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CHAPTER 6

Photonic Bandgap Glass-Based Structures
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Abstract: Photonic crystals (PCs) as it is often called photonic band gap materials
(PBGs), are artificial composite materials, micro/nanostructured on an optical length
scale (e.g. few hundreds of nm). The resulting periodicity in the dielectric constant is
responsible for inhibiting light from propagating through the material as a result of
Bragg diffraction. The forbidden frequency range is called a stop band. In PCs the
electromagnetic waves within the band gap are completely reflected by the crystal,
while spontaneous emission (within the band gap) are totally concealed.

This chapter introduces the physical concepts behind PC structures, along with bottom-
up fabrication methods, properties, and applications.

1. INTRODUCTION

Gem opals, wings of butterflies and peacocks, fish scales, beetles, among a large
number of other biological and mineral materials exhibit iridescence, strong
multiple scattering, and unexpected forbidden wave propagation in certain
frequency ranges (Fig. 1). Nanostructured systems are in the basis of such
behaviour [1, 2].

Photonic crystals (PCs) are the artificial counterparts. PCs as it is often called
photonic band gap materials (PBGs) are artificial composite materials,
micro/nanostructured on an optical length scale (e.g. few hundreds of nm). The
resulting periodicity in the dielectric constant € (or in the refractive index n, n=Vs)
is responsible for inhibiting light (of frequencies in the visible or near infra-red
range) from propagating through the material as a result of Bragg diffraction [3].
The forbidden frequency range is called a stop band. In PCs the electromagnetic
waves within the band gap are completely reflected by the crystal, while
spontaneous emission (within the band gap) are totally concealed.
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Figure 1: Biological and mineral iridescent materials and respective nanostructure: (a)-(b) gem
opal, (c)-(d) wings of butterfly, (e)-(f) beetles.

PBGs can be in one, two or three dimensions (1D, 2D or 3D) (Fig. 2), function of
the dimensionality of the refractive index periodicity. A complete PBG, where all
electromagnetic propagation is disallowed whatever the direction of propagation
or the polarization, is only possible in 3D structures. Further, the dielectric
constants ratio of the composite materials must be higger than 2.8.
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1D

Figure 2: Schematics of 1D, 2D and 3D PCs. Distinct colors stand for different dielectric
materials [3].

PCs are the optical analogue of electronic bandgap in semiconductors; it is
believed that PCs should be able to transfer the full functionality of semiconductor
devices into the all optical field, combining high integration with high speed
processing.

PCs have attracted much interest due to the innumerous technological applications
resulting from the multiple ways in which PCs may control and customize the
flow of light, as the inhibition of spontaneous emission processes, the existence of
photonic bandgaps (PBGs), or the confinement of light at defects. Besides they
promise a large number of applications in different scientific and commercial
areas like novel types of waveguides and optical fibers, new filters, high-speed
switches, low-threshold microlasers, high-performance LEDs (light emitting
diode), photonic for VLSI (very large scale integration), along with novel
biological and chemical sensors (see 7. Photonic Crystals Applications).

Traditionally, both top-down and bottom-up approaches have been used to
fabricate PCs. The methodology chosen often depends on the dimensionality of
the PCs under studied-2D, for example, are often fabricated through gas source
molecular beam epitaxy, two-photon lithography, direct-write electron-beam
lithography, reactive-ion etching, oxidation processes or holographic methods, all
top-down methodologies. 1D and 3D structures are often fabricated through
bottom-up sol-gel protocols [2-7 and references wherein]. All these methods are
based and take profit of current nanotechnology processes and fabrication system
capable of operating and patterning at the sub wave scale. Fig. 3 shows SEM
(scanning electron microscope) pictures of 1D and 2D PCs fabricated on SOI
(silicon-on-insulator) technology, by combining electron beam lithography and
etching processes; Fig. 4 illustrates SEM micrographs of 3D PCs fabricated by
sol-gel methodology.
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Figure 3: SEM pictures of: (a) 1D and (b) 2D PCs in SOI technology fabricated by electron beam

lithography.
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Figure 4: SEM micrographs of 3D PCs fabricated by sol-gel technology: (a) opal and (b) inverted
opal.

2. PHOTONIC CRYSTALS-PHYSICAL PRINCIPLES

To understand the physical principles behind PCs, it is helpful to start with their
electronic analogues. As excellently explained in ref. [3], a crystal can be defined
as a periodic arrangement of molecules or atoms repeated in space according to a
crystal lattice. The constituents of the crystal (patterns: atoms, ions, molecules) as
well as its geometric lattice (and there are 14 Bravais lattices) define the crystal
structure which rules the conduction properties of the crystal, i.e., the way
electrons will propagate through the crystal periodic potential. Electrons
propagate as waves, and waves that meet certain criteria can travel through a
periodic potential without scattering. But, in addition, the periodic lattice may
inhibit the propagation of some waves, creating gaps in the crystal energy band
where electrons are inhibited to propagate in specific directions. Moreover, if the
lattice potential is sufficiently strong, a complete band gap, covering all possible
propagation directions could be reached. This is what happens, for example, in
semiconductor materials where a complete band gap between the valence and
conduction energy bands is observed.
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In a PC, the periodic dielectric constant (or refraction index) will replace the
periodic potential. So, when the dielectric constants of the distinct composite
materials differ adequately and their light absorption is minimal, then the PC can
produce (with photons) many of the phenomena the semiconductor does with
electrons. So, PC can provide a solution of light control and manipulation.
Summarizing, PCs or PBG materials, are artificial dielectric nano-or micro-
structured assemblies, where the refractive index modulation creates stop bands
(EM) inside a certain frequency range, in 1D, 2D or 3D dimensions [3, 10].

In order to have a deeper knowledge about the electromagnetic behavior of PC,
we recommend to the readers the PCs bible ref. [3]. Here we are going to
introduce a brief and first approach.

Starting from the Maxwell equations and applying them to a mixed dielectric
media as PCs suppose, we arrive to a linear Hermitian eigenvalue problem.
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With these equations (1-10), the dispersion diagrams (band diagrams) of different
structures can be obtained. Fig. § shows an example of a 1D PC structure.

3. OPTICAL CHARACTERIZATION

There are a large number of techniques for the optical characterization of PCs
structures. For the optical characterization of 1D and 3D systems, optical
reflectance and transmission are the more common ones [12, 13]. In a reflectance
setting-up, a high symmetry facet of the PC is chosen [14]. In a transmission
setting-up, the detector is settled in alignment with the sample, alloying the
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detection of the Bragg reflected photons. On the contrary, in specular reflectance
setting-up, a Bragg plane is avoided as this experiment does not rely on detecting
the scattered photon but its absence.
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Figure 5: (a) Band diagram of a uniform 1D medium (dispersion relation: frequency, o, versus
wavenumber, k).(b) Schematic effect on the band diagram where a gap has been opened (adapted
from [11]).

Now let’s see what happens when light shines upon an artificial opal. Here certain
wavelengths of the incident light do not penetrate very far the opal crystal but
instead they are selectively reflected or scattered (from the periodic patterns, like
the (111) plane in fcc structures) (Fig. 6). In full PBG structure, each wavelength
is reflected exactly at the same frequency as the incident light, regardless its
direction or polarization state. Then, wherever the radiation interferes
constructively, a colored crystal will be observed. Within the wavelength range
where light is forbidden to propagate through the PC, a stop band will be
recorded. The remaining transmitted light generates the complementary color.

By comparison with X-ray diffraction, the interaction of light (within the visible
region) with the PC is described by the Bragg’s law for the optical range, which
considers Snell’s law of refraction [16]:

_ [ 2 2
A=2d N, —sin 0 (11)

where A is the free space wavelength of the light, d the interplanar spacing
between the scattering planes, 0 is the angle between the incident radiation and the
normal to the set of planes and n’y is the effective dielectric constant of the
composite PC (Fig. 6). As the (111) plane has the highest planar density in the fcc
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and D is the sphere diameter in a colloidal PC, the longest wavelength diffracted
by the fcc crystal will be:
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Figure 6: Diffraction of white light by fcc opals, at the (111) crystal planes. The highest density
plane (111) exhibited a d(111) spacing, which is related to the sphere diameter, D. (Adapted from
Ref. [15]).

When the sphere’s diameter has the same magnitude as the visible light’s
wavelength, the artificial opal will act as a 3D diffraction lattice in the visible
range where its color is established by the diameter of the spheres and the RI of
the composite (Fig. 7).
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Figure 7: (a) Optical transmission at normal incidence (8 = 0°) for artificial opal structures, self-

assembled of spheres with different diameters: (1) 535 nm, (2) 480 nm, (3) 415 nm, (4) 350 nm,
(5) 305 nm, (6) 245 nm, and (7) 220 nm. (Reproduced with permission from ref. [17]).

On the other hands, 1D or 2D planar PC can be characterized by tunable laser and
optical spectrometer at lab. This is the typical characterization method to carry out
measures of light guiding where light is coupled directly to the waveguides (butt-
coupling) or by means of grating couplers. A typical set-up for this kind of
measurements is shown in Fig. 8. The set-up includes polarization controllers,
high resolution positioners, cameras and optical fibers.
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Figure 8: Measurement set-up for optical characterization of planar PC structures.

Fig. 9 depicts a typical optical response of a 2D PC fabricated on SOI technology
which was characterized with the set-up shown in Fig. 8.
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Figure 9: 2D photonic structure on SOI technology and its optical response.

Finally, other techniques for optical measurement of photonic have been used
with high accuracy, as for example, those based on the use of tapered silica fiber
loop to couple in and out light from the PC [18].

4. PHOTONIC CRYSTALS-FABRICATION METHODS AND
RESULTING STRUCTURES

Gem opal is a natural iridescent material. In the gem opal, amorphous SiO2
spheres self-assemble into regular fcc globules, cemented by an amorphous silica
matrix holding more SiO2 amorphous spheres [2]. The mimic of natural opal
crystals is hence an interesting way to achieve PC’s materials.

For near-IR frequencies, bottom-up techniques offer many potential advantages in
ID and 3D PCs fabrication. Competing top-down approaches, involving
micromanipulation [19], lithography and selective etching techniques [20-23], or
3-D holography by means of multiple laser beams [24-28] exhibited considerable
higher costs along with lower VLSI compatibility. In addition, bottom-up
approaches offer an extraordinary versatility regarding to the materials used in
fabricating PCs. The weak point appears to be the reduced crystalline area/volume
of the fabricated material and the presence of huge number of random defects.

Among bottom-up approaches, the colloidal self-assembling method has been
particularly studied. Colloidal techniques include electrostatically induced
crystallization [29-33], gravity sedimentation [34-37], electro-hydrodynamic
deposition[38-41], colloidal epitaxy [42], physical confinement [43, 44],
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centrifugation [45], vertical convective self-assembly [46-51] and Langmuir-
Blodgett films.

1D PCs Structures

Bragg mirrors, with a reflectivity (Bragg reflectivity) higher than that of metallic
mirrors, are the most studied 1D PCs.

Bragg mirror structures consist of an assemblage of dielectric layers with
alternating high and low refractive indices. The optical thickness, nx, of each
layer equals is given by:

nx=A\/4 (13)

A being the wavelength of Bragg reflection, n the RI of the material and x the
layer thickness.

The RI contrast and the number of layers are the project key parameters. The
reflectivity of the stop-band increases with the RI contrast and the number of
layers, being Si02, TiO2 and ZrO2 the most common selected materials, due to
the differences in their RIs.

Sol-gel Bragg mirrors are usually made by dip-[52-55] or spin-coating [6, 7, 56-
59] techniques (see 3D PCs structures).

Figure 10: a) SEM cross-section image of a SiO2/Ti02 microcavity, forming by 12 alternating
layers, and a silica defect layer; (b) SEM cross-section image of a SiO2/TiO2 microcavity,
forming by 12 alternating layers, and a titania defect layer.
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3D PCs structures
Vertical Convective Self-assembly

Vertical convective self-assembly deposition [46-49] is carry out with a substrate
vertically positioned inside a bottle containing a colloidal suspension of
monosized spheres (Figs. 11 and 12). As the solvent (and unreacted precursors)
evaporate and the meniscus moves downwards the spheres of SiO2, TiO2,
polystyrene (PS), poly(methyl methacrylate) (PMMA) etc., owing to their
isotropic electrostatic potential, self-assemble into high atomic factor fcc or he
structures (Fig. 13).

The optical Bragg reflections of artificial opal crystals deposited on the substrate
appear as colored reflections to the unaided eye. By adjusting the colloidal
concentration and the colloidal volume in the vial, the thickness of the deposit can
be controlled. Notwithstanding, convective self-assembly produces small
crystalline volume/area, demanding long processing times (within ~ 3-5 weeks).

Figure 11: Fabrication of an artificial inverted opal by convective self-assembly: a) colloidal
particles self-assemble into a fcc crystal on the surface of a substrate; b) once the template is
formed, the interstices of the artificial opal are uniformly infiltrated with a higher RI material
through a sol-gel process; c) a heat treatment is performed in order to achieve a solid structure
from the sol-gel precursors; d) finally, the inverse-opal crystal (the negative of an opal structure) is
attained through remotion of the original template material by heat treatment (for PS or PMMA),
or etching in hydrofluoric acid (for silica colloids).
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Figure 12: SEM micrograph of a typical opal made of 460 nm diameter PS spheres prepared by
self-convective assembly: (a) top view; (b) cleaved edge showing different crystalline planes,
{100} and {111}, of the fcc structure.

(2) :

Figure 13: SEM micrograph of artificial opals: (a) hc structure and (b) fcc structure, prepared
from self-convective assembled.



Photonic Bandgap Glass-Based Structures Synthesis, Properties and Applications 119

Artificial opals made of spheres of 150 nm in diameter, exhibited the suitable size
for PCs operating in the optical range, but, insufficient RI contrast. Remember that
to achieve a complete 3D PBG structures, the constituent materials’ dielectric
constants ratio must be larger than 2.8. So, the removal of the templates by chemical
etching or calcination, followed by infiltration by a high RI dielectric material,
followed by, will heighten the PBG behaviour of the composite nanostructure.

Semiconductor infilling may enhance the PBG properties, or inhibit the
spontaneous emission of any emitting guest [60]. Careful choice of both the
template sphere diameter and infiltrated semiconductor material allows the
matching of the PC bandgap to the semiconductor emission.

Dip-Coating

Dip-coating [5] is performed with a substrate vertically immersed into the
colloidal suspension, where it is left standing for some minutes. After the stick of
the colloidal spheres onto the substrate, it is withdrawn at low speed. Thicker
films are fabricated increasing the withdrawn speed and/or the number of dips.
Infiltration and template removal may be the subsequent steps (Fig. 14).

@ ) _ ®)

Figure 14: SEM images of artificial colloidal PC made from 460 nm self-assembled PS spheres,
fabricated by dip-coating: (a) PS opal structure; (b) titania infiltrated PS template; (c) inverse opal
(air spheres and titania matrix).
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Sedimentation

Natural gem opals are obtained through sedimentation. To mimic this natural
process, a sphere suspension is left to settle over a substrate, where sedimentation
occurs, driven by gravity [35-37]. The sediment is then dried and heat treated. The
final product is a compact of self-assembled spheres in a fcc and/or Ac structures.
For low colloidal concentrations (~1 wt%), the sphere size can be accurately
determined from Stokes’law [36], if the density and viscosity are known.

Although the self-organization of the colloid results in a crystalline fcc or hc
structure, the processing time may take a few days, up to several weeks.

Vertical Electric Field

A concentrated suspension of magnetic or superparamagnetic NPs is closed in a
glass cell composed of two ITO glasses (brand indium-tin-oxide coated microscope
glasses). The positive and negative poles of the DC power source are connected to
the upper and bottom ITO glasses of the unit cell. It is possible to control magnetic
field strength applied to the sample, by changing either the distance between the
sample and the permanent magnet, or the current in electromagnets. The electric
field strength is controlled by setting the output voltage of the DC power source. A
responsive PC, which changes its reflection wavelength under external electric or
electromagnetic stimulus, is produced (Fig. 15) [61-62].
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Figure 15: Migration and distribution of magnetic NPs in the presence of the electric field
(adapted from [61]).
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Langmuir-Blodgett Method

In Langmuir-Blodgett methodology a molecular monolayer is formed by
spreading amphiphilic entities at the air-water interface. It develops by immersing
a hydrophilic substrate into water, drawn it slowly upwards, while a monolayer of
amphiphilic molecules stands by it, changing the surface to hydrophobic (Fig. 16).
By careful control the solvent evaporation, 2D opal structures may be obtain on a

glass substrate, with the (111) growth axis of the fcc lattice normal to the substrate
[63, 64].
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Figure 16: The Langmuir-Blodgett film formation.

Patterned Substrates

New promises come up when the substrate has been micro-patterned. Based on
the wide range of soft lithography possibilities, a multitude of structures with
different shapes and architectures can be fabricated.

Patterned substrates are a simple and very efficient way to template PC structures.
SiNx-based PCs patterns were fabricated by a UV nanoimprint lithography
process of the ITO electrode layer of a GaN-based light-emitting diode (LED)
device on a patterned sapphire substrate (PSS). 19% increased in
electroluminescence intensity was observed when compared with the unpatterned
LED device, at 445 nm wavelength [65]. A 3D PC was produced by auto-cloning
the PSS with alternate Ta205 and SiO2 coatings. A full band gap PC was



122 Synthesis, Properties and Applications Gongalves and Griol

obtained at 410-470 nm wavelength range, matching the emission spectrum of the
gallium nitride (GaN) light-emitting diode (LED) [66].

6. PHOTONIC CRYSTALS APPLICATIONS

As we have seen, PCs are attractive candidates to create optical materials and
devices used to control and manipulate the flow of light [3]. PCs have inspired
considerable enthusiasm because of their scientific and technological significance.
For example, 1D PCs are in widespread use for thin-film optics in applications
such as low and high reflection coatings on lenses and mirrors, or color changing
paints and inks; even 1D PCs have been proposed for sensing applications [67].
Higher-dimensional PCs have proved to be of interest for both fundamental and
applied research. 2D PC structures, as an example, are entering the market in
applications such as fibers, taking advantage of a microscale structure to modulate
light, for applications in nonlinear devices and guiding peculiar wavelengths.
Moreover, 2D PCs have also been applied commercially to fabricate vertical
cavity surface emitting lasers. 3D PCs attract considerable research interest
because light can be modulated in all directions. With proper geometry and large
enough refractive index contrast, a complete PBG may be present where light
cannot propagate in any direction. This property facilitates various applications in
devices such as optical switches, sensors, filters and waveguides [68, 69]. The 3D
PCs, although far from entering the market, promise optical nonlinearity, needed
for optical transistors used in optical computers.

More concretely, in the last several years, PCs have inspired a lot of
engineering/commercial applications namely: localization of lightwave [70],
inhibition of spontaneous emission [71, 72], lasers [73-75], waveguides [76-80],
splitters [81-83], fibers [84], antennas [85, 86], optical circuits, resonant cavities
and filters [3, 87, 88], time delay, dispersion control [1] and ultrafast optical
switches [89]. PCs have been also proposed for sensing applications [90] and also
photonic crystals have been proposed for the simultaneous control of both
photonic and phononic waves, achieving novel alike control of light and sound in
very small regions will be achieved, by merging both fields (nanophotonics and
nanophononics) within a common platform [91].

6.1. Waveguiding Through Localized Coupled Cavities

As we have seen, PBG structures supply a promising instrument for the control of
the flow of light in integrated optical devices. Hence, there has been an increasing
interest in developing PC-based waveguide components capable of guiding and
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bending EM waves either along a line defect [77], [80] or through coupled
cavities [79]. Fig. 17 shows the first case, where light is confined in a direction
perpendicular to the axis of the missing PBG elements, whilst photons are able to
propagate in other directions parallel to the axis of the missing elements.
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Figure 17: Scheme of two different waveguiding mechanisms in PCs. (a) Planar waveguides
(PW) consist of two parallel PCs mirrors with a suitable gap between (the two of) them. (b) CCWs
are formed introducing several defects (cavities) in 2D PCs.

In addition, in the second case, which it is known as coupled-cavity waveguides
(CCW) [92], the EM waves are tightly restricted at each defect site, and photons
are able to propagate thanks to interactions among the neighboring cavity modes
[Fig. 17 (b)]. To explain this guiding effect, it is important to first understand
what happens when a single defect is introduced in perfect PCs.

By removing from or adding materials to a PC, it is possible to generate localized
EM modes inside the PBG which are analogues to the acceptor and donor
impurity states in a semiconductor [93, 94]. Henceforth, photons with specific
wavelengths can be locally trapped inside the defect volume (cavity).

Introducing several defects in the structure, as shown if Fig. 17(b), a propagation
mechanism for photons along localized coupled cavity modes in PCs was
theoretically proposed [95-97,] and experimentally demonstrated [92]. This
propagation effect could be explained by Tight-Binding theory, firstly used to
understand the overlap of atomic wave functions in condensed-matter. Physics
[92] and has also been successfully applied to photonic structures [92, 95]. In the
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CCW structures (as shown in see Fig. 17 (b)), photons can hop from one tightly
confined mode to the neighboring one due to weak interactions between them.
The CCW structures have not only proposed for guiding and bending, but also for
various applications based on coupled-cavities as splitting, switching, delay lines
have been also proposed and demonstrated [95-98].

6.2. Waveguide Bends

The bending in standard waveguides, in photonic integrated circuits, presents two
main drawbacks: first, light may be reflected and secondly, light may be radiated.
This radiation effect increases when sharper bends are used and imposes
restrictions for designers. For example in low-contrast technology based on silica,
bend radii of several millimeters are required in order to minimize radiation losses
[99], what supposes a big penalty in circuit integration. In high contrast
technology, as for example silicon on insulator, the bend radii can be reduced
(microns range) achieving small radiation losses.

The use of PC structures can improve the bending behavior in photonic integrated
circuit since the structure inherent band gap prohibits radiation losses and
designers have only to fight against reflection losses. Moreover, and as shown in
ref. [3], it is possible to find PBG bend structures where the reflection loss is zero,
achieving, at certain frequencies, a PC-based bend which exhibits a 100%
transmission even when the bend radius is smaller than the wavelength. Fig. 18
shows the proposed in ref. [3] 100% transmission bend based on PCs.

008000000800 00000000
eSS OBPROORERIOERORERS
290000 RRRRRRRY
00O ORORORES
800000 OORLY
(11 asene
L)

Figure 18: Scheme of a sharp 90° bend in a PC waveguide structure.
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In ref. [3] the coupled mode theory was used to explain structures as those shown
in Fig. 18. We may imagine the bend corner as a weak (low-Q) cavity, coupled to
two waveguides. By symmetry, the corner resonator must decay the same signal
intensity in both horizontal and vertical directions (while no other radiation
channels are observed). In that case and supposing that the structure is weakly
coupled, the transmission peaks are 100% on resonance.

6.3. Sensors

In a sensor device, a tailored material is applied onto a physical transducer to
convert a variation in one of its properties into a measurable physical signal.
Sensors must own specific characteristics, particularly: sensitivity, dynamic range,
accuracy, absence of hysteresis and linearity, high signal to noise ratio, resolution
and bandwidth [100, 101]. Numerous PC-based sensors have been developed with
the goal of physical [102-109], chemical [102, 110-115] and biological [116-121]
parameter sensing. As an example, a strain-sensor is illustrated on Fig. 19 [122].
Here an opal has been deposited over a flexible substrate. The material
deformation under an applied stress (or strain) [102, 109] causes a mechano-
optical effect [105, 108, 123]. In the present example, the substrate was a
chemical resistant, polyimide tape, as a result of its stable physical and
mechanical properties over a wide temperature range, very low creep and high
tensile strength [124, 125].

—_— | | —

Figure 19: Opal deposited over a flexible substrate: flat (left) and bent (right). Bending stress
results in an elastic deformation of the material, between flat (0°, without bending) and bent (45°
off flat) positions [122].

CONCLUSIONS

PCs materials have been demonstrating their potential, are currently a mainstream
concept and certainly become an imperative player in the near future. PCs have
been addressed from many scientific and technological top-down and bottom-up
techniques. Among them, self-assembly (a bottom-up approach) has probably
bringing about more scientific aspects due to the fact that they are suitable to be
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manufactured by a large diversity of methods, on very large variety of materials
and numerous objectives.
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