speed (solid red line) and stress (dashed 
red line) profiles recorded over time during an actual draw, b influence of the normalized 
shrink-down ratio on the propagation losses of transmission fibers designed to transmit 
around 1.55 pm. 

The temperature of the middle zone and the capstan speed must be adjusted 

simultaneously in order to achieve the desired outer diameter while maintaining a high 

stress [Fig.24a]: high capstan speeds lead to small outer diameters while low 

temperatures and high stress lead to a good ordering of the mirror layers and minimize 

deviations from the preform symmetry. At the same time, the stress must be kept below 

1200 KPa when the fiber is likely to break. It is also critical to maintain a normalized 

shrink-down ratio (NSD), defined as the ratio of the inner to the outer diameter in the 

drawn fiber normalized by the ratio of the inner to the outer diameter in the preform - 

( ~ i n n e r l ~ o u t e r ) ~ ~ ~ ~ ~ / ( ~ i n n e r / ~ o u t e r )  
Preform- close to 1 to avoid chirping of the mirror layers due 

to volume conservation. Deviations from 1 lead to poor fiber quality (high propagation 

losses, low Q micro-cavities ...) as shown in Fig.24b. In general, the NSD improves as 

the stress level increases. It can be further modified by adjusting the nitrogen pressure 

flowing through the core of the preform and the fiber, thus modifying the stress state at 

the inner surface of the reduction cone. Finally, the spectral position of the fundamental 

photonic band-gap is controlled during the draw by the optical monitoring of the outer 

diameter of the fiber and by in line reflectivity measurements. Fig.25 shows that the two 

are strongly correlated, as expected from Eq. 1. 
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Figure 25: a Correlation between the fiber outer diameter and the center wavelength of 
the fundamental photonic band-gap during an actual draw, b shift of high order band- 
gaps across the visible with decreasing diameters (bottom to top) in reflection fibers. 

In stable regimes, the standard deviation on the outer diameter is typically below 3%. 

In order to go down to very small diameters, it is useful to increase the capstan 

speed to 2 m/min or more while still at high temperature (>305'C) until the outer 

diameter is close the targeted value. This allows the reduction cone to evolve quickly 

towards its optimal shape and leads to lower middle zone temperature later in the draw. 

If however the middle zone temperature is lowered too fast, the shape of the reduction 

cone freezes before reaching its equilibrium shape and increasing the capstan speed does 

not lead to a significant decrease in diameter. When using this technique for transmission 

fibers, keep in mind that the core is likely to collapse in the high temperature regime and 

that moderate nitrogen pressure is therefore necessary. 

IV.3 Scanning Electron Microscopy of fiber cross-sections 

Fiber cross-sections are observed by Scanning Electron Microscopy (SEM) to 

gain information on the fiber structure after the draw. The samples are prepared by 

cutting short fiber sections and dipping half of their length in epoxy resin [Fig.26]. 



Figure 26: Different steps in the sample preparation: a a piece of fiber is half dipped in 
epoxy, b the epoxy is shaped to fit the sample holder of the microtome and the free fiber 
end is polished, c the sample is sputtered with gold to avoid charging during SEM. 

The free end of the fiber is polished with a (Ultracut E, Reichert-Jung) microtome. The 

sample is cooled down to -90°C and covered with ice to provide mechanical support. 

The fiber end is first shaved off with a glass knife cooled down to -120°C until the fiber 

cross section is perfectly flat. Decreasingly thin slabs of the fiber, down to a couple 

nanometer thick, are then removed to obtain a very smooth surface and eliminate as much 

as possible cracks induced by the initial cut. Finally, the fiber end is polished with a 

diamond knife. Once removed from the microtome, the sample is rinsed with ethanol to 

melt the ice water and placed in a vacuum oven at 60°C for an hour to evaporate the 

residual water and solvent. The polished sample is covered with a -10 nm thick gold 

coating using a (Denton Vacuum) sputter-coater to prevent surface charging during SEM 

imaging. 

SEM micrographs are taken with a (JEOL) scanning electron microscope using 

either a secondary electron detector or a backscattered detector when high contrast 

between the PES and As2Se3 layers is desired. They usually demonstrate very good layer 

uniformity and ordering all around the fiber circumference as well as good adhesion 

between the polymer and chalcogenide glass layers even after the rigorous thermal and 

stress cycles associated with fiber drawing [see Fig.291. But they can also reveal 

potential defects such as layer delamination (Fig.27a - indicating poor preform 



consolidation or very high stress during the draw), layer chirping and ellipticity (Fig.27~ - 
indicating that the preform was not well centered in the furnace and/or low stress during 

the draw), holes in the cladding (indicating that the initial polymer films and/or the 

preform were not backed long enough to remove all absorbed gas and water) or the 

unavoidable inner seam corresponding to the beginning of the roll (Fig.27b7d). 

Figure 27: a Layer delamination, b inner seam, c elliptical deformation and d layer 
overlap in the micro-cavity. All these fibers are hollow core transmission fibers. 

In addition, these SEM micrographs are useful to obtain the exact thickness of 

each individual layer, which is used as input parameter in TMM calculations. 

V Reflection Fabry-Perot fibers 

Polymer fibers are ubiquitous in applications such as textile fabrics because of 

their excellent mechanical properties and the availability of low-cost, high-volume 

processing techniques; however, control over their optical properties has so far remained 

relatively limited. Conversely, dielectric mirrors are used to precisely control and 

manipulate light in high-performance optical applications, but the fabrication of these 



typically fragile mirrors has been mostly restricted to planar geometries and remains 

costly. Weber and coworkers3*, for example, reported the fabrication of freestanding, 

graded-thickness polymeric dielectric mirrors with relatively low refractive-index 

contrast between adjacent birefiingent layers. In this section we show that it is possible 

to combine some of the advantages of each of these seemingly dissimilar products in the 

fabrication of polymeric fibers with an exterior multilayer dielectric mirror to create the 

potential for new conformal reflector functionalities and flexible radiation barriers. In 

addition, we show that by incorporating Fabry-Perot micro-cavities in their multilayer 

structure, the spectral response of these mirror fibers can be uniquely tailored. Such 

fibers, which we will refer to as Fabry-Perot fibers, could be used as optical filters and 

optical switches in telecommunications or incorporated into woven fabrics for precise 

spectral identity verification. 

Reflectivity measurements 

Reflection from single fibers or parallel fiber arrays is measured with a (Bruker 

Optics Hyperion Infrared Micro-spectrometer) Fourier Transform Interferometer (FTIR) 

coupled to an infrared microscope [Fig.28]. 

Figure 28: a Schematic of a Fourier Transform Interferometer (FTIR), b picture of the 
Bruker Optics Hyperion Infrared Micro-spectrometer. (Courtesy of Bruker Optics) 



The microscope has two available detectors: a silicon detector (400 nrn to 1.1 pm) and a 

MCT detector (900 nm to 24 microns) while the FTIR offers two sources: a tungsten 

halogen lamp (250 nm to 2.5 pm) and a silicon carbide globar lamp (1.5 to 40 pm) and 

two beam-splitters: a Quartz beam-splitter (400 nm to 1.1 pm) and a KBr beam-splitter (1 

to 25 pm). This allows for reflectivity measurements to be performed anywhere from 

640 nm to 20 microns. All reflectivity spectra are normalized by a background reference 

measured with a flat silver mirror. 

The microscope objective lens has a numerical aperture (NA) of 0.58 resulting in 

a detection cone half-apex angle of 35". Because of this angular averaging, theoretically 

sharp features in the band-gap such as high Q cavity resonant modes are smeared out in 

the measured spectra. For example, we have observed single-mode Fabry-Perot 

resonances at 1.74 pm [Fig.29a] and 3.2 pm [Fig.29b] in 240-pm and 460-pm diameter 

reflection fibers, respectively, and measured an experimental Q factor of 3 1, well below 

the theoretical value at normal incidence of 85. 
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Figure 29: SEM micrographs (top) and reflectivity spectra (bottom) measured (solid blue 
lines) and calculated (dashed red lines) for a 240-pm (a) and a 460-pm (b) diameter 
reflection fiber. The fibers were made of As2Se3 and PES and contained a single-mode 
low-index Fabry-Perot cavity surrounded by 6 bilayers. 



To account for this effect in TMM calculations, a weighted average of the electric field 

must be performed over the experimental range of incident angles for both polarization 

modes, where weights are a cosine function of the corresponding incident angle. Very 

good agreement can then be obtained between computed and measured spectra despite 

the one dimensional planar stack approximation when the exact layer parameters 

determined by SEM imaging and spectroscopic ellipsometry are used as inputs in the 

calculation [Fig.29]. This is a further confirmation of uniform layer thickness control, 

good interlayer adhesion, and low inter-diffusion. 

In order to characterize the resonance of micro-cavities with high quality factor 

and very small field of view: we perform narrow-band reflectivity (NBR) measurements 

using a (Photonetics Tunics plus) tunable laser emitting from 1.49 to 1.62 pm [Fig.30]. 
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Figure 30: Experimental set-up for narrow-band reflectivity (NBR) measurements. The 
source is -25 cm away from the fiber and the detector -1.5 m away form the beam- 
splitter (BS). We sometimes use a low-pass filter (LPF) that cuts all wavelengths below 
800 nm. 

The collimated beam is sent on the fiber at normal incidence and a beam-splitter is used 

to direct half of the reflected beam to a (Newport 81 8IG) InGaAs detector placed 1.5 m 

away from the fiber, corresponding to an effective collection angular range < 0.0 1 O. 

V.2 Mechanical tuning 

As seen in Fig.29, we have successfully fabricated and characterized Fabry-Perot 

fibers and observed a significant decrease of their reflectivity in the vicinity of their 



cavity resonant ~ a v e l e n g t h . ~ ~  This sharp decrease in reflectivity over a narrow 

bandwidth opens the possibility of widely tuning the reflection coefficient of these fibers 

at a fixed wavelength by inducing even a small spectral shift of the Fabry-Perot resonant 

mode. In particular, applying an axial strain to the fiber ends should result in a 

displacement of the interfaces within the multilayer structure, and therefore a change in 

the resonance condition (section 11.2.3). This appears to be a promising strategy since 

our fibers are made of amorphous materials, more than 98% of which is polymer (by 

volume). Surrounding a fiber with such a structure yields cost-effective tunable optical 

filters that could lead to applications such as optical switches for wavelength-division- 

multiplexing (WDM) systems and sensors. 

The opto-mechanical tuning of dielectric Bragg reflectors has been widely studied 

and it is convenient for comparison to express these results in terms of the normalized 

shiji defined as the ratio of the induced spectral shift AA and the operating wavelength A  

or A .  Kimura et. al. reported a normalized reversible shift of 3.4% under a load of 18 

kg/mm2 applied perpendicularly to an all-polymer multilayer reflector made of 

alternating layers of polystyrene and polyvinyl alc~hol!~ Fiber Bragg Gratings (FBGs) 

have been tuned mechanically using piezoelectric transducers (PZTs) to generate strains 

perpendicular to the grating leading to normalized shifts as high as 2.9% under 1,000 v .~ '  
A normalized shift of 0.64% under 50 V is stated to be the highest tuning efficiency 

reported to date for tunable FBG filters using PZTS." In the next section, we develop a 

simple model to asses the performance of our Fabry-Perot fibers by calculating the 

theoretical relation between the applied axial strain and the normalized shift of their 

Fabry-Perot resonant mode in the limit of the elastic regime. 

V.2.1 Opto-mechanical behavior of Fabry-Perot fibers 

Neglecting possible strain-induced refractive index variations, it can be derived 

fiom Eq. 1 that the normalized shift of the center wavelength of the hdarnental photonic 

band-gap is in a first approximation proportional to the radial strains: 



( 1 )  (2)  
where Err , FW are the radial strains, nl, n2 the refractive indices and dlo, d: the 

thicknesses of the unstrained high and low refractive index layers, respectively. This 

derivation implicitly assumes that all the layers made of the same material undergo the 

same deformation, their radial strain being uniquely related to the applied axial stress by 

the Poisson ratio of the material, as for a free annulus. However, the difference between 

the Poisson ratio of the high and low refractive index materials and the adhesion 

condition at each layer interface result in non-uniform radial stress and radial strain 

distributions, making this approach very approximate. In order to accurately relate the 

normalized shift of the cavity resonant mode to the applied axial strain, we need to 

calculate the radial displacement profile in the fiber cross-section u,.(r) in order to 

determine the displacement of the cavity layer interfaces. 

We model our fibers as a perfectly concentric multilayer structure consisting of N 

layers (N+1 interfaces) surrounded by two supporting media (air, 0 and the polymer core, 

N+1), as shown in Fig.3 1. 
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Figure 31: Schematic of the fiber structure. 

Starting from Newton's Law for the stress components expressed in a cylindrical 

coordinate system: 



d o ,  0, 1 d o ,  d o ,  +-+-- +- = pii, (79) 
ar r r a p  dz 

where p is the density of the material, and assuming that: 

- the principal axes of the system coincide with those of this coordinate system: 

- the stress is circular symmetric and axially uniform (no p or z dependence) 

- the system is at equilibrium 

we obtain the following non-trivial equation: 

We now need to transform the variables in this equation into the radial displacement 

variable u,. We first substitute the strain components for the stress components using 

Lame's equations: 

err = ~ [ ' r r  + 'qy + I + ''Err (82) 

where G is the shear modulus and 47 the Lam6 modulus (usually denoted A), so that the 

equilibrium condition becomes: 

Next, using the definition of the principle strain components in terms of the radial 

dur - du, - - r - au, - du, 
displacement, Err = - - ' v v  - - 

- ,E,,-- - 
dr dr ' dz dz ' we reach the following r 

equation for the equilibrium condition: 

d 2 u ,  1 du, +---- " = 0 (85) 
dr2 r d r  r 2  

whose solutions are of the form: 



The jth layer is characterized by two known material parameters Gj and v, and the 

displacement in this layer by two unknown constants Aj and Bj, leading to a total of 2N+4 

unknown constants for the whole structure. These constants are determined through 

imposing the continuity of ur and arr at the interfaces. These continuity conditions imply 

the following inhomogeneous linear transformation between the A, and B, coefficients in 

any two adjacent layers: 

where the linear transformation M' = for the jth interface has the 

components: 

'Ij + Gj -'Ij-l -Gj-' 
M:, = 

'I, +2GJ 
(89) 

This results in 2N+2 linearly independent equations relating the unknown constants, and 

two more conditions are obtained by requiring that vanishes at the inner and outer 

free surfaces (do and dN+]). We therefore obtain a unique solution for this system where 

all the unknown constants are obtained in terms of the material parameters and the axial 



strain E ~ ~ .  The resulting radial stress and radial displacement profiles in the multilayer 

structure are shown in Fig.32 for an applied axial strain ~ ~ ~ = 1 % .  
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Figure 32: Calculation of the radial stress (a) and radial displacement (b) distributions as 
a fbnction of position in the radial direction for an applied axial strain ~ ~ ~ 4 % .  The outer 
most layer (right) is the thick protective polymer layer while the left side of the structure 
corresponds to the polymer core. 

The non-uniform radial displacement of the bilayer interfaces leads to a shift in the band- 

gap of the multilayer structure, while the difference in the displacement of the cavity 

layer interfaces leads to a shift in its resonance wavelength. Because of the linearity of 

the system, within the assumed approximations, one can obtain the following relationship 

between the normalized shift of the resonance wavelength and sZz in the elastic regime: 

where the proportionality constant is related to the detailed structure of the fiber. When 

comparing our results with the values reported previously for the mechanical tuning of 

Bragg reflectors and FBGs, it must be kept in mind that here the stress is applied in the 

plane of the layers (and not perpendicularly to them), which greatly penalizes the 

amplitude of the radial displacement. 

The fibers' Young's modulus (Eliber) can be approximated by modeling their 

multilayer structure as N independent parallel springs and assuming that the applied axial 

strain is equal for all the layers. Since the fibers are typically made of only two distinct 



materials, let's denote by El, Ez the Young's modulus and N], N2 the total the number of 

high and low refractive index layers, respectively. Then, we have: 

 where^:, A: are the cross sectional-areas of the ith high and jth low refractive index 

layers, respectively and A is the total cross-sectional area of the fiber. This calculation 

leads to a Young's modulus of 2.64 GPa for a Fabry-Perot fibers made of PES and 

AszSe3 containing a half-wavelength low refractive index optical cavity (using EpEs = 2.4 

GPa for the bulk and EAsJse3 = 15 GPa reported for 1.5-pm thick f i ~ m s ) . ~ ' ? ~ ~  

V.2.2 Mechanical tuning experiment 

The fibers described in this section are composed of a hollow-core polymer rod 

surrounded by 6 bilayers of AszSe3 and PES, separated in the middle by an extra PES 

layer, which forms a low-index Fabry-Perot cavity. An extra polymer layer protects the 

fiber surface. SEM imaging of fiber cross sections reveals a glass layer thickness of -135 

nm (250 m), except for the first and the last layers that are half as thick, a polymer layer 

thickness of -270 nm (540 nm), and a defect layer thickness of -610 nm (1,170 nm) for 

240-pm (460-pm) diameter fibers. The SEM micrographs and reflectivity spectra of 

these fibers are shown in Fig.29. 

Two different band-gap positions have been studied with a (Nicolet Magna 860) 

FTIR spectrometer coupled to a (Nicolet SpectraTech NicPlan) infrared microscope: 1.7 

microns and 3.2 microns corresponding to the 240-micron and 460-micron diameter fiber 

respectively. Measurements were performed on 30-cm long fiber samples fixed at one 

end with epoxy to a (Transducer Techniques MDB-2.5) load cell and at the other end 

with strong tape to a pole mounted on a (Newport PR50) stepper rotational stage. This 

end was also wrapped around a screw mounted on the pole to further secure it in place 

[Fig.33]. 
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Figure 33: Experimental set-up for the mechanical tuning demonstration. 

The diameter of the pole was equal to 2.1 cm and the rotational stage had a precision of 

O.lO, leading to a theoretical strain precision far below the experimental one. The 

precision of the load cell was equal to 1 mg, corresponding to an uncertainty lower than 

30 MPa on the Young's modulus. The whole setup was placed on the motorized stage of 

the FTIR microscope, which had a 1 -pm resolution. All reflectivity measurements were 

normalized to a background taken with a flat gold mirror and were performed at a fixed 

position on the tested fiber to avoid measuring variations in the cavity resonant 

wavelength arising from its angular dependence and/or from outer diameter fluctuations. 

The actual induced axial strain near the reference position was measured using a second 

reference point, both chosen far from the fixed ends of the fiber where edge-effects 

induce non-uniform stress and strain distributions. 

V.2.3 Results and interpretation 

The FTIR reflectivity spectra exhibit a clear resonant mode in the fundamental 

band-gap of both the 240-micron and the 460-micron diameter fiber with a quality factor 

Q-3 1 [Fig.29]. Fig.34 shows the results of tuning the corresponding Fabry-Perot resonant 

modes under increasing axial strain. 
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Figure 34: Mechanical tuning of the cavity resonant wavelength of the 240-pm (a) and 
460-pm (b) diameter fibers under three applied axial strains: ~-~=0.23% (right), ~,=0.61% 
(middle) and G ~ =  1.22% (left). 

When the axial strain applied to the 240-pm-diameter fiber is increased from 0.23% to 

1.07%, the reflectivity at 1.71 pm drops by 13%. The experimental normalized-shift 

versus axial strain curves are reported in Fig.35a and appear to be linear for both fibers 

up to approximately 1.2%, which is the limit of the reversible elastic regime and 

corresponds to small applied loads: 76 g and 300 g for the 240-micron and 460-micron 

diameter fiber, respectively. 
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Figure 35: Normalized shift of the cavity resonant wavelength (a) and axial stress 
versus axial strain for the 240-micron (blue) and 460-micron (green) diameter fiber. 

Under higher applied strains, the normalized-shift becomes non-linear, indicating 

possible plastic deformation, relaxation andlor layer delamination. Indeed, our opto- 



mechanical model predicts that all the layers except the outer protective polymer layer 

are under tensile radial stress whose maximum is located at the interface between the 

layers and the polymer core where delamination is most likely to occur [Fig.32]. In the 

linear regime, the normalized-shift versus axial strain curves exhibit a slope equal to - 
0.385 and -0.384 for the 240-micron and the 460-micron diameter fiber, respectively, in 

close correspondence to the predicted value (-0.373). This corresponds to a maximum 

reversible normalized shift AUA equal to -0.462%, which compares well with other 

systems mentioned earlier. The stress-strain curves shown in Fig.35b also exhibit an 

elastic regime up to 1.2% axial strain with a corresponding Young's modulus equal to 

2.59 GPa and to 2.39 GPa for the 240-micron and the 460-micron diameter fiber, 

respectively. These values are slightly lower than the predicted value of 2.64 GPa, due to 

expected relaxation effects in these fairly low T, materials. 

The tuning efficiency demonstrated here is limited primarily by the low Q factor 

measured in these Fabry-Perot fibers while the amplitude of the reversible shift is limited 

by the elastic regime of the materials and by possible layer delamination. The Q factor 

can be systematically increased by reducing the range of collection angles (e.g. using 

NBR measurements) and by increasing the number of bilayers surrounding the cavity 

layer: a similar structure with only 4 additional bilayers would achieve a computed 

reversible reflectivity drop from 99% to less than 1% at normal incidence. This dramatic 

increase in sensitivity would make these fibers very useful as sensors and optical 

switches. 

V.2.4 Dynamic mechanical tuning 

Based on these promising results, we have studied the dynamic response of higher 

Q factor Fabry-Perot fibers under low frequency modulation of the applied axial strain. 

We used a 17-cm long fiber surrounded by a Bragg mirror consisting of 8 bilayers of 

As& and PEI separated in the middle by low-index Fabry-Perot cavity. Reflectivity 

measurements were performed with the NBR measurement set-up to eliminate the 

angular averaging induced by the FTIR microscope lens. The fiber was attached at one 



end to a (Newport PR50) stepper rotational stage while the other end was fixed with 

epoxy [Fig.3 61. 
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Figure 36: Experimental set-up for the demonstration of dynamic mechanical tuning. 

The measured cavity resonant mode is shown in Fig.37a and exhibits a quality factor 

equal to 105. 
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Figure 37: a Measured cavity resonant mode under 0% (continuous line) and 0.8% 
(dashed line) applied strain, b modulation of the reflected power at three different probe 
wavelengths: 1560 nm (blue), 1592 nm (green) and 1600 nm (red), normalized by the 
maximum reflected power at 1560 nm. 

To study the dynamic response of the fiber, we have modulated the applied axial 

strain from 0.2% to 1%, corresponding to a maximum shift of -5 nrn. The minimum 

applied axial strain was chosen to be non-zero to minimize vibrations of the fiber during 



the measurements. The power reflected by the fiber was measured at three different 

probe wavelengths and is shown in Fig.37b. It appears that off resonance (1560 nm), the 

reflected power is high and fairly constant, which indicates that the fiber did not move 

significantly with respect to the probe beam during the measurement. In contrast, we 

observe a strong modulation of the reflected power at the edge of the cavity resonance 

(1592 nm), which is a clear indication that the induced shift was fully reversible and that 

the range of applied axial strains was within the elastic regime of the materials. The 

reflectivity, calculated as the reflected power normalized by the maximum reflected 

power at 1560 nm, varied from 93% to 37%, which is consistent with a -5-nm shift of the 

cavity resonant mode [Fig.37a]. The measured average rise or fall time was equal to 270 

ms and was limited only by the acceleration of the stepper rotational motor. Similarly, 

the shape of the modulation was primarily dictated by the characteristics of the stepper 

rotational stage, the flat regions corresponding to the time necessary for the motor to 

decelerate and reverse its motion. 

These results confirm that a fully reversible -5 nm shift of the Fabry-Perot 

resonant mode can be induced in our reflection fibers using the proposed mechanical 

tuning scheme, corresponding to a decrease of the fiber reflectivity at fixed wavelength 

by more than 50%. The optical response of such fibers under high-frequency strain 

modulations could be studied using piezoelectric crystals and acoustic waves. However, 

because the amplitude of the induced strain modulation would be much lower than 1%, 

high tuning efficiency would require to increase the Q factor of the fibers, at least by an 

order of magnitude. 

V.3 Optical tuning 

Mechanical tuning provides a low energy mechanism to tune the response of 

Fabry-Perot fibers over a large spectral range. However, it requires to sacrifice the 

flexibility of the fibers and its implementation in certain applications such as light 

sensing, low form-factor optical switches ... can be unpractical or irrelevant. An 

alternative approach to tuning the optical resonance of the Fabry-Perot multilayer 

structure enveloping the fibers is through optical modulation of its cavity material 



refractive index!4 The fibers in this section contain micro-cavities made of a 

chalcogenide glass (As2Se3) that exhibits a reversible photodarkening effect. This effect, 

induced under illumination with near band-gap laser radiation, consists in a transient 

increase of the glass absorption coefficient (k) consistent with an increase in its refractive 

index (n) as predicted by the Krarners-Kronig relations. We first review the theoretical 

models proposed to describe the photodarkening effect, then characterize this effect in 

thin film samples before proceeding to examine the properties of fiber-based resonators 

incorporating such films. 

V.3.1 Introduction to chalcogenide glasses and the photodarkening effect 

It was first reported nearly 30 years ago that photostructural changes in 

chalcogenide glasses are induced by illumination with near band-gap light45 and can be 

observed in well-annealed amorphous thin films?6 This effect has been shown to be 

accompanied by changes in the structural properties (volume expansion46 -thickness 

increase by -5%-47 photo-am~rphi~ation~8 decrease of the glass transition temperature4' 

and decrease of the microhardness5'), in the optical properties (increase -photodarkening- 

51 or decrease -photobleaching-52 of the refractive index, and in the 

transport properties (conductivity54, d i f h ~ i v i t ~ ~ ~ ) .  There are two distinct contributions to 

these changes: a metastable part and a transient part. The metastable effect is often 

described as a reversible effect because the initial state can be completely recovered after 

illumination by annealing near the glass transition temperatureS2 or, in some glasses, 

partially by exposure to sub-band-gap light (e.g. in As2S3: photodarkening at 488 nm and 

photobleaching at 647.1 n ~ n ~ ~ ) ,  while the transient effect completely disappears after 

illumination even at room temperature. Since the two chalcogenide glasses that we have 

used in this work, As2S3 and As2Se3, both exhibit photodarkening, we will focus on this 

effect in the rest of this section. 

Before jumping into a description of the physical phenomena underlying the 

photodarkening effect and its characteristics, let's first review the atomic and electronic 

structure of As2Se3 as a case example of chalcogenide glasses. The network structure of 



As2Se3 consists of a linkage of pyramidal units formed by the twofold coordinated Se 

chalcogen atoms and the threefold coordinated As pnictogen atoms [Fig.38]. 

Figure 38: Atomic structure of an As2Se3 layer, solid circles are As, open circles are Se. 
a shows the AsSe3 pyramidal units, b shows the o bonds in the plane of the layer. 
(Courtesy of Prof. J. Joannopoulos) 

These chains of AsSe3 pyramids are bonded by Van Der Waals type intermolecular 

interactions? The twofold coordination of the Se atoms introduces a high degree of 

flexibility in the network structure and leaves lone-pair electrons in non-bonding orbitals, 

which are responsible for structural correlations through intermediate range interactions 

(-7 A).52956 While this contributes to some structural ordering, the amorphous phase is 

nevertheless characterized by a substantial degree of disorder (broad bond angle and bond 

length distributions), resulting from the presence of homopolar (e.g. As-As) and dangling 

bonds. 

The electronic structure of As2Se3 is characteristic of amorphous semiconductors 

[Fig.39a]. 
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Figure 39: a Electronic band structure of As2Se3 for the defect free glass (top) and when 
homopolar bonds are present (middle Se-Se, bottom As-As), b relative energies of the 
annealed, excited and photodarkened states. (Courtesy of Prof. J. Joannopoulos) 

The lower lying states in the valence band are o bonding states associated with covalent 

bonds in the network while the anti-bonding dC states form the conduction band?' The 

top of the valence band is comprised of n lone-pair states associated with the interacting 

non-bonding chalcogen orbitals Pse. In addition, the presence of Se-Se and As-As 

homopolar bonds leads to ose.se and d"se-se orbitals while the o ~ ~ ~ h  orbitals interact with 

neighboring n-orbitals from chalcogen atoms to form ;(ok-pse) states that lay just 

above the n band as shown in ~ i ~ . 3 9 a . ~ *  

It is widely accepted that photodarkening results primarily from an increase in the 

interaction of chalcogen lone-pair electrons, resulting in a broadening of the valence band 

and consequently in a reduction of the band-gap energy,5g even though photo-induced 

creation andlor modification of localized defect states may also play a role. It follows 

that photodarkening is strongly determined by the type of the chalcogen atom more than a 

particular structure of the glass.46 In a very simplistic picture, the annealed ground state 

of the glass can be described as an asymmetric double well adiabatic potential and the 



excited state as a single well [ ~ i ~ . 3 9 b ] . ~ '  Under band-gap illumination, sites in the 

annealed sample efficiently transition from the ground state X to the excited state Z and 

relax either to the metastable photodarkened state Y or to the ground state. The number of 

photodarkened sites increases until photo- and thermo-induced transitions from the 

metastable photodarkened state Y to the ground state X (bleaching) become as important 

as photodarkening itself and a steady-state is reached. When the illumination is turned 

off, thermo-bleaching leads to a decrease of the photodarkening in time (transient effect) 

until the probability of relaxing from Y to X vanishes (metastable effect). It has been 

reported that the amplitude of the metastable photodarkening at saturation has a strong 

temperature dependence and increases steeply down to about 80 K:~ indicating a 

quenching of the thermo-bleaching effect andlor an increase in the barrier energy EB. At 

room temperature, it appears to be independent of the intensity of the excitation light but 

higher photon flux induce faster photodarkening.62 Values as high as 1.6%,5~, 2%;' 

3.4%: or 3.7%45 refractive index change have been reported in As2S3 and As2Se3 

amorphous thin films at room temperature, more than one order of magnitude larger than 

the index change typically achieved in silica fibers. 

To this day, several models have been proposed and developed to describe the 

physical mechanisms behind the photodarkening effect but there exists no unified theory 

that would provide a complete and coherent description of all the photo-induced effects 

in chalcogenide glasses. Let's now review three of the most promising models to gain 

insight into the macroscopic and microscopic mechanisms responsible for the 

photodarkening effect. 

V.3.2 Three leading models to describe the photodarkening effect 

One of the first models describing the physics of the photodarkening effect was 

proposed by Tanaka and is called the bond-twisting In this model, 

photodarkening results from the formation of structural defects in the well-annealed glass 

structure. The local structure in the well-annealed ground state is assumed to be similar 

to the low energy crystal structure. Under near band-gap illumination, lone-pair electrons 



from the chalcogen atoms are excited to the conduction band resulting in excitons 

consisting of a delocalized electron and a positively charged defect center [Fig.40a-b]. 

Figure 40: a Atomic structure in the ground state, b formation of an exciton under 
illumination, c bond twisting induced by Coulombic interactions, d photodarkened 
structure. 

As a result, the intermolecular interaction between the positively charged chalcogen atom 

C and its nearest atom C' changes from Van Der Waals to stronger Coulombic type. It is 

estimated that the corresponding Coulomb energy (-0.25 to 1 eV) is sufficient to 

overcome the distortion energy of intramolecular covalent bonding (-0.05 e ~ ) . ~ '  

Therefore the twisting motion of the positively charged chalcogen atom C to its lower 

energy conjugated position becomes possible [Fig.40c]. These structural defects in turn 

result in an increase of the interaction between lone-pair electrons, leading to a 

broadening of the valence band to higher energy compare to the ground state and to the 

photodarkening effect. It is estimated that photodarkening at saturation corresponds to a 

change in only 1% of the available sites.64 One explanation could be that the creation of 

new photodarkened sites in the vicinity of already existing photodarkened sites is 

inhibited by changes in the network structure. When the illumination is turned off, the 

excited free charge carriers recombine with the positively charged chalcogen atoms and 

the twisted structure becomes frozen-in [Fig.40d]. Relaxation to the ground state is 

possible by thermal annealing. 

The bond-twisting model provides explanations to various experimental 

observations: 



- The amplitude of the photodarkening increases when the sample is under low applied 

pressure but decreases under high applied pressure.52 The low pressure enhancement 

could result from stronger intermolecular interactions and therefore higher Coulomb 

energy values while high pressure could quench the photodarkening effect by reducing 

the amount of free space required for the bond-twisting mechanism to occur. 

- The amplitude of the photodarkening increases when the size of the chalcogen atoms 

decreases (Te, Se, S in that order).46 This dependence could indicate a strong correlation 

between the size of the chalcogen atoms and the amount of intermolecular space 

available for the bond-twisting motions. 

The bond-twisting model however does not provide an explanation for other 

photo-induced structural changes typically associated with photodarkening, such as 

volume expansion. In addition, it is entirely based on local atomic relaxations occurring 

around particular chalcogen atoms while photodarkening and photo-expansion are clearly 

non-local effects. ~ h i m a k a w a ~ ~  suggested that rather macroscopic or mesoscopic 

interactions are the dominant mechanism in both the photodarkening and the volume 

expansion effects. In other words, the entire x-band at the top of the valence band should 

be regarded as being responsible for photodarkening or volume expansion, and not 

individual atoms. This is the motivation behind the slip and repulsion model. 

The slip and repulsion model is based on the assumptions that the structure of 

chalcogenide glasses consists of an assembly of layered clusters and that holes have a 

higher mobility than electrons in these glasses, which is generally true.65 Under 

illumination, excitons form and dissociate generating electrons in the conduction band 

tail and holes in the x-band. The photoexcited electrons remain mostly trapped in 

localized states, while the photoexcited holes are nearly free and diffuse to the un- 

illuminated region. As a result, the layers in the illuminated region become negatively 

charged giving rise to repulsive Coulomb interactions that lead to an increase in the 

average interlayer distance [Fig.4 1 a]. 
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Figure 41: a Atomic structure of a layer cluster in the annealed state, b formation and 
dissociation of excitons under illumination resulting in a Coulombic repulsive force 
between the layers, c slip motion of the layers with respect to each others under the force 
distribution generated by the photo-expansion of neighboring clusters, d atomic structure 
of the layer cluster in the photodarkened state. 

This manifests itself as the photo-expansion effect. The repulsive interactions act as a 

compressive force on the layers that induces slight modifications of the interaction 

between lone-pair electrons, but not significantly enough to account for the 

photodarkening effect. In this model, the photodarkening effect is actually a consequence 

of the photo-expansion effect. Indeed, since the layers are organized in adjacent clusters 

of different orientations, a slip motion along the plane of the layers should also take place 

with the occurrence of volume expansion in neighboring clusters [Fig.4lb]. This slip 

motion of neighboring layers away from their ground state leads to an increase in the 

lone-pair electron interactions and a broadening of the x-band while the dC states of the 

conduction band remain mostly unchanged. Note that this model, as the bond-twisting 

model, relies on the fundamental assumption that, although the glass is not in thermal 

equilibrium, its total free energy in well-annealed samples is minimal and hence the 

corresponding atomic configurations can be taken to represent the minimum of lone-pair 

electrons interactions. When the illumination is turned off, the photo-induced charged 

defects act as recombination centers for the photoexcited free charge carriers. The 

consequent reduction of the amount of negative charges in the layered clusters leads to a 

weakening of the repulsive interactions, allowing the layers to slip back toward their 



initial position. The layers eventually reach a new metastable position corresponding to 

the metastable photodarkened state. 

While this model does not provide any detailed explanation of the microscopic 

mechanisms responsible for the modifications of the electronic band structure that 

ultimately lead to the photodarkening effect, it is nevertheless very insightful and 

consistent with various experimental observations: 

- The characteristic time associated with the decay of the transient photodarkening is 

relatively long, on the order of seconds.47y65 This could be a direct consequence of the 

invoked relaxation of the layered clusters on a mesoscopic scale, which is expected to 

require much longer times than the recombination of the photoexcited charges. 

- The rate of photodarkening is lower than the rate of photoexpansion.46 This could result 

from the facts that photo-expansion precedes photodarkening in this model and that the 

energy required for the in-plane slip motion of neighboring layers is expected to be larger 

than for their repulsion in the normal direction. 

- Both photo-expansion and photodarkening are enhanced when the illuminated surface is 

positively biased? This could indicate that more electrons accumulate in, and more holes 

diffuse away from the illuminated region. Conversely, no photo-expansion or 

photodarkening should occur in very thin films if their full surface area is illuminated 

since the photoexcited holes would not be able to diffuse away from the illuminated 

region. 66 

- 0.5 at % of metal impurity (e.g. Sn, Dy) significantly reduces the photodarkening 

effect.67 This could be explained in the light of this model by assuming that these 

impurities act as bridging atoms between the layers, thus preventing their relative motion. 

One model goes deeper in understanding the microscopic mechanisms responsible 

for the photodarkening effect. It is based on the observations made by Anderson in 

amorphous materials that phonon coupling can give rise to a negative Hubbard energy 

u~~~ making the effective interaction between two electrons in the same energy state 

attractive." In chalcogenide glasses, Street and ~ o t t "  argued that if the atomic motion of 

the numerous neutral dangling bonds (paramagnetic defect centers) initially present in the 



glass is sufficient to induce a negative UH, then these dangling bonds act as acceptors and 

donors for the formation of more stable charged dangling bonds with entirely paired spins 

(diamagnetic defect centers), thus lowering the total energy of the glass. This results in 

an increase of the glass polarizability and therefore of its refractive index. Kastener et 

a1.71 fwher suggested that specific interactions between non-bonding lone-pair orbitals of 

the chalcogen atoms also provide a mean for decreasing the energy of diamagnetic 

defects relative to the energy of paramagnetic defects and can give rise to unusual 

bonding configurations called Valence Alternation Pairs (VAPs). These configurations 

result for example when a twofold coordinated Se atom and a threefold coordinated As 

atom in their ground state form one positively charged fourfold coordinated As atom 

(noted  AS^+ or D+ in general) and one negatively charged single coordinated Se atom 

(noted Sel' or Dm in general), which is more stable than the neutral ~ s ~ ~ ~ e ~ ~  defect 

configuration [ ~ i ~ . 4 2 ]  .72 

Figure 42: Formation of a VAP. a Structure of the annealed glass, b breakage of an As- 
Se heteropolar bond, c formation of an As-As homopolar bond and of a stable intimate 
VAP. 

Note that the bonding rearrangements necessary for the creation of an A S ~ + S ~ ~ -  VAP 

entail the formation of an additional As-As bond. The creation of such VAPs requires a 

relatively small energy so that the intrinsic density of VAPs and As-As homopolar bonds 

at room temperature is relatively large in most chalcogenide glasses. In materials with 

large dielectric constant E and high glass transition temperature T,, the D+ and D- centers 

are mostly randomly distributed while in materials with relatively small E and low T,, the 

Coulomb attraction between the D+ and D- centers is responsible for a non-random 



distribution with an appreciable density of intimate D+-D- VAPs that can lead to some 

anisotropy of the glass. Based on this model, photodarkening can be explained as the 

formation of an excess concentration of VAPs under illumination with sub-band-gap 

light. Each created D+-D- dipole is associated with an electric field Ed@ that produces a 

local non-linear change of the refractive index An : 

~ n - 2 ~ ' ~ ~ :  (96) 

4 2 where X ( 3 )  = - no so n2 (97) 
3 

n2 is the third order non-linear coefficient of the glass and no the value of its refractive 

index in the annealed state. The large values of n2 in chalcogenide glasses (n2 As2Se3 = 2.6 

10-l7 m2/w, n2 As2S3 = 4.5 10-l8 m2/~)73974 is the main reason why such a small 

concentration of dipoles leads to such a pronounced macroscopic An. Since these extra 

VAPs are stable, a fraction of them remains after the illumination is turned off, 

corresponding to the metastable photodarkened state. 

This model is supported by several experimental observations: 

- Electron spin resonance (ESR) measurements have shown a large concentration of 

paramagnetic defect centers in chalcogenide glasses.75 

- The number of As-As homopolar bonds increases under illumination." 

- Chalcogenides glasses that exhibit large photodarkening tend to have large non-linear 

c~eff ic ient .~~ 

V.3.3 Kinetics of the photodarkening effect 

Let's now consider the temporal behavior of the photodarkening effect. 

Assuming that before illumination there exist NGS sites in the ground state, the number of 

photodarkened sites N(t) satisfies the following rate equation: 

where k, is the photodarkening rate and kb the bleaching rate. To take into account time- 

dispersive effects, these rates are expressed as k p  = AtP-' and ka = ~t ' - ' ,  where A and B 

are constants that depend on temperature and illumination intensity, and P i s  a dispersion 



parameter (O<Kl) assumed for simplicity to be the same for both rates. The solution to 

this equation is a stretched exponential function that has the following form: 

where Ns is the number of photodarkened sites at saturation and T=[~/(A+B)]"~ is a time 

constant characteristic of the material. The effective medium approximation (EMA) can 

then be used to calculate the corresponding time evolution of the attenuation coefficient 

of the glass consisting of a mixture of photodarkened (N) and unphotodarkened (NGsN) 

sites, which yields: 

- Aa(t) = Aa,  - Aa,  exp - (rd:cay)l] - (1 0 1) after illumination is turned off at FO; 

where rrise is the characteristic rise time of the total photodarkening effect, rdeCay is the 

characteristic decay time of the transient photodarkening, AaSm is the amplitude of the 

saturated metastable photodarkening and Aatr is the amplitude of the transient 

photodarkening [see Fig.45a for actual data]. 

A recent study of the dynamic photo-response of As2Se3 thin films under 

illumination with an ~ r +  laser has confirmed that the total change in absorption A a  is a 

combination of a transient and a metastable It showed that the metastable 

photodarkening accumulated with each successive short time illumination until reaching 

saturation while further illumination only induced transient photodarkening. The 

transient effect was found to be as high as 60% of the total effect induced during 

illumination at room temperature, with a characteristic decay time of -5 s. 

V.3.4 Photo-induced refractive index change in As2& - - and As& thin 
films 

As discussed in the previous section, photodarkening (heretofore abbreviated as 

PD) provides a unique mechanism to optically induce a large refractive index change in 



chalcogenide glasses. Even though a lot of studies have been carried out on both As2Se3 

and As2S3, our fibers could represent a very sensitive system for measuring small photo- 

induced phenomena. Indeed, while the metastable PD has been extensively studied in 

amorphous chalcogenide thin films using transmission measurements analyzed with the 

Swanepoel's envelope method78 and ellipsometry measurements,51579 little is known about 

the wavelength and intensity dependence of the amplitude and response time of the 

transient PD and different models give different predictions. The available experimental 

data for the transient PD is limited to the transient change in kPg0 which is insufficient to 

accurately predict and optimize the optical tuning efficiency in our fibers at 1.5 pm. 

Here, we characterize both the metastable and transient PD in As2S3 and As2Se3 thin films 

using two approaches. In the first approach we studied the amplitude of the illumination- 

induced metastable and transient PD through in-situ spectroscopic ellipsometry 

measurements. The kinetics of the transient PD effect was then studied using a second 

approach where in-situ transmission measurements were performed with a probe beam at 

1.5 pm. 

The As2Se3 and As2S3 thin films were deposited by thermal evaporation under 

vacuum (2x1 om5 Ton) and annealed for 2 h under vacuum at 1 80°C before measurement. 

The increase in absorption associated with the PD limits the sample thickness for which a 

uniform and complete metastable PD can be obtained to only a few hundred 

nan0meters,6~ making thermal evaporation a frequent sample preparation method. The 

thin films used in the ellipsometry measurements were deposited on a single-side 

polished silicon substrate while those used in the transmission measurements were 

deposited on (VWR) glass substrates. 

We first studied the wavelength dependence and reproducibility of the metastable 

PD in a 500-nm thick As2Se3 thin film. The sample was subjected to three consecutive 

cycles consisting of illumination, ellipsometry measurement and annealing [Fig.43a], 

using two different illumination wavelengths: the 633-nm line from a (NEC GL G5261) 

HeNe laser and the 5 14-nm line from a (Coherent Innova 90 plus) ~ r '  laser. 
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Figure 43: a Schematic of the measurement procedure, b wavelength dependence and 
reproducibility of the metastable PD in As2Se3. Grey = annealed state, red = metastable 
PD induced by 633 nm illumination, green = metastable PD induced by 514 nm 
illumination. 

Illuminations were performed for 2 hours at room temperature in nitrogen atmosphere to 

prevent photo-oxidation. The illumination power was kept constant for both wavelengths 

around 100 mw/cm2. Ellipsometry measurements were performed using a (Sopra GES-5) 

broadband spectroscopic ellipsometer. We used focusing lenses to reduce the size of its 

optical beam to -200 pm x 500 pm so that no significant thickness or index variations 

were expected in the measured area. The average n value for the annealed As2Se3 thin 

film was equal to 2.77 at 1.5 pm [Fig.43b]. At this wavelength, we measured a 

metastable change in n equal to 0.07 (2.6%) and 0.04 (1.4%) under 514 nm and 633 nm 

illuminations, respectively, which compares well with published data (see section V.3.1). 

Note that most of the available evidence suggests that the fundamental characteristics of 

the metastable PD are not affected by variations in the glass structure originating from the 

sample preparation technique46 and that repeated optical darkening and thermal bleaching 

cycles can be performed with a high degree of reproducibility without leading to 

noticeable degradation or fatigue.52 

We then characterized the intensity dependence of the transient photodarkening 

effect in 100-nm thick As2S3 and As2Se3 films under 514-nm illumination by in-situ 

ellipsometry measurements [Fig.44a]. 
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Figure 44: a Experimental setup for in-situ ellipsometry measurements. The low pass 
filter (LPF) cuts all wavelengths below 800 nm. b Refractive index change relative to the 
annealed state under illumination at 5 14 nrn as a function of the average PD power in the 
layer for As2S3 (blue) and As2Se3 (red). 

The ~ r '  laser beam, heretofore referred to as the photodarkening beam, was injected into 

the ellipsometer after being magnified in order to overlap with the optical beam produced 

by the ellipsometer and its power was increased between successive measurements. We 

calculated the axial profile of the PD field in the thin film, using the Transfer Matrix 

Method (TMM), and determined the average optical intensity in the layer for the different 

values of incident power. The thin films were initially illuminated with the PD beam for 

2h to saturate the metastable PD. The percentage change in the index of refraction at 1.5 

pm for the two glasses is reported in Fig.44b as a function of the average intensity in the 

thin films. The saturated metastable PD (0 intercept) was found to be equal to 2.7% and 

1.3% of the annealed refiactive index for As2Se3 and As2S3, respectively while any 

additional index change was attributed to transient PD. The transient PD increased 

linearly with increasing intensity before saturating at -3.7% and -1% for As2Se3 and 

As2S3, respectively. 

Ellipsometry measurements offer remarkable accuracy but are unfortunately too 

slow to provide any useful information about the kinetics of the transient PD, which is 

why we turned to in-situ transmission measurements. The experimental arrangement 

used to study the kinetics of the transient PD effect in the 100-nm thick As2S3 and As2Se3 

films is depicted in Fig.45a. 
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Figure 45: a Experimental set-up for in-situ transmission measurements, b power 
transmitted at 1.5 pm over time through a 100-nrn thick As2Se3 film under and after 
illumination with the PD beam (dark green) and fit with a stretched exponential function 
(bright green). The illumination time is shown in yellow. 

In this case the PD beam overlapped with the probe beam from a (Photonetics Tunics 

plus) tunable laser emitting 10 mW at 1.5 pm delivered by a single-mode fiber. After 

saturation of the metastable PD, the transmitted probe beam was recorded in time during 

and after illumination with the PD beam. A typical example of the transmission is shown 

in Fig.45b. The intensity dependence of the kinetics of the transient PD was quantified 

by fitting these transmission profiles recorded for different illumination powers with a 

stretched exponential function:80 

where To is the initial transmission, AT,, is the maximum change in transmission, s is 

the characteristic rise or decay time and /3 is a dispersion parameter (O<P<l). On average 

we obtained pAsZSe3 = 0.79 and Pns2a = 0.96. Fig.46 summarizes the intensity dependence 

of the fitting parameter s for As2S3 and As2Se3. 
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Figure 46: Characteristic rise time fzse (dots) and decay time pay (triangles) associated 
with the transient PD in As2Se3 (a) and As2S3 (b) as a function of the average PD power 
in the layer. 

We found that the characteristic rise time decreased with increasing intensity, as expected 

from section V.3.1, and varied as: 
- 951 -0.95 Tr~s2se3 - (s) (Io3) 

T~~~~~ = 6301 -0.9 (s) (104) 

where I is the average intensity in the layer (in mw/cm2). The characteristic decay time 

after 2 min illumination increased with increasing intensity as: 

tAQse3 = 9.5e0.04' (s) (1 05) 

= 6.6e0.02' (s) (1 06) 

which, in the light of the slip and repulsion model, suggests that holes diffuse W h e r  

away from the illumination region. 

It clearly appears from these measurements that As2Se3 is the best candidate for 

an optical tuning application due to its larger transient refraction index change and its 

faster response time under low illumination powers. 

Static and dynamic optical tuning 

We now report on the fabrication and characterization of all-optical tunable 

Fabry-Perot fibers. The design of the reflecting Fabry-Perot structure enveloping the 

fiber had to satisfy two requirements to maximize the tuning efficiency: 

- the cavity resonant mode should have a high Q-factor; 



- the choice and distribution of the materials should be optimized to maximize the shift of 

the cavity resonant mode when illuminated with the PD beam. 

The solution we implemented consisted in placing As2Se3 in the cavity layer because its 

high absorption coefficient at 514 nm (k = 0 .6047~~3~~)  resulted in a larger and faster 

response, while As2S3 was used in the numerous surrounding mirror layers since its 

smaller absorption coefficient at 514 nrn (k = 0.0072".~~) enabled higher PD light 

intensity in the cavity layer. Fig.47 shows the cross-section of a 910-pm-diameter fiber 

composed of a hollow core PEI rod surrounded by 6(inner)+7(outer) bilayers of As2S3 

and PEI, separated by an As2Se3 layer that formed the Fabry-Perot cavity, and protected 

by two extra polymer layers. 

Figure 47: SEM micrographs of an all-optical tunable micro-cavity reflection fiber. The 
thick middle layer corresponds to the Fabry-Perot cavity made of As2Se3. The other light 
grey mirror layers are made of As2S3 while the dark grey mirror layers are made of PEI. 

The As2S3 layers were -190 nm thick, the PEI layers were -210 nm thick, and the defect 

layer was -250 nm thick. 

Reflectivity measurements were performed on this fiber using a (Bruker Optics 

Tensor 37) Fourier Transform Infrared Spectrometer coupled to a (Hyperion 2000 IR) 

microscope with a lens numerical aperture corresponding to +I- 35' of angular spread. 

Because of the optical cavity small field of view: the cavity resonant mode could not be 

discerned clearly [Fig.48a], and we hence performed narrow-band reflectivity (NBR) 

measurements as described in section V. 1 [Fig.48b]. 
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Figure 48: FTIR (a) and NBR (b) measurements. The solid blue curves correspond to 
experimental results while the dashed red curves are calculated reflectivity spectra 
averaged over the corresponding experimental range of incidence angles and 
polarizations. 

Using the n and k values of As2S3, As2Se3 and PEI measured by spectroscopic 

ellipsometry and the layer thicknesses determined by SEM imaging, the reflectivity 

spectra of these fibers were computed with the TMM and averaged over the experimental 

range of incidence angles and polarizations. While we obtained good agreement with the 

FTIR measurements [Fig.48a], the NBR measurements exhibited a cavity resonant mode 

broader and less deep than the calculated one, leading to a quality factor equal to 225, 

-35% lower than the theoretical one [Fig.48b]. This indicates the presence of 

unaccounted material and radiation losses, most likely due to interface defects 

(roughness, point defects, non-stoichiometric glass composition.. .) and layer thickness 

fluctuations that affect the reflectivity of the mirror layers at the resonant wavelength.12 

We measured the photo-response of these fibers by performing in-situ NBR 

measurements [Fig.49]. 
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Figure 49: In-situ NBR measurement setup. 

The angle of incidence of the PD beam was optimized by calculating the angle of 

minimum reflection and therefore of maximum penetration of the multilayer structure at 

514 nm [FigSOa]. 
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Figure 50: a Calculated reflection (light blue) and absorption (dark blue) at 514 nm as a 
function of incidence angle, b calculated power dissipated in the Fabry-Perot structure at 
5 14 nm for an incidence angle of 20'. 

This angle appears to be around 20' and also corresponds to the angle of maximum 

absorption. We confirmed that for this incidence angle is optimal by calculating the 

corresponding profile of the power dissipated in the structure at 5 14 run with the TMM 

[FigSOb]. We found that the PD beam is almost entirely absorbed in the cavity layer, 

thus maximizing its refkactive index change and the spectral shift of its resonant mode. 



The 910-pm diameter fiber was initially illuminated with the PD beam for 2h to 

ensure saturation of the metastable PD. The reflected power before and during 

subsequent illumination with the PD beam was then measured at each probe wavelength 

with illumination and dark times equal to 2 min and normalized by the power reflected 

off-resonance at 1550 nm. We measured a photo-induced shift of the cavity resonant 

mode of 2 nm under 574 mw/cm2 illumination, corresponding to a maximum change in 

reflectivity of 58% at 1497.5 nm [FigSla]. 
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Figure 51: a In-situ NBR measurements of the cavity resonant mode. The solid grey and 
green lines show the experimental reflectivity measured in the dark and under 
illumination, respectively. The dashed curves show the corresponding reflectivity 
calculated with the TMM. b Fiber reflectivity measured over time under illuminated with 
a 574 mw/cm2 modulated PD beam at three different probe wavelengths: 1550 nm 
(blue), 1599.2 nm (red) and 1497.5 nm (green). 

We computed a theoretical shift of the cavity resonant mode under these illumination 

conditions using the following algorithm: 

- the cavity layer was initially discretized into 100 sub-layers of homogeneous refractive 

index; 

- at time t, the PD intensity profile ~ ~ ( x , t )  in the structure was calculated; 

- the amplitude of the transient PD TPD(E~(X,~)) was derived using its experimentally 

determined intensity dependence [Fig.44b]; 



- the refractive index change effective at time t was computed using the intensity 

dependence of the characteristic times of the transient PD given by Eq.103-106: 

&(~)=TPD(E~(x, t)).~(t,  z(E2(x, t))) where F denotes the fraction of transient PD actually 

reached at time t; 

- the values of the refractive indices of the As2S3 and As2Se3 layers were updated; 

- the algorithm repeated itself by computing the new intensity profile at t+At. 

This led to a theoretical shift of 2.2 +I- 0.3 nm. Possible sources of error included the 

uncertainty on the actual incident power due to the cylindrical geometry of the fiber and 

the uncertainty on the characteristics of the transient PD in the chalcogenide fiber layers 

compared to thin films. Because of the poor thermal conductivity of the polymer layers, 

the glass layers were subjected to a moderate heating under illumination <35 O C  at the 

fiber surface (measured with a (FLIR) infrared camera) and <5 OC in the cavity layer 

(estimated). The corresponding thermal expansion was well below 0.01 % for all layers. 

To characterize the dynamic behavior of the optical tuning, we modulated the PD 

beam with a chopper and measured the induced modulation of the fiber reflectivity by 

connecting the InGaAs detector to a (Tektronic TDS 3032B) oscilloscope [Fig.49]. The 

wavelength dependence of the amplitude of the fiber reflectivity modulation [Fig.5 1 b] 

was a clear indication that it was induced by a shift in the spectral position of the cavity 

resonant mode. For a PD beam intensity of 574 mw/cm2 modulated at 1.5 Hz, the 

maximum change in the fiber reflectivity was equal to 41% at the cavity edge (1497.5 

nm). Fig.52 shows the temporal response of the fiber reflectivity at two other modulation 

frequencies (25 and 150 Hz) for the probe wavelength that yielded the largest modulation 

at 1.5 Hz. 
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Figure 52: Modulation of the Fabry-Perot fiber reflectivity at 1497.5 nm for a 
modulation frequency of the PD beam equal to 1.5 Hz (a), 25 Hz (b) and 150 Hz (c). 

We now define a figure of merit for these fibers as the ratio of the reflected power 

at 1497.5 nrn with and without PD illumination, also called the On-Offratio. Such figure 

of merit is typically used to characterized optical switches because it is a measure of their 

intrinsic signal to noise ratio. Fig.53 reports the On-Off ratios measured under 574 and 

86 1 mwlcm2 illumination for modulation frequencies up to 400 Hz. 

Frequency (Hz) 

Figure 53: On-Off ratio measured at 1497.5 nm under 574 r n ~ l c r n ~  (blue) and 861 
mwlcm2 (green) illumination as a function of the PD modulation frequency. The dots 
are experimental values while the dashed lines were determined numerically. 



Increasing the PD-beam intensity to 861 mw/cm2 increased significantly the On-Off 

ratios due to a faster and larger index change in the cavity layer while further increase did 

not result in any improvement because of an increase in the decay times of the TP and in 

the absorption coefficient of the chalcogenide glasses at 5 14 nm. We used the TMM and 

the algorithm described previously to compute the expected On-Off ratios under similar 

experimental conditions and obtained very good agreement with the measurements 

[Fig.53]. 

The amplitude of the dynamic optical tuning was limited by the fundamental 

response time of the materials while its efficiency was limited by the Q factor of the 

Fabry-Perot cavity. In addition, the On-Off ratios were also penalized by the relatively 

high reflectivity at the resonant wavelength (-1 5%), which results fiom the difference 

between the reflection coefficients of the mirrors surrounding the cavity layer due to the 

fundamental dissymmetry of the structure. These results can be improved by increasing 

and optimizing the number of bilayers surrounding the cavity layer. In addition, 

illumination with short high peak power light pulses could lead to significantly faster 

response times since the speed of the transient photodarkening is ultimately determined 

by the number of absorbed photons. Recent studies suggest that sub-microsecond rise 

times are a~heivable. '~.~~ Finally, AszSe3 is also well-known for its high non-linearities 

(- 400 times higher than in silica) making it an excellent candidate to demonstrate 

bistability and ultra-fast all-optical switching. 

VI Hollow core photonic band-gap transmission fibers 

The transmission of electro-magnetic waves in hollow waveguides dates back to 

the early 1970's with Bell-labs' WT4 long-haul communication system1 designed to 

transmit millimeter waves in a hollow metallic tube. Although the advent of high-purity 

silica fibers set the basis for modem optical communications, the general approach of 

confining light in a hollow-core waveguide having highly reflective walls had been 

continuously explored for a broad range of wavelengths and intensities where the use of 

solid-core fibers is not feasible.839" Conventional optical fibers rely on guiding light 



through total internal reflection in solid materials, a process that has fundamental 

limitations stemming from light absorption by electrons and phonons, material 

dispersion, Rayleigh scattering, and various non-linear effects. These limitations have 

motivated the study of light propagation in hollow fibers with many applications in high- 

power laser guidance for medical procedures,84y85 atom guiding,86 high-harmonic 

among others. 

Hollow-fiber technology is not without precedent, and hollow metallic or metallo- 

dielectric waveguides have been studied extensively and have found use in several 

practical applications, including the transmission of high-power C02 laser light.88y89 

Nevertheless, finite metal conductivity in the visible and NIR results in high transmission 

losses, and the use of metallic linings limits both the fabrication length and mechanical 

flexibility of these fibers. 

Exploration of Bragg reflection as a mechanism for light guidance in a hollow 

core was initiated in 1978 by Yeh and yarivgo who theoretically investigated the 

transmission of non-index-guided modes through a hollow multilayer cylindrical 

structure by Bragg reflection from the cladding. Nevertheless, limitations on the 

refractive index contrast inherent in doped-silica technology led to pessimistic 

assessments of the potential of such structures. Recent research concerning photonic 

band-gaps exhibited by higher dimensionality photonic crystal structures has excited 

interest in fabricating optical fibers that guide light through the effect of a complete 

photonic band-gap enforced by a two dimensional periodic cladding structure fabricated 

of silica glass containing air holes.1y91 

Our hollow core transmission photonic band-gap fibers rely on the 

omnidirectional reflectivity of the Bragg structure that lines their core as a confinement 

mechanism. Omnidirectional reflectivity is provided by the large photonic band-gaps 

established by multiple alternating layers made of a high refractive index chalcogenide 

glass and a low refractive index polymer (section 11.1). 4y85y92 The same polymer can be 

used as a cladding material, resulting in fibers composed of more than 98% polymer by 

volume (not including the hollow core) that combine high optical performance with 

polymeric processability and mechanical flexibility. A distinctive feature of this light- 



guidance mechanism is that it is 'wavelength scalable', i.e. the final scale of the structure 

determines the wavelength of light that is transmitted along the fiber [Fig.la]. This 

allows us to produce hollow-core transmission fibers with a fbndamental photonic band- 

gap at 10.6 pm for high power C02 lasers used in laser surgery and materials processing 

applications, at 3 pm for the transmission of high-energy Er:YAG laser radiation, at 1.5 

pm for use in telecommunications applications, at 750 nm for biomedical applications, in 

the visible for lasing and sensing applications (e.g. TNT sensing) down to 350 nrn for 

high power UV light delivery. 

These novel fibers provide performances already comparable or in excess of the 

best waveguides currently available at 10.6 pm. Although powerful and efficient C02 

lasers are available, waveguides operating at this wavelength have remained limited in 

length or loss levels. 84,88,89,93 Our approach yields tens of meters of flexible hollow 

photonic band-gap fibers for transmission of C02 laser light, with waveguiding losses 

lower than 1 dB/m and transmitted power densities exceeding 1.3 ISw/cm2 (25 W in a 

500 mm hollow-core diameter). In addition, the flexibility of the fiber allows for 

surgeons to use it to gain access to otherwise inaccessible areas such as tumors in lung 

cancer patients [Fig.54]. 

Figure 54: a Current technology used for C02 laser light delivery: free space optics, b 
future technology: flexible hollow-core photonic band-gap fibers, c use of our fibers for 
the very first non-invasive lung-cancer surgery performed by Dr. R. Bueno at the 
Brigham and Women's Hospital in Boston on October 28, 2005. (Courtesy of the 
Brigharn and Women's Hospital) 



Several other medical procedures and material processing applications could benefit from 

the unique features of these fibers. 

VI.l Guided modes in hollow core transmission photonic band-gap fibers 

The structure of our transmission fibers consists of a hollow core surrounded by 

alternating high and low refractive index layers that form an omnidirectional Bragg 

reflector and a thick polymer cladding [Fig.55]. 
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Figure 55: SEM imaging of the cross-section of a fiber made of As2Se3 and PES with 
fundamental band-gap around 3.55 pm taken at different magnifications. The first 
chalcogenide layer is systematically chosen to be half-thick to eliminate surface states 
that would induce high propagation losses. (Courtesy of S.D. Hart and B. Temelkuran) 

Because of our fabrication technique (section IV.l), the mirror layers form a spiral 

around the core and a seam is present at the surface of the multilayer structure as shown 

in Fig.27b corresponding to the very beginning of the rolling process. For simplicity, we 

will assume in all our calculations that the structure consists instead of concentric layers 

with a perfectly square periodic refractive-index profile and that the real structure could 

eventually be studied by perturbation theory. 

Solutions to the wave equation in cylindrical coordinates 

In order to understand and optimize the characteristics of light propagation in our 

fibers, we need to solve Maxwell's equations in cylindrical coordinates. The longitudinal 



electro-magnetic field (E,, Hz) in each isotropic and homogeneous layer of refractive 

index n satisfies the following wave equation: 

and is characterized by three conserved quantum numbers: its frequency w, the 

component of its wave-vector parallel to the layers, also called axial wave-vector, /? and 

its angular-momentum m. As a result, it consists of a superposition of Hankel functions 

and falls into one of the two following categories: 

Ez (r, 8, z) = [A, H: (k,r) + B, H: (k,r)] cos(rn~)e'(~-"*) (1 08) 

Hz (r, 8, z) = [C, HA (k,r) + D, H: (k,r)] ~ in (m8)e ' (~ -~*)  (1 09) 

or 

Ez (r, 8,z) = [A, H: (k,r) + B,H; (k,r)]~in(rnt9)e'(~~-"*) (1 10) 

Hz (r, 8, z) = [c, H: (k,r) + D, H: (k,r)] ~os(m8)e'(~-"*) (1 1 1) 

where HA and are Hankel functions of type I and I1 that represent the outgoing and 

incoming waves, respectively, k:=dn:lc2-f is the transverse component of the wave- 

vector and A,, B,, C, and D, four unknown coefficients associated with layer q. The 

boundary conditions at each interface require the continuity of the transverse components 

of the electro-magnetic field (i.e. E ,  H ,  Es and He), which can be expressed in terms of 

E, and Hz as follow: 

+-- "On": EE) (1 IS) 
P 



As in the planar case, this system of equations can be written in a matrix 

formalism resulting in 4x4 transfer matrices that relate the unknown coefficients in one 

layer to the ones in its adjacent layers.90 In addition, we assume that there is no incoming 

wave in the outermost cladding (i.e. Bc=O and Dc=O). This leads to a unique solution for 

which the coefficients in layer q are given by: 

I Cladding 

where the propagation matrices P and transfer matrices T as introduced in section 11.1.2 

are now 4x4 matrices. 

VI. 1.2 Identifying the guided modes: the leaky-mode technique 

Light does not propagate randomly in the fiber core and any solution to the wave 

equation does not necessarily correspond to a guided mode. Indeed, due to the finite 

dimension of the fiber core, it is expected that only a discreet set of modes will be 

confined by the structure while any other solution will radiate away from the core. These 

guided modes can be found using the leaky-mode technique, which consists in solving for 

the minima of the radial component of the time-averaged Poynting flux integrated over 

the outer fiber circ~rnference:~~ 

This method is used to calculate the dispersion relation w(B) of the lowest-order confined 

modes for each angular momentum m. The total number of guided modes supported by 

the fiber depends on its core radius R and scales as - R ~ ,  corresponding to a modal 

separation AP - 1 I R ~ .  

The guided modes are classified according to their polarization state. The 

polarization that has its electric field in the plane transverse to the direction of 

propagation, i.e. Ez=O, is referred to as the TE polarization and the polarization that has 

its magnetic field in the plane transverse to the direction of propagation, i.e. Hz=O, as the 



TM polarization. Modes with zero angular momentum (m=O) are purely TE or TM 

polarized as can be seen from Eq. 108-1 1 1 and noted TEoi and TMoi, where i is the order 

of the mode. By convention, the order of a mode increases as it is located further away 

from the light-line w=pc. Modes with non-zero angular momentum (m#O) are hybrid 

modes noted HEmi or EHmi if the TE or TM component of their polarization, respectively, 

is d~minant.~?" The intensity and polarization profiles of some fundamental guided 

modes are shown in Fig.56. 

Figure 56: Intensity and polarization profiles of the TEol mode (a), HEll mode (b), and 
TMol mode (c). Note that it is impossible to distinguish the TEol mode from the TMol 
mode from their intensity profile only; d, e, f same afier a horizontal linear polarizer: the 
TEol and TMol mode can now be distinguished. 

The HEIl mode [Fig.56b] is the only mode that has a perfect overlap with the linearly 

polarized Gaussian output of a laser making it the most likely mode to be excited in 

practice. The lower-loss TEol mode could be excited fairly efficiently if the incident 

beam had the polarization profile shown in Fig.56d, which can be constructed using a 

Spatial Light Modulator (SLM). 

VI. 1.3 Modal characteristics 

The combined information of the photonic band diagram associated with the 

planar equivalent of the omnidirectional Bragg reflector that lines the fibers' core and the 

dispersion relations of the guided modes previously identified allows us to predict the 



characteristics of light propagation in our fibers. Modes propagating in a hollow core 

fiber travel through air along the axis of the fiber and must be reflected by the multilayer 

mirror. They must therefore correspond to states that are just above the light-line and 

within the photonic band-gaps, where high transmission is expected. This is 

demonstrated in Fig.57a. 
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Figure 57: a Photonic band diagram and resulting transmission spectrum for a 30-cm 
long fiber (in red). The photonic band diagram is calculated for the planar equivalent of 
the omnidirectional Bragg reflector that lines the fiber's core. The TE and TM 
polarizations are overlapped and the omnidirectional reflectivity regime in the 
f'undamental band-gap is highlighted in blue. The blue transmission spectrum shows how 
the transmission characteristics of these fibers can be shifted by changing their outer 
diameter. b Detail of the fundamental photonic band-gap (in red) near the light-line 
(black line) showing the dispersion relation wGB) of the first few HEli and EHIi modes, 
i21 (yellow lines). The calculation was done for a core size of 10A for clarity. The 
parameter a corresponds to the bilayer thickness (i.e. a=dl+d2). 

Fig.57b shows the fundamental photonic band-gap and the dispersion relation ow) of the 

confined HEli and EHli modes closest to the light-line, which are most likely to 

participate in the transport of light. It can be seen that away from the band-gap edges, the 

group velocity dwldp of all the modes is slightly lower than c and that higher-order 

modes have a lower group velocity. Though strictly inaccurate, this can be understood 



intuitively from a ray-tracing analogy where modes propagate in the fiber core by 

bouncing off the omnidirectional Bragg reflector that lines it: at fixed m and o, higher- 

order modes have lower /3 values corresponding to a smaller incidence angle on the 

multilayer structure. This results in a longer optical path or equivalently a lower group 

velocity. As a corollary, the only mode that can propagate in the fiber core with a group 

velocity of c is a non-confined plane-wave. 

It can also be understood from the ray-tracing analogy why higher-order modes 

have higher propagation losses. Indeed, each time a mode bounces off the 

omnidirectional Bragg reflector, its electro-magnetic field decays exponentially in the 

mirror layers [Fig.3b] and is attenuated due to material absorption and radiation leakage. 

Radiation leakage results from the finite number of mirror layers that allows for the field 

power to tunnel through the omnidirectional Bragg reflector. It can be systematically 

reduced by increasing the number of bilayers and vanishes for an infinite multilayer 

structure [Fig.58a]. 
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Figure 58: a Propagation losses as a function of the number of mirror layers for a core 
size of 10A. Losses of the TEol mode are reduced by a factor 5 for each additional bilayer 
while losses of the HEll and TMol modes are only reduced by a factor 2. Radiation losses 
fall below material losses for 15 layers or more. b Propagation losses as a function of 
core diameter for a structure consisting of 20 layers. Losses of the TEol mode vary as 
1/R3 while losses of the TMol mode vary as -1/R2. For both (a) and (b), the structure is 
made of As2Se3 and PES and is designed to operate at 1.55 pm. (Courtesy of 0. Shapira) 

The fraction of field power that penetrates the mirror layers and determines the 

propagation losses of a given mode also depends on its polarization state due to different 



boundary conditions for the TE and TM polarizations. Clearly, the TM band-gap offers 

less confinement than the TE band-gap due to the existence of the Brewster angle below 

the light-line [Fig.4]. As an example, the total field power that penetrates the mirror 

layers for the TEol mode scales as 1 1 ~ ~  while it scales as 1 1 ~ ~  for the TMol mode, where R 

is the fiber core radius [~i~.58b]. '  Fig.59 summarizes the strong loss discrimination that 

exists between all the guided modes. 
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Figure 59: a Propagation losses calculation for the 30 lowest-energy modes with an 
angular momentum less than 4 in a hollow core photonic band-gap fiber made of As2Se3 
and PEI and operating at 1.55 pm. The omnidirectional Bragg reflector contains 26 
bilayers and the fiber core diameter is equal to 100A. The HEII mode is highlighted in 
green. b Propagation losses versus frequency for a structure designed to operate at 1.55 
pm and consisting of 10 bilayers of As2Se3 and PES and a 10A core size. (Courtesy of 0. 
S hapira) 

This has several important practical consequences. First, while single-mode fibers are 

difficult to fabricate with our current fabrication technique due to the required small core 

diameter, it is nevertheless possible to operate multi-mode fibers in a nearly single-mode 

regime since the TMoi modes and high-order HEoi and EHoi modes disappear over 

relatively short fiber lengths, an effect known as rn~de- j i l ter in~?~ On the other hand, 

while the guided modes are orthogonal to each others in the unperturbed system, small 

perturbations and bends can couple two modes together if their angular momentum differ 

by +/-I. As a consequence, a fraction of the electro-magnetic energy transported 

dominantly by the lowest-loss mode initially excited (typically the HEll mode) can be 

transferred to lossier modes resulting in an increase in overall propagation losses. This 



effect is likely to be more pronounced in large core fibers where the modal separation A p  

is small. 

VI.2 Transmission measurements 

VI.2.1 Spectral characterization 

Broadband transmission measurements are performed using our (Bruker Optics) 

FTIR [Fig.28]. Light is coupled to the fiber with a focusing lens while the fiber output is 

butt-coupled to an external detector. The fiber's ends are cut very carefully with a (Leica 

81 8) microtome blade to ensure that the core at the input and output is not obstructed by 

collapsed layers. In addition, they must be gold coated to avoid significant light coupling 

to the polymer cladding. Indeed, both PES and PEI exhibit strong transmission peaks in 

the following transparency windows: 1 - 1.1 pm, 1.2- 1.3 pm and 1.5- 1.6 pm for PES and 

1.22-1.32 pm and 1.52- 1.57 pn for PEI. Three external detectors are available: a Si 

detector, an InGaAs detector and a MCT detector, allowing for transmission 

measurements anywhere from 25 microns to 650 nm. Transmission measurements down 

to 300 nrn are obtained using a UV or white light source (e.g. a mercury lamp) and a (e.g. 

Ocean Optics HR2000GG-UV-NIR) spectrometer. Fig.60 illustrates the use of these 

different techniques and demonstrates the wavelength scalability of the omnidirectional 

Bragg reflector that lines the core of our fibers. 
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Figure 60: SEM micrographs of Bragg layers in fiber transmitting at 350 nm (a) and at 
10.6 pm (b). c Measured transmission spectra of fibers drawn to different layer 
thicknesses. /lo denotes the center wavelength of each transmission peak. The shape of 
the transmission peak at 10.6 pm is distorted by absorption lines from PES. 

We have fabricated transmission fibers operating in the UV, visible,  near-^^^^, and mid- 

IR '~ using the same fabrication technique and the same materials despite their strong 

chromatic dispersion (section 111.4). Scanning electron microscope imaging of the mirror 

layers reveals that the final layer thicknesses strongly correlate to the measured 

transmission peaks. The structure shown in [Fig.60a] consists of alternating layers of 

As2S3 and PEI with feature sizes below 30 nrn, resulting in a transmission peak at 350 

nm. Increasing the dimensions of the alternating layers of As2Se3 and PES to -1 pm 

[Fig.60b], leads to a shift of the transmission peak to 10.6 pm. 

Modal characterization 

A more detailed characterization of the modes actually transmitted through the 

fibers requires to perform narrow-band transmission measurements using single- 



wavelength or tunable lasers. The small range of wavelengths and the fundamental 

properties of laser beams make it possible to couple light into the fiber core with high 

efficiency. This is achieved by using a lens that focuses the collimated incident laser 

beam to a diameter equal to -70% of the fiber core diameter (D,,,): 

where F is the focal length, h is the laser wavelength and Dincident is the diameter of the 

laser beam before the lens. 

The modal output of the fibers can be imaged using a focusing lens and a Charge 

Coupled Device (CCD) infia-red camera. As a general rule, we found that 0.5-m long 

fibers with core diameter smaller than 501 were nearly single-mode while fibers with 

core diameter larger than 60A appeared clearly multi-mode, as shown in Fig.61. 

Figure 61: IR images and beam profiles of the output of 0.5-m fibers transmitting around 
1.55 pm with core-diameters equal to 80 pm (a) and 170 pm (b). The fibers' inner and 
outer circumferences are highlighted in white. 

Because of its strong overlap with linearly-polarized Gaussian laser beams, the HEll 

mode is typically predominant in nearly single-mode regimes for frequencies well within 

the band-gap [Fig.6 1 a]. A small contribution of the TEol mode can usually be detected by 

placing a linear polarizer in the beam path and rotating it until complete extinction of the 

HEll mode. This contribution becomes dominant at the band-gap edges where the 

propagation losses of the HElI mode increase dramatically while they remain constant for 

the TEol mode due to its stronger confinement [Fig.59b]. Coupling to the TEol mode can 

occur at the fiber's input if the laser beam is not perfectly centered with the fiber core or 

be induced by bends and other perturbations along the length of the fiber. 



Propagation losses characterization 

Propagation losses are measured by cutback measurements, which consist in 

measuring at a fixed wavelength the output power of the fiber as a function of its length. 

The fiber, initially more than 2-m long, is held straight and shortened progressively until 

it is no less than 1-m long to ensure that it is operating in a nearly single-mode regime at 

each step of the measurement. Since all the guided modes decay exponentially while 

propagating in the fiber, the logarithm of the output power versus the fiber's length draws 

a straight line [Fig.62] whose slope corresponds to a weighted average of the propagation 

losses in dB/m of all the excited modes (Eq.37). 
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Figure 62: Typical transmission spectrum of hollow core fibers designed to transmit COz 
laser light. The fundamental photonic band-gap is centered around 10.6 pm, and the 
second-order band-gap around 5 pm. Insert, cutback measurement performed at 10.6 pm 
showing propagation losses below 1 dB/m in a 700-pm core diameter fiber. (Courtesy of 
S.D. Hart and B. Temelkuran) 

Propagation losses can also be approximated with a non-destructive method that 

consists in measuring the radiated power as a function of position along the fiber, which 

is done by scanning the outside of the fiber with an integration sphere and the appropriate 

detector. At 10.6 pm, cutback measurements were performed using a (Coherent-DEOS 

GEM-25) 25-W C02 laser and a (Newport 8 18T-10) high-power detector. At 1.55 pm, 



they were performed with a (Photonetics Tunics plus or Ando AQ4321D) tunable laser 

and a (Newport 8 18IG) InGaAs detector 

One interesting figure of merit for these fibers is the comparison of their optical 

transmission losses to the intrinsic losses of the materials composing them. Reported 

optical losses at 10.6 pm for commercially available As2Se3 are typically greater than 10 

dB/m, while losses for PES exceed 100,000 dB/m. Transmission losses at 10.6 pm in 

photonic band-gap fibers fabricated out of these two materials however are lower than 1 

dB/m [Fig.62], demonstrating that waveguide losses orders of magnitude lower than the 

intrinsic fiber material losses can be achieved. We have further demonstrated that power 

densities sufficient to burn holes in a film of PES, the fiber majority component, and 

beyond can be transmitted through these fibers.85 This is made possible by the very short 

penetration depths of electro-magnetic waves in the high refractive-index contrast 

photonic crystal structure, thus enabling low attenuation through structural design rather 

than high-transparency material selection and allowing these same materials to be used at 

wavelengths that may have been thought improbable. 

The propagation losses measured at 10.6 pm are fairly close to the theoretical 

propagation losses of the HEll mode calculated for similar fibers indicating that they 

result primarily from material absorption in the mirror layers. However, we have 

measured propagation losses at 1.57 pm in a 165-pm core diameter fiber equal to 5.5 

d ~ / m ? ~  which is orders of magnitude higher than the computed values for the first 30 

lowest-loss modes [Fig.59]. More recent measurements have demonstrated losses around 

2 dB/m in 50A core-diameter fibers designed to operate around 1.55 pm, suggesting that 

these high losses are not fiber specific. Though it has not yet been proven, the 

discrepancy is attributed to scattering of the propagating core-modes that can induce 

perturbations of their axial wave-vector ,6. If A,6 is large enough, these core-modes are 

no more confined in the fiber core and become radiative modes. Different scattering 

sources could be involved such as roughness, point defects, non-stoichiometric glass 

composition and others at the multiple interfaces between the high refractive-index- 

contrast mirror layers. Such perturbations to the ideal structure are unfortunately difficult 

to account for in our TMM calculations. 



Other perturbations can lead to an increase in propagation losses, such as shallow 

bending. Preliminary results show that bending losses do not reduce dramatically 

transmission in the fundamental photonic band-gap, while high-order band-gaps 

experience much higher bending losses.85 This is expected because in our structures, the 

fundamental band-gap exhibits omnidirectional reflectivity while high-order gaps do not 

[Fig.57a]. These results are shown in Fig.63, where a 30-cm long fiber having a 

fundamental band-gap at 3.55 pm was looped into a small 'knot' consisting of multiple 

bends. 
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Figure 63: Transmission spectra for the straight (blue) and the 'knotted' (red) hollow- 
core fiber having a fundamental band-gap at 3.55 pm. The knot had a radius of -2 cm 
(see insert). (Courtesy of S.D. Hart and B. Temelkuran) 

Approximately 40% of the light in the fundamental band-gap was transmitted through 

this highly perturbed fiber when compared to the straight fiber, while transmission in the 

second-order gap at 1.7 pm was attenuated much more strongly. 



VI.3 Mechanical tuning of transmission photonic band-gap fibers 

Based on the results demonstrated in fibers designed for external reflection 

(section V.2), we have studied the mechanical tuning of a transmission fiber whose third 

order band-gap was around 767 nm. The corresponding fundamental band-gap was 

around 2.3 pm and the fiber core diameter was - 220 pm. We used a (Oriel) mercury 

lamp as a white light source and a (Ocean Optics HR2000GG-UV-NIR) spectrometer to 

measure transmission spectra as a function of the applied axial strain [Fig.64]. 
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Figure 64: Setup for the mechanical tuning of transmission fibers. 

The input end of the fiber was fixed and light was coupled to it using a focusing lens with 

a 2" focal length. The output end was butt-coupled to a multi-mode fiber connected to 

the spectrometer and both fibers were mounted on a x-stage. This enabled us to apply a 

strain in the axis of the fiber without perturbing the output coupling. The fiber ends were 

glued with epoxy to two plastic tubes that were tightly mounted in fiber holders to 

prevent them from slipping during the measurements. We measured a maximum 

reversible shift of 4 nrn under an applied strain of 1.2% corresponding to a normalized 

shift AYA equal to 0.52% [Fig.65]. 
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Figure 65: Shift of the transmission peak under increasing applied axial strain: E-~=O% 
(right, dark blue), gzz=O.6% (middle, blue) and ~-=1.2% (left, light blue). The red dashed 
curve corresponds to no applied strain (&==O%) and was taken after the previous axial 
strains were applied to the fiber to demonstrate the reversibility of the induced shift. 

Note that our opto-mechanical model (section V.2.1) predicts that all the layers in 

transmission fibers are under compressive radial stress during mechanical tuning, making 

delamination much less likely than in reflection fibers. 

While large, the measured tuning range remains significantly smaller than the 

transmission bandwidth of these fibers (-20 nrn). In addition, mechanical tuning requires 

to sacrifice flexibility, making it somewhat unpractical. Optical tuning on the other hand 

is ill-fitted because it is difficult to induce a uniform illumination over such extended 

fiber lengths, whether from the outside of the fiber or from the core by transmitting the 

photodarkening light in higher-order band-gaps. Fortunately, other tuning mechanisms 

may emerge in these fibers as we start drawing metallic electrodes in these composite 

fibers. 



VI.4 Design of highly dispersive transmission fibers 

Depending on the application pursued, group-velocity dispersion can be a 

limitation or a benefit. In telecommunication applications, it leads to a degradation of the 

optical signal at high bit rates or over long distances. For a given distance, the dispersion 

tolerance is proportional to the inverse of the square route of the bite rate. While it is 

possible to fabricate silica fibers with zero group-velocity dispersiony6 some dispersion is 

nevertheless beneficial to suppress non-linear effects such as four-wave mixing. 

Therefore it must be compensated for, typically every 80 km or less, using dispersion 

compensating fibers with a large dispersion parameter of opposite sign.97 On the other 

hand, chirped pulse amplification used to compress optical pulses beyond the non- 

linearity threshold of silica fibers requires high group-velocity dispersion and low non- 

linearities, which is achieved using diffraction gratings (Treacy compressors), fiber Bragg 

gratings and more recently hollow core photonic band-gap fibers.98y99 High group- 

velocity dispersion has been reported in photonic band-gap optical fibers (e.g. 1150 

ps/nm/km at 1560 but to this date only at the edge of their photonic band-gaps 

where propagation losses are high and little control over the dispersion of individual 

propagating modes can be achieved. 

Here we demonstrate that by intentionally introducing micro-cavities in such 

fibers, one can achieve much higher normal and anomalous group-velocity dispersion 

within their photonic band-gaps as a result of interactions between the core-guided modes 

and the cavity resonant mode(s), thus combining controlled group-velocity dispersion 

with the advantages of fiber waveguiding. We show that there exist strong correlations 

between the amplitude and bandwidth of the group-velocity dispersion and the different 

fiber design parameters. In addition, because the dispersion is controlled in part by 

geometric parameters, mechanical tuning can be employed to dynamically fine-tune its 

value at a fixed wavelength and even switch its sign. While these fibers could be used for 

precise dispersion compensation in telecommunication applications and enable dynamic 

allocation of bit rates, they could also be used for all-fiber chirped pulse amplification 

and enable peak powers thought unreachable, beyond the damage threshold of most 

materials. 



VI.4.1 
fibers 

Group-velocity dispersion in perfectly periodic photonic band-gap 

In perfectly periodic Bragg fibers, the group velocity of each guided mode varies 

across the band-gap, a property called group-velocity dispersion. Indeed, we saw in 

Fig.57b that the dispersion relations of the core-confined modes are nearly parallel to the 

light-line (i.e. vg-c), except at the band-edges where a significant fraction of their electro- 

magnetic field leaks into the cladding resulting in a drop of their group velocity [Fig.66a]. 
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Figure 66: Group velocity (a) and dispersion parameter D (b) as a function of frequency 
across the band-gap for the TEol, HEll and TMol fundamental core modes. (Courtesy of 
0. Shapira) 

The corresponding group-velocity dispersion parameter D of a given mode [Fig.66b] is 

related to the curvature of its dispersion relation and is given by: 

where the inverse of the group velocity vg is also called the group delay. This coefficient, 

reported in ps/nm/km, indicates the time spreading for a 1-nm wide optical pulse when 

propagating over a kilometer of fiber. Within the fundamental band-gap, D is predicted 

and has been measured to be between 5-10 ps/nm/km for the HEll mode. 7,100,101 For 

comparison, single-mode silica fibers have a dispersion coefficient at 1.55 microns of 17 

ps/nm/km97. While significant dispersion has been observed in photonic band-gap fibers 



at the band-edges:8 the lack of control over the exponentially decaying profile of the core 

modes in the periodic mirror structure and the associated high propagation losses make 

this mechanism unsuitable for high-performance applications. 

VI.4.2 Group-velocity dispersion in transmission fibers containing micro- 
cavities 

The periodic Bragg structure that lines the core of our fibers and is responsible for 

omnidirectional reflectivity offers a lot of flexibility in integrating micro-cavities that in 

turn can be used to precisely control the propagation losses, dispersion and non-linearities 

of the core-guided modes.102 The resonant modes of these micro-cavities correspond to 

frequencies within the band-gap that are confined in the corresponding cavity layers. In 

this study we limited ourselves to structures with a single cavity layer but multiple micro- 

cavities could be incorporated using the same fabrication technique. The number of 

cavity resonant modes and their fiequencies depend on the optical thickness of the cavity 

layer: A/2 cavities are single-mode while p 1 2  cavities with p>l are multi-mode (see 

section 11.2.3 for more details). The band structure now consists of a superposition of the 

core modes that propagate in air with a group velocity -c and one or several cavity 

mode(s) that propagate in the cavity material of refractive index n with group velocity 

-cln. It follows from coupled-mode theory that when a core mode and a cavity mode 

with same polarization (for m=O modes) or same azimuthal symmetry (Am=O, for m#O 

modes) interact, their dispersion relations form anti-crossings: the core mode transforms 

into the cavity mode and vice-versa with increasing frequency [ ~ i ~ . 6 7 a , b ] . ' ~ ~  
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Figure 67: a Band-diagram of a transmission micro-cavity fiber consisting of 12 bilayers 
of AszSe3 and PES and a 102 PES cavity located at the 7th layer from the core. The core 
size is equal to 70 pm. b Detail of the anti-crossing region resulting from the interaction 
between the HEll core mode and the cavity resonant mode.  HE^^+(-) refers to the 
dispersion relation of the core-mode at high (low) frequencies. c Coupling between the 
core and cavity modes and electric field profile across the anti-crossing region. 

Fig.67~ shows how the electric filed profile of the HEll mode evolves across the anti- 

crossing region as it couples to the cavity resonant mode. Note that these calculations 

were performed on a concentric multilayer structure with a perfectly square periodic 

refractive-index profile. The corresponding change in group velocity over the narrow 

interaction region lends itself to arbitrarily high dispersion values as seen in Fig 68. 



Figure 68: a Propagation losses, b group-velocity dispersion, c dispersion relation and d 
group velocity of the HEll mode across the anti-crossing region. Dispersion parameters 
of 2.1 o8 ps/nm/km and higher can theoretically be obtained via this mechanism. 

The calculated dispersion spectrum [Fig 68b] exhibits anomalous dispersion (D>O) and 

normal dispersion (D<O) below and above the cavity resonance wavelength, respectively, 

with a zero-crossing at a the cavity resonance wavelength. The expected increase in 

propagation losses near the resonance due to material absorption and radiation losses is 

less than 10 dBIm. 

The table below summarizes the correlations between the amplitude and 

bandwidth of the group-velocity dispersion and four main design parameters: the 

location, thickness and refractive index of the cavity layer and the core size of the fiber. 

Cavity n >O <O 
Fiber core size 

Design parameters 
Cavity location 
Cavitv thickness 

Coupled-mode theory 
Amplitude 

>O 
>O 

Bandwidth 
<O 
<O 



The amplitude and the bandwidth of the group-velocity dispersion are always anti- 

correlated, which is a direct consequence of the definition of D(A) [Eq.119]. The 

amplitude of the dispersion increases as the coupling strength between the core mode and 

the cavity mode decreases due to a stronger curvature of the dispersion relation over a 

narrower spectral range. Since the coupling strength is proportional to the overlap 

between the electric field of the core and cavity modes, it follows that it decreases 

exponentially as the cavity layer is located deeper and further away from the core. It also 

decreases with the cavity layer thickness and the fiber core size [Fig.58b]. Finally, it can 

be seen from Eq.119 that D increases as the refractive index of the cavity material n 

increases due to a larger group-velocity mismatch with air. Note that even if the cavity 

material was air, its resonant mode would still be slower than any core guided modes due 

to its stronger confinement (see section VI. 1.3). 

Dispersion measurements 

We have fabricated several transmission fibers operating around 1.55 pm with 

embedded micro-cavities. The fabrication process, described in section IV. 1, allows us to 

place micro-cavities anywhere in the Bragg structure and to obtain very good layer 

uniformity and adhesion [Fig.69] as well as precise control over the operating wavelength 

of the fibers over hundreds of meter [Fig.60]. 

Figure 69: SEM imaging of the cross-section of a transmission Bragg fiber containing a 
micro-cavity. The 90-pm core fiber is made of AszSe3 and PES and contains a 2 1  PES 
cavity located at the loth layer from the core. The fiber contains a total of 25 bilayers. 



The multilayer Bragg structure was made of a low refractive index polymer (poly- 

etherimide PEI or poly-ethersulfone PES) and a high refractive index amorphous 

semiconductor (arsenic triselenide As2Se3 or arsenic trisulfide As2S3). The location of 

the cavity layer, made of the same high or low refractive index materials, was varied 

from the 5" to the 10" layer, the cavity optical thickness was varied from h12 to 2h and 

the fiber core size was varied from 60 pm to 170 pm. To minimize the increase in 

radiation losses at the resonance, we maintained a large number of bilayers beyond the 

cavity layer, corresponding to a total number of bilayers for all the fibers of -25. The 

resulting structures were in effect similar to Gires-Tournois interferometers that induce a 

large phase-shift at resonance while maintaining high reflectivity. 

The performance of the fibers was evaluated using an (Agilent technologies 

86038A) Optical Dispersion Analyzer (ODA) that measures attenuation and relative 

group delay (i.e. the relative change in group delay from wavelength to wavelength) by 

the modulation phase-shijl method at wavelengths ranging from 1493 nm to 1640 nm. 

This method consists in sending an amplitude-modulated signal through the tested fiber 

and comparing its phase and amplitude with that of a reference signal.'" Due to the 

expected strong signal attenuation resulting from high coupling losses and high 

propagation losses near resonance, we amplified the signal with a (Covega BOA515) 

Semiconductor Optical Amplifier (SOA) to maintain a high signal to noise ratio [Fig.70]. 

ODA 

Tunable laser 

- For alignment 

Figure 70: Experimental set-up used to measure relative group delay spectra in our 
photonic band-gap (PBG) fibers. All silica fibers were single-mode (SMF). The 
configuration used for alignment purposes is shown in green. 



The total loss and relative group delay measurements were normalized with a reference 

measurement to eliminate any contribution from the silica fibers, the coupling elements 

and the SOA. This was confirmed by measuring the dispersion of 4 km of (Coming) 

LEAF fibers, which lead to an expected dispersion of 16 pslnm. To align one of our 

hollow-core fibers for measurement, we first coupled the light of a (Ando AQ4321D) 

tunable laser (1.49-1 62 pm) delivered through a single-mode silica fiber with a pigtailed 

collimator to the fiber using a lens whose focal length was optimized for its core diameter 

(e.g. 1" focal length for a 80-pm core diameter). We optimized the input coupling by 

maximizing the transmitted power measured at the output of the 0.5-m-long fiber with a 

(Newport 81 8IG) InGaAs detector. At this point, we characterized the modal output of 

the fiber with an (Electrophysics 7290A) infrared camera and found that, away from 

resonances, it was nearly single-mode with a dominant contribution of the HEll mode for 

core diameters below 100 pm rFig.61 a]. The fiber output was then coupled with a lens to 

another single-mode silica fiber with a pigtailed collimator. The total coupling losses 

were on the order of 15-20 dB, which was well compensated for by the SOA that 

amplified the signal by -25 dB. Finally, the setup was connected to the ODA for 

measurements [Fig.70]. The modulation frequency fm of the transmitted signal was 

optimized for each tested fiber to minimize smearing effects in the group delay 

measurements. Typically, we used fm = 300 MHz, corresponding to a sideband 

separation below 5 pm, while the wavelength resolution was as low as 2 pm. The group- 

velocity dispersion spectrum D(A) was then obtained by fitting the measured relative 

group delay spectrum with one Lorentzian peak per resonance and a polynomial function 

and taking the derivative of the fitted expression with respect to wavelength (see Eq. 1 19). 

Fig.71 shows two examples of such group delay measurements and dispersion 

calculations. 
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Figure 71: Loss and relative group delay measurements (a) for a 60-pm core fiber 
containing a h/2 As2S3 cavity located at the 7" layer from the core and (c)  for a 90-pm 
core fiber containing a XI2 As2& cavity located at the 9th layer from the core. Both fibers 
contained 25 bilayers made of As2& and PEI. b and d show the fit of the corresponding 
group delay spectra with Lorentzian peaks and the resulting dispersion spectra. 

These measurements demonstrate that very high dispersion (1 0' pslnmflan and higher) is 

achievable near the cavity resonance wavelength. However, the measured dispersion 

spectra exhibit systematically anomalous dispersion (D>O) and normal dispersion (D<O) 

above and below the cavity resonance wavelength, respectively, which is the opposite of 

what we had predicted [Fig.68b]. This is quite surprisingly since it indicates an increase 

and not a decrease in the group velocity near the cavity resonance. In addition, the 

dispersion bandwidth, defined as the full width at half-maximum (FWHM) of the 

anomalous dispersion peak, is much narrower than expected. In order to accurately 

determine the propagation losses in the tested fibers at and off resonance, we performed 

cutback measurements. The losses at the maximum of dispersion were within 27 and 57 

dB/m while the minimum propagation losses measured in the range of the tunable laser 

were within 2.5 and 20 dB/m, which is comparable to the losses measured in cavity free 



transmission fibers at 1.5 pm. The 30 to 40 dBlm difference is significantly larger than 

the anticipated 10 dB/m, suggesting that additional loss mechanisms have not been 

accounted for in our previous calculations. 

Before trying to explain the origin of the discrepancy between our initial 

predictions and our experimental results, let's first determine how the group-velocity 

dispersion measured in our fibers compares with the performance of other dispersion 

systems currently available. To do so, we define the ratio of the dispersion (ps1Mlflun) to 

the propagating losses measured at the same wavelength ( d B h )  or Dma(;l')lLprop(;l') 

(ps/nm/dB) as a figure of merit to account for the high losses associated with our 

dispersion mechanism. Treacy grating compressors,104 which are widely used in chirped 

pulse amplification applications, offer figures of merit as high as 330 ps/nm/dB over a 5 

nrn bandwidth. In Fig.72a, we report the figure of merit of our fibers as a function of the 

dispersion bandwidth. 
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Figure 72: a Figure of merit as a function of bandwidth, b dispersion parameter D 
measured at the peak of anomalous dispersion as a function of the difference in 
propagation losses at and off resonance induced by the coupling to the cavity mode. 

We measured a maximum figure of merit of 790 ps/nm/dB at 1533 nm, corresponding to 

D = 2.36 1 o7 ps/nm/km and L = 30 dB/m. This compares very favorably with typical 

diffraction grating compressors while providing all the benefits associated with a hollow- 

core fiber delivery system, in particular a low-form factor, high flexibility and the 



possibility of achieving high peak power beyond the damage threshold of most 

 material^?^ The dispersion bandwidth measured in our fibers is typically sub-nanometer 

but can be increased at the cost of a decrease in the group-velocity dispersion [Fig.72a] as 

predicted by Eq. 1 19. 

To gain intuition into the potential mechanisms responsible for our seemingly 

surprising experimental results, we can study the correlations between the measured 

group-velocity dispersion and other performance or design parameters. Fig.72b shows 

that there exists a strong correlation between the group-velocity dispersion measured at 

the peak of anomalous dispersion (D) and the losses induced by the coupling to the cavity 

layer, which indicates that they could both be induced by a common mechanism. The 

increase in D with the cavity-layer location in the multilayer stack with respect to the 

fiber core [Fig.73a], i.e. with decreasing coupling strength, is expected from Eq. 1 19 and 

confirms that it is indeed induced by a coupling between the core modes and the cavity 

layer. 

Cavity location (layer #) 
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Figure 73: a Dispersion parameter D measured at the peak of anomalous dispersion as a 
function of the cavity layer location in the multilayer stack with respect to the fiber core, 
b D as a function of the cavity layer thickness. 

More interestingly, we found that high-index cavities exhibit stronger dispersion than 

low-index cavities [Fig.72a, 73bl. Since we are measuring 'fast light' instead of 'slow 

light', the real part of the cavity material refractive index actually competes with this 

effect. In addition, the imaginary part of the cavity material refractive index is typically 



lower for high-index cavities and should therefore lead to lower dispersion based on 

Fig.72b. There is however one more major difference between high-index and low-index 

resonant cavities, which is the electric field profile of their resonant modes. As seen in 

Fig.7, the amplitude of electric field at the interface between the cavity layer and the 

mirror layers vanishes in a low-index cavity while it reaches its maximum in a high-index 

cavity. This makes high-index cavities much more sensitive than low-index cavities to 

interface defects such as point defects, roughness, non-stoichiometric glass 

composition.. . , which can induce scattering of the resonant electromagnetic field and 

increase the radiation losses. If present, scattering is expected to be significant for the 

highly confined cavity resonant mode and to decrease as the cavity layer thickness 

increases. Furthermore, if this mechanisms is also responsible for the measured group- 

velocity dispersion as suggested by Fig.72b, fibers with thicker cavities would exhibit 

smaller D values, which is consistent with Fig.73b. While it does not prove anything, 

this analysis highlights two important conclusions: the measured dispersion is induced by 

a coupling between the core-modes and the cavity layer, and additional loss mechanisms 

in the cavity layer, still unidentified at this stage, could explain not only the increase in 

propagation losses near the cavity resonance but also the characteristics of the measured 

group-velocity dispersion spectra. 

To study the effect of losses on the group-velocity dispersion in our fibers, we 

have recalculated the dispersion relation of the HEll mode assuming an imaginary 

component of the cavity material refractive index ten times higher than the value used in 

Fig.67. The results are shown in Fig.74a. 



Figure 74: a Band diagram of a transmission micro-cavity fiber consisting of 12 bilayers 
of AszSe3 and PES and a 101 PES cavity located at the 7th layer from the core. The core 
size is equal to 70 pm. The k value of the cavity material is set to 10-4. b Electric field 
profile of the HEIl mode across the region of interaction with the cavity layer. 

A very important finding is that the dispersion relation of the cavity mode has almost 

completely disappeared, indicating that the cavity mode can no longer be considered a 

confined propagating mode. As a result, no anti-crossing is observed since coupled-mode 

theory strictly applies to the coupling between two propagating modes and breaks down 

when the imaginary component of the axial wave-vector P of one of the modes becomes 

significant, comparable to its real component. It can be seen in Fig.74b that the HEll 

mode is now mostly confined in the core of the fiber at all frequencies and that only a 

small fraction of its electric field couples to the cavity layer near resonance. This 

interaction induces a small perturbation of its dispersion relation, which leads to the 

change in group velocity shown in Fig.75a. 
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Figure 75: Group velocity (a) and group-velocity dispersion (b) for the HEll mode 
across the interaction region. 

The interaction of the HEll mode with the cavity layer induces a significant increase of 

its group velocity to superluminal values. The resulting dispersion spectrum [Fig.75b] is 

consistent with our measurements performed on fibers with high figures of merit 

[Fig.72a]: this calculation predicts a maximum anomalous dispersion of -10' pslnmflan 

above the cavity resonant wavelength and a dispersion bandwidth of -0.1 nrn. To 

interpret these results, it is useful to define an effective refractive index for the fiber 

associated with the propagation of the HEll mode. When the mode interacts with the 

cavity layer, the fraction of its electric field present in the cavity layer experiences high 

losses, which is equivalent to an increase in the k value of the effective refractive index of 

the fiber. It follows from Kramers-Kronig relations that this region of high absorption is 

also a region of high anomalous chromatic dispersion, i.e. dn ldb0  [Fig.l7], where 

superluminal velocities can be induced: 

This is merely the result of an approximation in the definition of the group velocity that is 

violated at a resonance when it no longer represents a physical velocity and is by no 

means a violation of Einstein's postulate.105 The amplitude and bandwidth of the 

corresponding group-velocity dispersion depend obviously on the amount of loss induced 

by the cavity layer, which is consistent with the correlation observed in Fig.72b. Note 



that while we only considered an increase in material losses for convenience, an increase 

in radiation losses would lead to a similar result since both mechanisms can be modeled 

as an absorption line from the point of view of the core modes. 

Interestingly, a very similar dispersive effect is predicted at the band-gap edges 

where resonant tunneling through the multilayer structure provides a highly efficient 

coupling mechanism to non-confined radiative modes [Fig.76]. 
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Figure 76: a Transmission and c group-velocity dispersion spectra for the HEll mode in 
a 70-pm core fiber consisting of 6 bilayers of AszSe3 and PES and containing a 10A PES 
cavity located at the 7" layer from the core. The photonic band-gap is highlighted in 
green. b, d Details of the transmission (red), group delay (green) and group-velocity 
dispersion (blue) spectra at the upper and lower band-edges, respectively. 

These calculations show that superluminal group-velocities are also predicted for the 

HEll mode at the high and low frequency band-gap edges resulting in a sign of the group- 

velocity dispersion identical to the one measured at the cavity resonance. The amplitude 

of the dispersion increases exponentially with the number of bilayers (0-100,000 



pslnmflan at the high frequency edge for a 14 bilayer structure) and can reach very high 

values. Fig.77a offers a direct comparison between the group delay measured at the high- 

frequency band-edge and at the cavity resonance. 

Wavelength (nm) 

Figure 77: a Loss and group delay measurements at the high-frequency band-edge and at 
the cavity resonance, b mode profile at the band-edge (I), in the band-gap and off 
resonance (2) and at resonance (3) observed after a linear polarizer with an IR camera as 
a function of the polarizer angle (0' to 180' from top to bottom). (1) shows the TEol 
mode, (2) exhibits a dominant HEll mode and weak contribution of higher-order modes, 
(3) is characteristic of a high-order mode. The relative intensity between the modes is 
meaningless because the intensity of the source was adjusted not to saturate the camera. 

The sign, amplitude and bandwidth of the measured group-velocity dispersion at the 

band-edge agree well with our calculations for the HEll mode [Fig.76b] and result from 

an increase in the group velocity similar to the one observed at the cavity resonance, 

though induced by a different mechanism. However, the slope of the group delay near 

the cavity resonance is steeper than at the band-edge, which leads to stronger group- 

velocity dispersion, while the propagation losses are lower, resulting in a significantly 

higher figure of merit. Another important difference is that the micro-cavity provides a 



mode-specific dispersion mechanism. Indeed, at the band-edge, most of the core modes 

couple to radiative modes and the TEol mode is the only one that survives [Fig77b(l)] 

thanks to its larger effective band-gap [Fig.59b]. At the cavity resonance however, the 

HEll mode alone couples strongly to the micro-cavity while other modes do not 

[Fig77b(3)]. 

We have shown that our experimental results can be well explained by 

unaccounted losses in the cavity layer but we have not yet identified their origin(s). This 

is a challenging problem because many different mechanisms may be involved. 

Nevertheless, there are a certain number of evidence that suggests that scattering is one 

additional source of losses in our fibers. First, as mentioned in section V1.2.3, the 

propagation losses measured in 1.5-pm fibers are similar to the ones measured in 10.6- 

pm fibers, indicating that a wavelength-sensitive loss mechanism other than material 

absorption is involved. SEM imaging of the first chalcogenide glass layer in these fibers 

[Fig.78] further reveals that it could be a scattering mechanism induced by interface 

defects, resulting in additional radiation losses. 

Figure 78: View of the first chalcogenide glass layer in a 1.5-pm transmission fiber in 
the axial direction (a) and in the radial direction (b). Surface defects include roughness, 
point defects including the inner seam and possibly non-stoichiometric composition of 
the chalcogenide glass. (Courtesy of J.-F. Viens) 

Such a scattering mechanism would affect the strongly confined cavity mode even more 

dramatically. Direct measurements of the power radiated out of the fibers show indeed a 

sharp increase near the cavity resonance wavelength as shown in Fig.79a. 
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Figure 79: a Radiation loss spectrum, b FTIR transmission (red) and external reflection 
(black) measurements for a 90-pm core fiber made of As2S3 and PEI and containing a h/2 
As2S3 cavity located at the 5th layer from the core. The corresponding external reflection 
spectrum calculated at normal incidence is plotted with a dashed grey line. 

The bandwidth of the radiated power peak is similar to the measured dispersion 

bandwidth, fbrther suggesting that the two effects are correlated. 

Scattering can theoretically be reduced by decreasing the refractive index contrast 

between the high and low refractive index layers, at the cost of a reduction in the width of 

the photonic band-gap. However, when comparing the respective positions of the 

transmission spectrum and the external reflection spectrum measured in fibers made of 

As2S3 and PEI [Fig.79b], it appears that the cavity resonant wavelength at grazing 

incidence is in the vicinity of the high-frequency band-edge near normal incidence. 

Therefore a narrower band-gap could instead result in higher radiation losses. As 

mentioned earlier, increasing the cavity layer thickness is another path towards 

decreasing the amount of scattering of the cavity resonant mode if it is purely induced by 

interface defects. We have fabricated fibers containing 10-h low-index micro-cavities 

and observed a significant reduction in the dispersion amplitude but no switch in its sign. 

Larger cavities could easily be fabricated but material absorption would then become the 

dominant loss mechanism. Therefore reducing the losses in our fibers seems to require 

the design of structures that are more perturbation-tolerant106 and improvements in the 

fabrication process in order to produce layers and interfaces of much higher optical 

quality. 



VI.6 Mechanical tuning of highly dispersive hollow core fibers 

As mentioned in the introduction, certain applications require very high or very 

low group-velocity dispersion and others require a very specific dispersion parameter. 

While it would be possible to make a fiber with a pre-specified dispersion parameter at a 

given wavelength, a much more practical solution is to explore the possibility of 

dynamically tuning the dispersion parameter. A group-velocity-dispersion tuning range 

of +I-450 pslnmlkrn has been demonstrated in transmissive in-fiber Fabry-Perot etalons 

controlled thermally or with strain.''' We have shown previously in fibers designed for 

external reflection that the thickness of the Bragg layers can be reduced using a 

mechanical tuning scheme (Section v . 2 1 ~ ~  or that the refractive index of embedded 

Fabry-Perot cavities can be modified using an all-optical tuning scheme (section ~ . 3 ) , 4 ~  

both strategies leading to a reversible shift of the cavity resonant mode. Mechanical 

tuning however is easier to implement in transmission fibers because it leads to a uniform 

shift along the length of the fiber (neglecting edge effects at the fiber's ends) as shown in 

section VI.3. In order to implement the mechanical tuning scheme with our highly 

dispersive photonic band-gap fibers, we fixed both ends of the tested fiber with epoxy 

and mounted the output end as well as the coupling elements on a x-stage that could be 

moved along the fiber axis [Fig.70]. In section V.2.3 we have shown that the maximum 

reversible normalized shift Ahlh in our fibers was equal to -0.5% under 1.2% axial 

strain.39 Here, we demonstrate a spectral shift by -5nm under 0.7% axial strain [Fig.80], 

resulting in a maximum change in dispersion from +450,000 ps/nm/krn to -450,000 

pslnmlkm anywhere between 155 1 and 1554 nm. 
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Figure 80: Shift of the loss spectrum (a), group delay spectrum (b) and dispersion 
spectrum (c) under 0.7% applied axial strain. 

These fibers offer a unique solution for precise zero-dispersion transmission and 

dispersion compensation at multiple wavelengths, where not only the dispersion 

coefficient but also its derivative with respect to wavelength must be controlled. 

Furthermore, adaptative dispersion compensation combined with in-service monitoring of 

the group-velocity dispersionlo* could enable dynamic allocation of bit rates and a more 

efficient use of the current optical network. Mechanical tuning of our fibers in particular 

would offer response times on the order of or lower than a millisecond, well below what 

other tuning mechanisms, such as thermal effects in fiber Bragg gratings, can achieve. 

Future directions 

Further studies need to be conducted to demonstrate group-velocity dispersion 

based on the coupling between core modes and cavity modes, which would be associated 

with much lower propagation losses and therefore much higher figures of merit. This 

clearly involves identifying and reducing the loss mechanisms in our fibers by improving 

the fabrication process. If successful, a step further would be to slow light down even 

more dramatically by inducing diffraction gratings in fibers containing AszSe3 micro- 

cavities based on the metastable photodarkening effect. Slow light is interesting in that it 

can be coupled with other slow particles, eventually electrons, opening the possibility for 

very important fundamental research. 



The use of our fibers for chirped-pulse amplification is another exciting 

opportunity. Achieving very high peak power beyond the damage threshold of nearly 

any material opens the door for non-thermal material ablation and a variety of entirely 

new high precision applications. The development of short-pulse emission at 

wavelengths near 1 pm in particular is motivated by biological and medical applications. 

However, controlling non-linear effects in the fibers becomes critical and represents an 

additional challenge since chalcogenide glasses are characterized by relatively high non- 

linear coefficients (-400 times higher in As2Se3 and -90 times higher in As2S3 than in 

silica). 

Finally, other dispersion mechanisms could be studied in these fibers. In 

particular, all hybrid modes, such as the HEll mode, are sensitive to polarization-mode 

dispersion (PMD). PMD and group-velocity dispersion (GVD) are typically strongly 

correlated but they can be decoupled by proper design of the fiber structure.109 This offers 

an additional degree of freedom to further optimize the performance of our fibers. 

VII Conclusion 

It is safe to say that the range of materials and structures that are amenable to our 

approach will increase and that the repertoire of novel applications will expand. While 

we have explored the use of several polymers in our fibers, there remain many other 

families of functional polymers that are of interest to explore new tuning mechanisms and 

are expected to be compatible with our approach, such as conductive or piezoelectric 

polymers. 

Although we have presented results related to the photodarkening properties of 

chalcogenide glasses, these glasses are further characterized by high optical non-linear 

coefficients. It has been found that As2Se3, in particular, has two to three orders of 

magnitude higher Kerr non-linearity than silica glass. Since this glass is highly 

transparent in the mid-infrared, where silica glass is opaque, it is expected that non-linear 

optical studies, such as super-continuum generation and ultra-fast optical tuning, will 

flourish. 



The interplay between material properties, structure integration, and fabric 

construction is just beginning and promises to be an exciting field for fundamental and 

applied research besides many applications. 
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