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The interest in organic—inorganic hybrids as materials for optics and photonics started more than
25 years ago and since then has known a continuous and strong growth. The high versatility of
sol-gel processing offers a wide range of possibilities to design tailor-made materials in terms of
structure, texture, functionality, properties and shape modelling. From the first hybrid material
with optical functional properties that has been obtained by incorporation of an organic dye in a
silica matrix, the research in the field has quickly evolved towards more sophisticated systems,
such as multifunctional and/or multicomponent materials, nanoscale and self-assembled hybrids
and devices for integrated optics. In the present critical review, we have focused our attention on

three main research areas: passive and active optical hybrid sol-gel materials, and integrated
optics. This is far from exhaustive but enough to give an overview of the huge potential of these

materials in photonics and optics (254 references).

1. Introduction

Very soon after the rise of sol-gel chemistry as a new research
field in 1980s'+* the soft conditions of sol-gel processing have
been identified as an important opportunity to introduce
organic species within an inorganic glassy network.> Moreover,
sol-gel chemistry offers the possibility of an easy shape-
modeling, which is of high interest for several applications.
The pioneer work of David Avnir’s group remains a key step
in the history of materials research;* they showed for the first
time that sol-gel chemistry allows preparing inorganic glasses
doped with organic dyes that preserved their optical activity
after incorporation within the matrix. After the example of
Avnir, several organic and biological species have been
incorporated within sol-gel oxide matrices and since then
hybrid sol-gel chemistry has widened its fields of application
to optics and photonics, medical and sensor devices, and
protection coatings. The first researches dedicated to the
elaboration of hybrid organic-inorganic materials have rapidly
identified most of the advantages and the drawbacks of sol-gel
chemistry. In particular it was soon demonstrated that the
interaction between incorporated organic species and their
surrounding chemical environment is the main key point to
optimize a hybrid matrix in terms of structure, texture and
specific properties.” This is also the reason why the type
of interaction existing between the organic and inorganic
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components has been used to classify hybrid materials.® On
this basis we can basically identify two classes of hybrids, in
the first class the organic molecules have only weak interactions
through secondary bonds to the matrix, in the other case there
is a direct covalent link through a non hydrolysable Si-C
bond. This is a quite rough classification, the first case falls, in
fact, within the more general group of molecular scale composites
and only in the second group we could identify truly hybrid
materials; this division, however, identifies quite well the
difference between materials that in several cases can exhibit
very similar functional properties but whose intimate structure
can be very different.

The chemical route that is chosen for incorporation of the
organic component still represents the core issue for a successful
processing of hybrid materials and several strategies have been
developed so far.”® The most common dye incorporation
methods are doping or covalent bonding which are realized
via an in situ process or a post-synthesis treatment. The in situ
methods consist in the introduction of the active species in the
reaction medium while the post-synthesis approach is either
realized in solution or by wet impregnation. For optical
applications, dye doping by an in situ method or post-synthesis
wet impregnation has rapidly showed its limits such as low
loading rates and inhomogeneous dispersion. The weak inter-
actions generated in this latter case are an advantage when
high mobility is preferable (e.g. fast reversible photochromism)
but they represent a drawback when low mobility is expected,
such as in materials with second-order non-linear optical
properties. Strong interactions such as covalent coupling are
in general preferred when high and controlled loading is
desired; the organic component can be covalently linked to
the inorganic backbone by post-synthesis grafting or by direct
synthesis. The latter method is generally preferred since it
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allows a more homogeneous dispersion of dye molecules and a
better control of the loading. The covalent bonding in both
routes necessitates the presence of at least one alkoxy function
in the dye molecule that through hydrolysis and condensation
allows the sol-to-gel transition. It is usual to use organosilanes
as coupling agents to condense them onto silanols or other
Me-OH groups present on the material surface or to co-
condense them with metal alkoxides during the network
formation. In this latter case they also play a role of network
former; a spacer group between the condensable group and the
optically active part is also usually present. More recently other
incorporation methods have been explored. One can cite the
capillary electrophoresis doping technique which uses the
transportation of molecules based on the electrophoresis
phenomenon in liquid under an electric field.” A new synthetic
concept has been developed to produce dye functionalized
xerogels via a nucleophilic aromatic substitution of fluoro-
aromatic compounds with aminosilanes.'® This one-pot synthesis
process combines sol-gel processing and nucleophilic aromatic
substitution reaction and gives hybrid materials with covalent
bonding between the organic and inorganic sides. Fluoro
aromatic compounds with different reactivities for nucleophilic
aromatic substitution reactions containing azo, azomethine and
diphenylamine groups have been also used for fine tuning of the
optical properties of the resulting chromophoric xerogel.

Most of the active hybrid sol-gel materials for optics are
made from the incorporation of dye molecules which are
dispersed in the host matrix. Interesting hybrid systems have
been prepared by the growth of organic nanocrystals in the
sol—gel matrix. The process based on confined nucleation and
growth of dyes in the pores of dense gels leads to narrow size
distributions of 10-20 nm diameter particles. This approach
has been rapidly extended to thin film technology using
the spin-coating deposition process. Optical properties such
as luminescence, nonlinear optical properties and photo-
chromism have been observed.!""'> Another interesting
approach has been developed by the group of D. Levy and
consists in the dispersion of liquid crystal droplets within a
sol—gel matrix'? for electro-optical applications.

The optimization of the host matrix, in terms of structure
and properties is of paramount importance and has been the
focus of several studies. The design of the host matrix concerns
not only the problem of incorporation of the optically active
species, but also transparency, refractive index, dye photo-
stability and long term durability, mechanical properties,
adhesion, shape-modeling, preparation process, OH content,
hydrophobic/hydrophilic character, mechanical properties,
and adhesion properties. A fast sol-gel process to make
transparent sol-gel matrices suitable for different optical
applications such as waveguides and submicron structured
plates has been recently reported.'* The basis of this novel
fast sol-gel process for hybrids is to complete the reaction of
all precursors and to evacuate the residual products (alcohol
and water) before gelation. The sol-gel reaction has been
performed under varying pressure conditions (from several
atmospheres down to vacuum). This fast sol-gel technique
allows reproducible preparation of materials with well-
controlled properties and the mechanical and optical properties
of the fast sol-gel material can be custom designed by

changing the molar ratio of the precursors. Moreover they
can be cast as either bulk monoliths, thin films or as a bonding
phase between glass components. In most of optical application
domains, OH groups should not be present in the final
material since they cause luminescence quenching effects,
optical losses, and water adsorption. Different strategies have
been developed to reduce or suppress OH groups; the most
common are using a non-hydrolytic sol-gel processing and the
introduction of highly reactive transition metal alkoxide
inorganic precursors such as titanium or zirconium alkoxides.'>'®
We should in any case underline that almost endless possible
combinations to develop hybrid materials are in principle
available and very much case-by-case tailoring is the main
strategy which is followed. For such materials, the main routes
are co-condensation of organosilanes with traditional metal
alkoxides, preparation of composites formed by an inorganic
network and an organic polymer, polysesquioxane-based
systems and inorganic nanoparticle dispersions within an
organic polymeric matrix (or vice versa).

The optical field is one research domain where hybrid
sol-gel materials have been largely studied.>”!"!® The first
researches were mainly based on dye-doped sol-gel inorganics
and focused on the improvement of the photostability and/or
the segregation of the organic chromophore. Since then,
studies have progressed to more sophisticated systems where
the matrix is properly designed to optimize dye properties at
different stages of the material life and mainly under external
factors. The sol-gel process has been also found to be a good
method to develop multifunctional hybrid materials since
different components may be mixed in the same material
framework. Multicomponent systems have evolved from
nano- to macroscale. At the nanoscale it concerns tailor-made
host matrices in terms of optical and mechanical properties,
adhesion, which possess properties provided by the different
constituents or multi-chromophore incorporated systems for
specific phenomena such as energy transfer. The macroscale
concerns specific optical multilayer systems such as those
developed for antireflective coatings. Nano- and micro-
structuration, which can be self-induced of stimulated by
external tools have been also applied for a long time.
With the discovery of ordered mesostructured oxide based
materials,'® the nanostructuration induced in situ by the
organic self-assembly templating route has been applied for
developing optical hybrid sol-gels.?®?! This approach was
recently extended to the fabrication of nanopatterned hybrid
surfaces for integrated optics.?

The applications of hybrid materials in optics range from
“traditional” uses, such as decorative coatings to very
sophisticated nanostructured hybrids for photonics. Examples
of transparent coatings both for functional and decorative
applications are: sol-gel decorative coatings on glass, mineral
and metal surfaces, UV-curable glass protective coatings
(commercialized by HSG), protective hard coatings for
transparent plastics (Institut fiir Silicatforschung), abrasion
and scratch resistant coatings for aircraft windows (Boeing),
hard and transparent coatings for protection of glass optical
fibers (which improve mechanical strength, water corrosion,
mechanical and chemical damage, abrasion, high-temperature
degradation), photochromic coatings for glasses; contact
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lenses; solid-state lasers and waveguides, insulating materials
in the microelectronics industry, coating on glass, metallic or
plastic surface against corrosion, and low refractive index
coatings.

In the present review, three research areas have been mainly
considered: passive and active optical hybrid sol-gel materials,
and integrated optics; it is noteworthy that these research
themes are not unilateral and can be followed jointly. In
writing this review we have tried to give a general overview
following a logical development of the subject with these three
themes, some developments are not fully covered such as for
metal and semiconductor hybrid materials or mesostructured
hybrids, but the reader can refer to other reviews in the same
volume or to recent literature.'®??

One final introductive note about the nomenclature of the
materials that we have used in this review: in general we have
avoided the use of commercial names, such as Ormosils,
Ormocers or Hybrimer; their use is quite confused and often
misleading for those not expert in the field, we have therefore
always preferred the term organic—inorganic hybrid which
appears more generally descriptive of this class of materials
and more appropriate for an academic contest.

2. Passive optical hybrid sol-gel matrices

Hybrid materials in optics may be classified in two main types:
passive and active optical organic-inorganic materials. In
passive optical hybrids, transparency and refractive index are
of importance, while active hybrid systems are obtained by
incorporating in the inorganic or organic-inorganic matrix an
organic, metallic or organometallic optically active moiety.
Passive hybrid sol-gel materials have been widely studied for
applications related to surface coatings and are particularly
attractive for their high transparency, good adhesion, barrier
effects, corrosion protection, easy tuning of the refractive
index and adjustable mechanical properties.”* >’ Moreover,
the large possibilities of doping and/or structuring these
materials while keeping good optical transparency enlarge
their application field to antibacterial, and colored coatings.”®>>
The most important property of glass is its luminous
transmittance, which is the basis for applying plane glass in
windows of buildings and vehicles, as front covers of displays
and traffic signs. Glass is also highly accepted as a clean,
impermeable and recyclable container material to distribute,
store and consume beverages and other nutrition products.
Modification of glass surfaces through sol-gel hybrid
coatings is a successful example of industrial application of
this material.

2.1 Hybrid sol-gel matrices with controlled refractive index

Optical properties such as transparency and refractive index
strongly depend on both the structure and the composition of
the coating. Concerning transparency, a particular attention
must be given to the domain size and thus the compatibility of
reactants in multicomponent hybrid materials. One advantage
of sol-gel chemistry is the use of molecular alkoxy precursors
which favor co-condensation if a mixture of precursors is used.
In organic-inorganic hybrids usually made from organo-
alkoxysilane and Si, Al, Zr or Ti alkoxides, experimental

conditions have to be controlled to favor co-condensation
and avoid self-condensation of the hybrid network precursors.
An easy control of the refractive index is usually obtained by
using suitable network precursors and varying the composition.
Depending on the targeted properties, the refractive index of
the bulk hybrid material is often considered, and low or high
values compared to silica glass (n ~ 1.10-1.46 depending on
the OH content)**** are required. Ti and Zr are generally
preferred to reach high refractive index coatings. Pure organic
species can also be applied as a refractive index modulator but
their use is limited since the induced refractive index variations
are quite low in comparison to metal oxide doping; hybrid
sol-gel materials with high refractive index have been also
obtained by incorporating phenyl groups.®> Tunable refractive
index has been performed by modulation of the concentration
of phenyl groups;*® a high refractive index over 1.52 can be
reached by optimizing the matrix structure. Recently, an
inorganic—organic hybrid resin has been prepared through
sol-gel condensation and curing by a hydrosilylation reaction;*”**
the combination of these chemical reactions results in a sol-gel
derived organo-oligosiloxane-based hybrid material with
substantially high thermal stability and refractive index. The
fabricated phenyl based hybrid showed excellent optical
transparency with high refractive index (n = 1.56). The
transparency in the visible range has been maintained even
after thermal aging at 200 °C in air for 1152 h. This high
thermal stability at high temperature for long periods with
high refractive index is a very good combination for use in
light-emitting diode (LED) encapsulation. B. Meena et al.
have judiciously used phenylsilsesquioxane and diphenylsiloxane
precursors to form a polyphenylsiloxane hybrid matrix;*® the
obtained material has the interesting property to be soluble in
any organic solvent without phase segregation making
possible the choice and incorporation of dyes without
miscibility problems. This strategy offers easy film preparation
with high refractive index which opens tremendous possibilities
for applications concerning the design of new optical and
photonic materials.

Phenyl groups usually allow reaching refractive indexes
comparable to systems which employ zirconium as refractive
index modifier. Zirconium(iv) n-proproxide or diphenyl-
dimethoxysilane have been used as both network former and
refractive index modifier of an epoxy-functional hybrid sol-gel
derived thin film system.*’ The comparative effects of Zr and
phenyl content, and UV light on the optical properties of each
material system have been investigated. Refractive index
measurements have demonstrated that both refractive index
modifiers have similar and comparable effects on the refractive
index of the systems and could be used to tune them, within a
certain range. Depending on the type of refractive index
modifier and desired refractive index value, UV light could
also be employed to modify the refractive index of the systems.
However, since Zr catalyses the epoxy crosslinking reactions,
the influence of UV light on the refractive index of that system
becomes insignificant above certain Zr content.

Incorporation of metal alkoxides into polymers through the
sol-gel process is of significant interest for tuning the refractive
index of optical materials. Titania is commonly incorporated
in silica based networks to get a high refractive index.*!
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Acetylacetone (AcAc) is usually used as chelating agent for
titanium alkoxide precursors to control their reactivity toward
hydrolysis; the influence on the refractive index due to the use
of acetylacetone for the preparation of TiO, and SiO, based
hybrids has been studied.** TiO,-silica hybrid films, with and
without AcAc, have been prepared to study the effect of the
chelating agent on material properties. In absence of AcAc,
the films showed higher optical transparency in the visible
region; the refractive index of films increased from 1.54 to 1.64
at 633 nm with Ti molar fraction varying from 10 to 70%.
Whereas, in the films containing AcAc, the refractive index has
been found higher but inhomogeneous. A mixture of titania
and zirconia has been introduced by mixing the corresponding
alkoxide precursors with organoalkoxysilane as organic
modifier to form a hybrid sol-gel coating with high and
controllable refractive index for waveguiding.*® Titanium
dioxide has been chosen as an inorganic moiety for its high
refractive index. However, the strong quenching effect and the
high chemical reactivity of this metal alkoxide are negative
aspects for waveguide fabrication (vide infra); the co-addition
of zirconia in the precursor sol has allowed overcoming these
problems.

High refractive index hybrid coatings have been also
prepared by directly incorporating anatase titania nanocrystals
into organosilica precursor sol.** The introduction of fluorinated
species in hybrid films is also a way to adjust refractive index
when low refractive indexes are required. In such approaches,
the nature of the fluorinated species and fluor content influence
the refractive index. A series of polyimide (PI)-fluorinated
silicate nano-hybrid materials with low refractive indexes have
been prepared by the sol-gel process; they are based on
fluorinated-PI mixed with fluorinated organosiloxane network.*
The refractive indexes of the hybrids can be controlled through
the silica content or the fluorine content. Fluorinated
inorganic—organic hybrid materials have been prepared from
fluoroalkylsilane and methacryloxypropyltrimethoxysilane
through a sol-gel process;*® high fluorine content resulted in
lower refractive index within a range which is closely dependent
on the fluoro-alkyl chain length. Refractive index can be also
modified by surface nanostructuration or creating a size
controlled porosity to decrease the refractive index while
keeping good transparency. Nanoporous films prepared by
the sacrificial-porogen (pore generator) approach have been
developed as antireflective coatings.*’ The nanoporous structures
have been generated by removing organic sacrificial polymers
from hybrid films of poly(methylsilsesquioxane) and organic
polymer; the refractive index has been controlled by the
porosity which on turn depends on the amount of organic
polymer (% loading).

The control of the refractive index presents a high interest
for coatings with antireflective properties. Antireflective coatings
have been prepared from the polyvinyl butyral (PVB)/silica
composite system.*® Although no increase of the hydrophobicity
has been observed with the introduction of 4% PVB, an
excellent moisture resistance attributed to the absorption of
PVB on the surface of AR coating has been characterized.

A bi-layer thin film stack that served as an antireflective
coating has been developed with a low refractive index top
layer made from a mixture of organosilanes and high

refractive index bottom layer made from a mixture of titania
and organosilane.* The reflectance and the antireflection
coating have been controlled by adjusting the relative refractive
indexes and the thicknesses of the top and bottom layers.
Under optimized synthesis conditions, an antireflection
coating has been obtained, exhibiting low reflection, 1% at
550 nm, in the visible range.

Multifunctional hybrid coatings with optical properties
have attracted much attention since they combine different
properties in one coating system. Recently a bi-layer device
with antireflective, photocatalytic (self-cleaning), water repellent,
and high water-wetting (anti fogging) properties has been
prepared by sol-gel deposition of two successive oxide
layers.”® A methylated-silica coating with high transparency,
high water resistance, close to zero water adsorption, and
fairly high mechanical properties has been first deposited. An
ultrathin crystalline TiO, nanoperforated layer was then
deposited on top of the previous layer. This hard top layer
acts as a protective barrier towards mechanical wear and
assures high water wetting (anti fogging) and photocatalysis
(self-cleaning) at the surface. Moreover, in such multicomponent
systems, the thickness and the refractive index of this layer can
control antireflectivity properties. Passive sol-gel materials
can also play an important role in the development of electro-
optic devices, because of their variety of available refractive
indexes. They can be used for different applications such as
passive waveguide transitions to minimize coupling loss or as
cladding layers for the EO material®' (vide infra).

2.2 Colored hybrid sol-gel materials

Transparent colored coatings have been rapidly developed for
packaging purposes and have found commercially available
applications;*>>? intensive research in this area is still current.
For most of the applications of dye colored coatings, the
intensity and stability of the color are major issues. The color
intensity depends mainly on the amount of dye in the coating
matrix, however, when a large quantity of dye is introduced in
the precursor solution, the dye molecules can aggregate to
produce opaque and light dispersive colored coatings, whose
optical quality is not appropriate for many applications. Thus,
to get good quality intense colored coatings it is necessary to
disperse a large amount of dye in the matrix avoiding molecule
aggregation. Moreover, it has been found that the photo-
stability of dye molecules depends on the properties of the
inorganic matrix where they are embedded and on dye
aggregation state. A ball milling of the starting solutions has
been reported to be an effective process to produce a much
better dye dispersion and thus obtaining more intense colors
and more photostable dye colored silica coatings.>* Colored
hybrid coating processing is a relatively low cost method for
modifying the glass with a sophisticated shape and high surface
area. A composition based on aluminium tri-sec-butylate
(TBA), phenyltrimethoxysilane (PhTMS) and 3-glycidoxypropyl-
trimethoxysilane (GPTMS) seems to be particularly suitable
for these applications.>® The incorporation of colored azo-dyes in
boron-silica hybrid matrix has also been reported to form well
colored films with good hydrophobic properties obtained with
low amounts of chromophores.*® It is noteworthy that in most
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of the cases the research concerns mixed systems where both
passive optical properties such as transparency and refractive
index and optical properties generated by the incorporated
optical moieties are taken into account.

3. Optically active hybrid sol-gel matrices
3.1 Photochromic hybrid materials

Photochromism is an optical phenomenon discovered in the
late 1880s°7-°® that can be described as a reversible change of
color upon exposure to light. It results from the reversible
transformation of a chemical species between two forms by the
absorption of electromagnetic radiation, where the two forms
have different absorption spectra. Photochromism can take
place in both organic and inorganic compounds, and also in
biological systems (for example retinal in the vision process).
Photochromic materials have several important uses depending
on the rates of the transformations; for example, fast
transformations are required for optical switches, while slow
transformations are useful for optical data storage media. Photo-
chromic materials can also be used to form energy-conserving
coatings, eye-protection glasses and privacy shields.

3.1.1 Photochromic hybrids for fast optical switches. The
switching speed of photochromic dyes is highly sensitive to the
rigidity of the environment around the dye. As a result, they
switch most rapidly in solution and more slowly in a rigid
environment such as a polymer lens. However, it has been
reported that attaching flexible polymers with low glass transition
temperature (for example siloxanes or poly(butyl acrylate)) to
the dyes allows them to switch much more rapidly in a rigid
lens.>** Some spirooxazines with siloxane polymers attached
switch at near solution-like speeds even though they are in a
rigid lens matrix.

The strong interest found in the use of hybrid inorganic—
organic sol-gel matrices to prepare optical photochromic
devices is related to the numerous possibilities offered by this
family of materials in terms of controllable matrix rigidity,
dye—matrix interaction, high dye loading, and easy matrix
shape modeling.®' The advantages provided by the use of an
inorganic—organic hybrid sol-gel glass hosting photochromic
spirooxazin dyes compared to dye-in-solvent and dye-in polymer
systems in terms of dye photochromic response and thermal
stability was demonstrated rather early.’> Most of the photo-
chromic sol-gel hybrid materials with fast optical response
have been made by embedding photochromic organic dyes
such as spiropyrane and spirooxazine derivatives in hybrid
silica-based sol-gel matrices (Fig. 1).97% It was soon observed
that the photochromic behavior of the dye is strongly dependent
on the dye/dye and dye/matrix interaction.®® The dye/dye
interaction is usually controlled by the dye miscibility in the
matrix, the dye loading and the incorporation method. When
fast optical response is required, it was clearly shown that
hybrid class T materials® where dyes are embedded with weak
dye/matrix interactions are preferable. The grafting of the dye
to the matrix backbone allowed increasing dye content without
aggregation®”®® but the strong dye/matrix interaction has been
found to reduce the dye mobility and thus the thermal
decoloration rate. In such systems, the spacer length between

the dye and the matrix backbone could be varied to optimize
the rate of photochromic reactions.®” Grafting the dye to the
matrix backbone has been also found to improve photo-
chemical fatigue resistance and a more rigid matrix appears
preferable in terms of photodegradation.” The nature of the
environment surrounding the dye within the hybrid host
matrix has a strong effect on its photochromic response. The
adjustment of the hydrophobic/hydrophilic balance within the
matrix has been revealed to be of paramount importance for
controlling the competition between direct and reverse photo-
chromism and thus the kinetics of the photochromic response
of spirooxazine and spiropyrane dyes embedded in hybrid
silica matrices.®* The host matrix is not only considered as the
most favorable environment of the dye in terms of optical
properties but also as the most thermally and photochemically
stable environment in terms of the material lifetime. The
design of the matrix has therefore been studied to elaborate
photochromic materials with desired photochromic properties
depending on the targeted applications.”! The optical response
of the dye can also be controlled by the introduction of
additives.”>”? As an example, the photofatigue resistance can
be improved by the combination of two organic additives,
methylimidazole and perfluoroalkylsiloxane.”>”* The role of
the additive is not only restricted to the photostability of the
material but also acts on the photochromic response. Recently,
bistability was attained in a photochromic spirooxazine
embedded sol-gel hybrid coating by introducing a zinc salt,
which is able to form a chelate with the photochromic
molecule when irradiated, resulting in a drastic reduction of
the thermal bleaching kinetics.”

Tailoring the host matrix was quickly revealed as funda-
mental for both photochemical response and photostability of
the materials. An important work in the design of the host
silica-based hybrid matrices have been realized by the group of
D. Levy.” Different aspects have been considered such as pore
surface properties to control the dye/matrix interaction,’®’’
the size of the pores which might contribute to steric hindrance
of the dye molecule,”® processing parameters that control
photochromic properties of the material,”® and role of organic
groups in hybrid matrices.*® Although the main targeted
applications for reversible photochromic hybrid materials
are optical switches related, the interest for these materials is
also found in applied areas such as toys, cosmetics and
clothing. Due to their easy shape-modeling, photochromic
hybrid sol-gel silica materials have been recently used to
prepare fast-response photochromic textile fibers where the
host matrix is tailored to assure not only the expression of the
photochromic properties of the embedded dye but also a good
covering and adhesion on the fiber.8! In this case, both
adhesion and mechanical properties are very important since
practical fibers have been strongly sought for a long time. The
properties of the silica-based matrix can be optimized by
introduction of specific moieties such as epoxy groups to
enhance both washing and abrasion durability of the photo-
chromic coating layer, moreover the optical response speed
was slightly increased as well.®

Although the reported studies concern mainly hybrid photo-
chromic materials which have been processed as supported thin
films or coatings, interest in other shape modeling has also
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Fig. 1 Molecular structures of spiropyran (SP) and spirooxazine
(SO).

been expressed. The synthesis of hybrid pigments by the
incorporation of photochromic dyes (spirooxazine and
spiropyrane derivatives) in surfactant templated mesostructured
silica particles, and their subsequent incorporation in latexes
to create solid films with relatively large, yet controllable,
thickness has been recently reported.®® The hybrid pigment
provides a mechanical and chemically rigid framework that
protects the dyes and facilitates handling.

The nanostructuration of the host matrix could be also
advantageously used to improve hybrid material properties.
An original strategy to increase colorability and mechanical
properties of sol-gel photochromic film has been recently
developed by impregnating a well-ordered 3-D hexagonal
organosilicate mesoporous film with spirooxazine dye.®* Fast
photochromic response of spirooxazine and spiropyran dyes
embedded in mesostructured silica materials was reported
relatively early but the advantage of the mesostructured host
was not clearly demonstrated.®®

3.1.2 Photochromic hybrids for optical data storage. Photo-
chromic compounds such as diarylethene, dithienylethene and
furylfugide derivatives (Fig. 2) have been incorporated in a
hybrid sol-gel matrix because they exhibit an improvement of
the photofatigue resistance and a better color stability.
However, photochromism of these dyes and diazobenzene
derivatives is based on a reversible isomerization which does
not exhibit thermal fading at room temperature; therefore, a
photochemically reversible change is observed upon alternating
UV/visible exposition and thermal treatment. As these photo-
chromic compounds are thermally stable and resistant to
photochemical side reactions, they can be used in various
applications such as switches and optical information storage.5 %
An interesting phenomenon has been discovered with the use
of diazobenzene dyes, which undergo a strong structural
change during the photoisomerization (cis—trans isomerization)
process (Fig. 3) which affects the medium around the molecules.
Applications based on the photochromic behavior of diazo
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Fig. 2 Molecular structures of (a) diarylethene (DE), (b) dithienyl-
ethene (DT) and (c) furylfugide.

dyes have been proposed in the form of laser induced surface
gratings.”® The possibility to pattern thin azobenzene
photochromic films at nanometer-size resolution has been
demonstrated by Landraud and co-workers using aperture
near-field optical techniques.”! In particular it was shown that
the matter migration induced by repeated photoisomerization
cycles of the azobenzene dyes has created nanometer-size surface
relief whose lateral size was defined by the tip aperture diameter
and whose protusion height was directly proportional to
the irradiation dose. These photoinduced properties were
advantageously used to store information and to design optical
devices (writing of channel waveguides and gratings).”>*

It was recently reported that azobenzene-containing TiO,/
silica-based hybrid films allow directly integrating the optical
storage or optical switching devices with the waveguide devices
on the same chip.* Photoinduced effects on the host matrix
upon isomerization of azobenzene dyes have been mostly
studied, however, the influence of the matrix properties such
as rigidity on both photoisomerization process and resulting
bulk optical properties has been also investigated. In particular,
the curing process of the as-prepared dye-embedded hybrid
matrix has been found to be crucial on the dye molecules
behavior and consequently on the birefringence, dichroism
and transmittance properties.”*’

Some organometallic compounds have photochromic
properties and can be incorporated into sol-gel matrices for
the preparation of optical hybrid devices. It has been demon-
strated that nitrosyl complexes such as sodium nitroprussiate
salt exhibit photochromic properties which are interesting for
optical data storage applications. In this case the photochromic
phenomenon is due to a reversible photoinduced structural
change; upon irradiation, the conformation of the nitrosyl
ligand switches to the isonitrosyl and a bent form. A
photochromic ruthenium complex has been incorporated as
nanocrystals within a sol-gel silica matrix.”* The photochromic
properties are maintained in the composite with lower
conversion rate due to the interaction of NO ligand of the
complex and OH from silanol groups of the matrix.

3.1.3 Photochromic hybrids with inorganic chromophores.
The previous examples illustrate most of the research orientations
and motivations in the development of photochromic materials
based on the incorporation of organic photochromic dye
within hybrid sol-gel matrices. Many inorganic substances
also exhibit photochromic properties, often with much better
resistance to fatigue than organic photochromics. Some studies
on the development of hybrid photochromic materials using
inorganic photochromic tungsten-containing compounds have
been also carried even if on a much smaller scale. In most of
the reported systems the inorganic photochromic component
is used as the hybrid organic-inorganic network former.
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Fig. 3 Cis—trans photoisomerization of azobenzene.
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However, only few examples have shown the possibility to
embed the inorganic photochromic component as nanoparticles
or nanoclusters within the hybrid silica-based matrix. The
interest of photochromic hybrids with inorganic chromophores
is mainly related to the easy shape modeling offered by this
type of materials. An interesting strategy has been developed
to prepare photochromic organosiloxane-based inorganic—
organic hybrids by using tungstic acid to promote hydrolysis
and subsequent condensation of 3-glycidoxypropyltrimethoxy-
silane.”® Tt was demonstrated that the inorganic component
derived from tungstic acid appeared to have Si—-O-W bonds
with the siloxane network. Tungstosilicate anions have been
entrapped into the hybrid silica-based matrix with maintaining
its Keggin structure.’® The decoloration process related to the
presence of O occurs from the reduction of W™ to W>* due
to ligand-to-metal charge transfer with simultaneous formation
of a free radical; the resulting hybrid film exhibited excellent
photochromism, mechanical strength and thermodynamical
stability. Polyoxometallates (POM) have been embedded in
hybrid silica films by covalent grafting through electrostatic
encapsulation with hydroxyl-terminated surfactants.”” The
resulting functional hybrid film has both the transparent and
easy processing properties of the silica matrix and the stable
and reversible photochromism of POMs. Moreover, the redox
properties of POMs have been advantageously used in these
systems to realize the in situ synthesis of metal nanoparticles in
the film. Transparent hybrid silane-WOj; films have been
prepared by mixing WOj3 nanoclusters and organosilane
sols.”® The coloration process has been found to be due to
the formation of W—O-H structures that unfortunately lead to
a very slow bleaching process.

3.2 Hybrid solid-state laser-dye materials

Laser dyes have been used for many years as a versatile source
of tunable coherent optical radiation and are commonly
used both in lasers and in optically pumped amplifiers.
However, most of the dye lasers are solvent based and require
pumping of the dye solution through a resonator to slow down
photodecomposition. Therefore, there has long been an
interest in fabricating solid-state gain media containing
organic laser dyes because they provide ease of use and
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replacement. Moreover, the encapsulation of the dye in a solid
matrix is favorable for decreasing health and environmental
hazards.

Avnir and co-workers*® first synthesized luminescent
dye-doped sol-gel matrices and demonstrated the possibility
of using them as solid-state dye lasers. However, only after a
few years were the first laser emissions in sol-gel materials
reported.'®'% The main reasons for this delay are due to the
several drastic conditions required to prepare efficient solid-
state organic dye lasers. The laser material must exhibit an
excellent transparency without scattering and a well-polished
surface (surface roughness smaller than few nanometers).
Other important parameters related to the laser emission are
slope efficiency, output-energy pumping, lifetime and stability
to aging. As a consequence of these several requirements most
of the studies in this area have been focused on the tailoring of
the dye/matrix system and the demonstration of laser emission.
Different types of sol-gel matrices have been used as laser dye
hosts such as silica or alumina xerogels, hybrid sol-gel materials
and composite silica glass/polymer. Silica based hybrids that
are class II hybrid materials have been quickly found to be
good for constructing such solid-state dye lasers.”!9%10
Indeed, the organic component could improve matrix
characteristics such as hydrophobicity (to repel any residual
polar solvent and thus protect the organic dye from chemical
degradation), density (to decrease optical in homogeneities)
and mechanical resistance (necessary to stand the surface
polishing). It has been observed that hybrid laser materials
exhibit substantially longer lifetimes and operate at much
higher repetition rates than either inorganic xerogel systems
or organic polymer hosts. These hybrid materials are able to
provide a local environment to retain the strong fluorescent
quantum yield of the dye and improve its photostability.
Moreover, a high dye loading can be achieved with minimized
dye aggregation when the active molecule is covalently
anchored to the matrix backbone.' The development of a
controlled hydrolysis process of hybrid precursors has allowed
the synthesis of very dense and chemically stable matrices. The
resulting materials exhibit a total absence of scattering losses
all through the visible spectrum that clearly indicates the
dramatic diminution of large pores. This not only affects the
optical transparency of the laser material but also impacts its
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Fig. 4 Generic structures of (a) perylimide, (b) pyrromethene, (c) xanthene and (d) cyanine dyes.
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thermal conductivity and therefore the thermal problems that
arise when dissipating heat internally through optical excitation.
Composite silica glass/polymers that are formed by two phase
domains have shown good compatibility for dye and allowed a
high dye loading. Moreover such structures allow combining
the excellent thermal properties of inorganic glasses (higher
thermal stability, lower thermal expansion and better thermal
coefficient of refractive index) with the benefits provided by
polymers (good compatibility with organic dyes, optical
homogeneity and wide possibilities of modification of
structural and chemical composition).

Performance of solid-state dye laser materials is not only
based on the properties of the host matrix but also on the
choice of the organic dye. The dye must be selected for
appropriate spectral properties to match the desired lasing
wavelength. It must be compatible with solid-state hosts,
exhibit a good laser gain and be chemically, photochemically
and thermally stable under the conditions of use of the laser. It
is noteworthy, that the choice of dye for the gain medium is
much more sensitive to photostability than is the case for
liquid-solution dye lasers, because the dye does not flow and
cannot be replaced after photobleaching. Different perylimide,
pyrromethene, xanthene and cyanine dyes (Fig. 4) have lased
in a variety of matrices including pure inorganic, sol-gel
composites and hybrid matrices.!%%104107" 11 perviene orange
and related perylimide dyes have been the first dyes to be
incorporated into sol-gel hosts''>"'* and have been found to
be relatively photostable but less efficient as compared to other
dyes. Although pyrromethene dyes are efficient, they are less
photostable than perylimide dyes. Much effort has been
invested in improving the longevity of pyrromethene-based
solid-state dye lasers,''® particularly by removing oxygen from
the immediate environment of the dye. The xanthenes dyes
relate to the rhodamine family for which the most common,
rhodamine 6G, has been found to be an efficient and stable
dye.''® The cyanine dye family spans a very large range
of wavelengths from green to infra-red. In general the
longer wavelength cyanine dyes are less stable than their
shorter wavelength relatives. Infra-red dyes, which belong to
the cyanine family, have been used to prepare dye-laser
materials,'!"'?° not only to extend the wavelength covered
by the sol-gel laser, but also relate to the possibility of
developing a compact laser system that uses a diode laser as
a pump. The synthesis of IR dye-doped sol-gel materials has
received relatively little attention because of the low stability
of cyanine dyes. Dunn and co-workers''® reported laser action
of 1,17,3,3,3’,3'-hexamethylindotricarbocyanine (HITC) and
other IR dyes embedded in hybrid matrices and thus provided
evidence that sol-gel lasers can be fabricated throughout the
visible spectrum and into the near infrared.

The huge optimization potential of hybrid solid-state
dye-laser materials is illustrated by the strong improvement
of their performance over recent years. The slope efficiency has
increased from a few percent to more than 80% and the
maximum output energies increased simultaneously from a
few pJ to a few mJ. At the same time, lifetimes progressed
from about 10* pulses in the pJ range to more than 10° pulses
in the mJ range.'® These results are very promising and it may
be forecast that in the near future effective tunable solid-state

dye lasers can replace liquid dye laser systems in certain
applications.

The development of sol-gel/dye lasers, including the sol-gel
technology, dye properties, and laser operation has been
recently reviewed.'?' It has been emphasized that character-
ization of the host and the host/dye system is necessary for
continued development of these systems. For this reason,
methods based on the laser scanning confocal microscope
have been developed to allow for small areas of the host/dye
combination to be probed.!?* It is clear that optimization of
the host matrix, that implies control of the synthesis parameters,
is paramount for improving the laser action of incorporated
dye. For this aim, a systematic study on the laser action of
dyes doped into monolithic hybrid matrices with the synthetic
protocols of the final materials prepared via sol-gel process
has been realized.'”® The influence of both hydrolysis
time, increased in a controlled way, and the nature of the
neutralization agent on the laser action of pyrromethene 567,
incorporated into hybrid matrices based on copolymers of
methacrylate and 2-hydroxyethyl methacrylate with methyl-
triethoxysilane at the same time to be anchored to the
inorganic network, have been studied. Both, enhancing the
inorganic—organic compatibility through the matrix inter-
phase, and the use of hydrolysis times smaller than 10 min,
have been found to increase significantly the lasing efficiency
and photostability of dye. The above conclusion can be
generalized to optimize the synthesis of organic—inorganic
hybrid materials with optoelectronic innovative applications
independently of their composition.

The influence of several parameters on the lasing efficiency
of hybrid sol-gel laser materials has been also investigated.
Some comparative studies have been realized on the role of the
incorporation of rhodamine 6G laser dye.'?* The photobleaching
feature and photoluminescence properties are sensitive to the
surrounding of dyes incorporated within porous sol-gel glass
matrices and class II materials, where dyes are covalently
bonded to the matrix backbone, exhibit improved performance
compared to the class I materials where interaction between
the dye and matrix backbone are weak. The time stability of
the laser action of pyrromethene 605 dye-doped hybrid
xerogels has been checked on several-year-old samples compared
to fresh ones.'? The porosity of the host matrix has since been
found to control the light transport mean free path, thus
optimization of the matrix microstructure is important.'?
Polymers have been used to create porosity by spinodal
decomposition with a controlled porosity varying from
microns to less than 100 nm.

An interesting approach for improving lasing properties is
based on the use of a binary mixture of pyromethene dyes for
doping hybrid sol-gel matrices;'?’ the laser efficiency has been
found to be improved up to 65% by using this co-doping
route. Moreover, the tunabilities of these dye-mixed lasers
have been extended to a large frequency region up to 70 nm.
The incorporation of a binary mixture of laser dyes such as
rhodamine 6G and perylene red within a hybrid sol-gel matrix
has been also realized to generate energy transfer from
rhodamine 6G donor to perylene red acceptor.'?®!? It has
been demonstrated that the energy transfer depends on both
the dye concentration and the dye ratio.
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An interest in the development of hybrid materials with
amplified spontaneous emission (ASE), which is a type of
mirrorless lasing where spontaneously emitted photons are
amplified by stimulated emission as they travel through a gain
medium,'*° has been also emerged in recent years. These
studies constitute a step towards device realization for
integrated optical circuits. Yang and co-workers'?! showed
the fabrication of mesostructured waveguides doped with the
laser dye rhodamine 6G on low-refractive index mesoporous
silica claddings. The waveguides exhibited ASE with a low
pumping threshold of 10 kW ecm 2 (instead of 200 kW cm ™ in
silica sol-gel glasses for the same dye concentration) attributed
to the mesostructure ability to prevent aggregation of the dye
molecules. ASE has been also observed with a waveguide
configuration based on a conjugated polymer blended with a
zirconium-organosilicon glassy matrix.'

Pyrromethene and rhodamine dyes have been embedded in
a composite silica glass/polymer matrix.'*® Lasing character-
istics such as ASE efficiency, output peak wavelengths, output
energies, and gains were found to be dependent on the dye
concentration.

The preparation of sol-gel derived zirconia-silica hybrid
films doped with near-infrared IR26 dye in order to obtain a
solid-state dye laser material, which is promising for future
distributed feedback (DFB) operation, has been reported.'**
Concerning the actual use in integrated optics, organic—
inorganic hybrid planar and channel thin film waveguides
obtained by sol-gel processes have been preferred to bulk
materials, due to versatility and compatibility to DFB
configurations. Waveguiding based on silica composites as
optically active layer is restricted by the use of a support layer
ultralow refractive index. A new synthetic approach for high
refractive index, dye activated, hybrid mesostructured materials
utilizing a fluorocarbon-stabilized titania precursor has been
developed.'*® These solid and optically transparent titania
composites have all the desired properties of their silica
analogues, including nanoscopic domain separation and ease
of patterning of the precursor solution, with the important
added advantage of a higher refractive index, making possible
planar waveguiding via one-step deposition onto simple glass
substrates. The waveguiding ability of the hybrid titania
mesostructured films can be used for mirrorless lasing applications
such as ASE. Organic-inorganic sol-gel composites incorporating
semiconductor nanocrystals have also attracted attention for
optical gain applications. A composite polymer-sol—gel matrix
was found suitable to stabilize quantum dots and quantum
rods.'*® The excellent optical quality and waveguiding
efficiency of the matrix provides optical gain in lower nano-
crystal densities than needed in close-packed films. It also
leads to improved optical gain performance manifested by
prolonged stable ASE and reduced threshold pump powers.
The sol-gel composite film shows a broadened temperature
range of optical gain operation and a pronounced decrease in
thermal and chemical degradation in comparison to a close-
packed film.

Although most of the works concern hybrid sol-gel
solid-state laser materials processed as transparent monoliths
or films, recently a random laser emission was also obtained
from dye-doped silica gel processed as powder.'’

Hybrid organic—inorganic lasers are still one of the simplest
continuously tunable lasers, and they remain an area of active
study. First studies have been focused on the preparation of
dye-embedded sol-gel matrices and improvement of lasing
properties of the bulk materials. Several parameters, including
dye choice and design, dye/matrix interactions, host matrix
design, and experimental conditions, have been identified and
optimized for improving laser efficiency. It is an area where the
large potential offered by the sol-gel chemistry to design
tailor-made hybrid systems has been widely demonstrated.
Up to now, the performances of solid-sate dye lasers emitting
in the visible region has been greatly improved, which allows
solid-sate dye lasers to be commercially available. Solid-state
lasers using infrared, blue'*® and UV dyes have also received
attention but in minor proportion since the involved dyes
exhibit more photostability problems to solve; nevertheless it
is expected that they will rapidly reach the same development
level. For the last decade, researches in this field have been
involved in the development of solid-state laser dyes systems
compatible with wave guiding technologies for application in
integrated optics.

4. Hybrid materials for integrated photonics

One of the most successful developments of sol-gel hybrid
materials is the fabrication of photonics devices for opto-
electronics;'® a large variety of applications has been envisaged
in this field and several products are now on the market. An
advantage of sol-gel hybrids for optoelectronics is the high
versatility of the material processing, which allows preparing
waveguides and photonic devices by different methods and
low-cost technologies.!*® A clear advantage is the flexibility of
the chemical synthesis, the low temperature bottom-up route
and the potential better properties in comparison to the main
competitor materials such as inorganic oxides and organic
polymers.'"*! Application in “integrated photonics” of hybrid
materials for fabrication of different optical components, such
as waveguides, beam splitters, gratings, couplers has been
definitely demonstrated."? In this section we will briefly
describe some of the applications in optoelectronics that have
been developed so far using hybrid materials.

4.1 Planar and channel waveguides

Planar and channel waveguides for integrated photonics must
have low optical losses at the telecommunication wavelengths
in the near infrared region, specifically at 1320 and 1550 nm.
In planar waveguides, which are in the form of film on a
planar substrate, the light is free to propagate in all the in
plane directions while in channel waveguides the light is
further confined within the strict geometry of the channel.
Hybrid and sol-gel films typically report optical losses lower
than 1 dB cm™!, which are intrinsically much higher than
optical fibers (ultra-low losses fibers have optical losses lower
than 1 dB km ™! at 1550 nm);'** integrated photonics devices
are, however, generally designed to have small dimensions,
typically no more than few cm, and optical losses between
0.1 and 0.5 dB cm™! are acceptable. Optical losses of
hybrid materials in the near infrared range depend very much
on the absorption of OH and C-H groups around the
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Table 1 A comparative qualitative evaluation of the advantages vs. disadvantages of using hybrid materials for integrated optics as an alternative

to pure inorganic oxides from sol-gel processing

Hybrid waveguides

Inorganic oxide waveguides

Thermal stability up to 300 °C

Low temperature processing

Amorphous structure

Easy patterning by different lithographic technologies

Large thickness per single layer, high aspect ratio achievable
“Flexible” layers can be obtained

No or low residual stress in the films

Good planarization properties, no treatment necessary
Deposition on flexible substrates is possible

High temperature thermal stability

High temperature processing

Crystallization upon annealing

Smaller number of lithographic technologies can be used
Small thickness per single layer (<500 nm)

“Rigid” fragile layers

Residual stress in thin films

Medium planarization property

Only rigid planar substrates

telecommunication windows. Strategies to overcome these
problems are based on reduction of OH content developing
specific synthesis routes or on changing the material composition
to reduce the optical absorption due to organic groups;
substitution of C-H with fluorinated groups is one of the
most common strategies. On the other hand an intrinsic
advantage of hybrid materials for planar waveguides is that
scattering losses due to the surface roughness are low and no
planarization treatments are necessary, such as in the case of
other oxide materials.'** Some of the advantages of hybrid
materials for fabricating planar waveguides in comparison to
sol-gel oxide films are summarized in Table 1.

The chemistry that has been developed for the fabrication of
waveguides is relatively simple; the two most popular
organically modified alkoxides which are used for fabricating
photonics components contain polymerizable methacrylate or
epoxy groups, such as 3-methacryloxypropyltrimethoxysilane
(MPTMS) and 3-glycidoxypropyltrimethoxysilane (GPTMS).'#
The hybrid materials obtained from these alkoxides can be
easily photopolymerized'*® by adding a photoinitiator in the
precursor sol. Epoxy groups are more “sloppy” to open in
comparison with methacrylate but the final material has
generally better properties in term of mechanical'*’ and
chemical durability. On the other hand the chemistry of
GPTMS is quite complex because several side reactions during
sol-gel synthesis can be observed and fine design of the
material is, therefore, quite difficult.'*®1%° The refractive index
is tuned by adding a transition metal alkoxide which can also
be used as catalyst for epoxy opening; the drawback of this
synthesis is that chelating agents,'>® which can be a source of
impurities such as additional residual carbon after thermal
processing of the material, are generally employed to reduce
the high hydrolytic reactivity of these alkoxides.!®' The two
chemical reactions that are involved, which are the poly-
condensation of inorganic groups and polymerization of
organic functions are in competition; if the inorganic network
formation is too fast there is not enough room for the
formation of extended organic chains.'>® The hybrid structure
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which results, therefore, is affected by the synthesis protocol
even if the composition of the material does not change. In
general, the complexity of the chemistry is quite overlooked in
the scientific literature, even if the overall material properties
are very dependent on only small changes in the chemical
synthesis.

Another important requirement for waveguide materials is
reducing the amount of silanols,'® also in this case several
strategies, which witness the high versatility of the hybrid
chemistry, have been proposed. An interesting example is the
co-condensation of diphenylsilanediol (DPS) with MPTMS
which is used to prepare hybrid films for planar waveguides
that show surprisingly low optical losses (0.5 dB cm™!) in
the near infrared even if they are not fluorinated,'>® high
aspect ratio hybrid films can be also fabricated.!3*!5
Diphenylsilanediol has been co-condensed with different
alkoxides containing polymerizable functional groups, such
as MPTMS,'*® GPTMS'Y’ and vinyltriispropenoxysilane
(VTIPS);'*® the steric hindrance of phenyl groups in DPS in
general avoids self-condensation reactions and favours
alkoxylation. An example of this reaction is shown in Fig. 5;
DPS reacts in non-hydrolytic conditions with VTIPS and
acetone is formed as a byproduct which is immediately
eliminated by evaporation.

It is important to stress that an intrinsic advantage of using
hybrid materials for applications in integrated optics relies on
the possibility to apply a large variety of lithographic
technologies and that even direct writing, without using any
photocatalyst, by use of intense sources of X-rays is possible.
Several types of channel waveguides and splitters, have been
prepared; waveguide Y splitters with different opening angles,
low propagation losses and good splitting effect have been
fabricated.!>*161

Hybrid materials for optical waveguides show, in general,
good adhesion on different substrates and this property allows
fabricating flexible waveguides on polymeric substrates.
A non-hydrolytic sol-gel synthesis using 3-acryloxypropyl-
trimethoxysilane and 4-4'-(hexafluoroisopropylidene)diphenol
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Fig. 5 Condensation reaction of diphenylsilanediol with 3-methacryloxypropyltrimethoxysilane.
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Fig. 6 Hybrid organic-inorganic optical waveguide deposited on a
flexible substrate. Reproduced from ref. 162 with the permission of the
Royal Chemical Society.

has been used to obtain a flexible waveguide array with no
significant bending losses above 2 mm diameter curvature.'®?
Fig. 6 shows one example of such type of optical waveguides
on flexible substrates (from ref. 162).

Fabrication of hybrid organic—inorganic waveguides and
lithographic technologies. Planar waveguides are obtained by
deposition of a coating layer on a substrate of lower refractive
index, the third low refractive index medium is generally air
but a capping layer can be also used to cover the guiding layer.
The light is entrapped within the high refractive index layer
and propagates in any direction parallel to the substrate. It has
to be underlined that hybrid materials can be used not only for
the guiding layers but also for the buffer and capping parts of
the device, or can be separately integrated in different systems,
which means only one of the layers is used for fabrication of
photonic systems based on different types of materials, such as
organic polymers or inorganic oxides. An example is the
hybrid film obtained by reaction of MPTMS and 3,3,3-
trifluoropropyltrimethoxysilane which is commercialized
as a cladding layer.'>® Optical circuits require, however, the
fabrication of 3D optical channel waveguides and in this
case application of lithographic technologies is necessary.
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The advantage of hybrid materials is that a large variety of
lithographies from hard (X-rays) to soft (soft-molding) can be
applied. The most common is UV lithography,'>*1631%% which
is a simple, low cost, widely available and quite reliable
fabrication method; other examples are soft-lithography,'>®
rapid ion etching (RIE),'® electron beam lithography
(EBL),'*%1%7 femtosecond laser-based writing,'®® deep X-ray
lithography (DXRL)'*"!"! and soft X-ray lithography.'®® An
example of microstructures obtained via soft-lithography is
shown in Fig. 7; the microstructures are obtained by pressing a
polydimethylsiloxane mold on the hybrid material layer which
appears well suitable for the application of the “soft”
lithographic writing techniques.'®

The UV lithography of hybrid materials is based on photo-
polymerization of the methacrylate or epoxy through
activation of the photoinitiator.!”> The UV light decomposes
the photoinitiator into free radicals that open the methacrylate
double bonds or the epoxy rings. This process induces an
organic polymerization with formation of chains whose
length, as we have previously underlined, depends on several
synthesis and processing parameters, such as for instance the
aging of the sol or the pH of the precursor sol.">* The
unexposed area is then etched to leave the patterned film; in
this specific case the hybrid material acts as a negative tone
resist upon exposition to UV light.

The effect of X-rays on hybrid materials has been recently
used to develop direct patterning lithographies; the advantages
of these techniques is that no photoinitiators are necessary to
activate the polymerization and hybrid materials behave as
negative resists upon exposure to X-rays. Both soft X-rays
(typically in the 1-4 keV range of photon energy) and hard
X-rays (DXRL) (5-25 keV of photon energy) have been used.
In particular, the advantage of opening the epoxy by soft
X-rays is clear, which is more difficult to achieve via UV
photopolymerization. Fig. 8 shows the patterned structure
obtained after chemical etching of a hybrid silica film
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Fig. 7 SEM images of microstructures obtained on hybrid coating layers by soft-lithography (images courtesy of Prof. Masahide Takahashi).
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Fig.8 Electronic image taken by SEM of a patterned MTES-TEOS film after chemical etching (a); the direct exposure to intense sources of X-ray
(Deep X-ray Lithography) allows removing of the organic molecules and easy etching of the unexposed areas (sketch in b).

containing methyl groups (Fig. 8a); the film is directly exposed
to high energy doses by DXRL that remove the organic
molecules from the material and allow chemical etching of
the unexposed side (Fig. 8b).

Alternative lithographic etching-free processes are currently
under development; in general controlled wrinkling and
corrugation of the hybrid film surface induced by selective
exposure to UV light can be potentially an innovative low-cost
and direct technology for fabrication of optics elements that
are quite difficult or expensive to obtain by conventional
lithographies. Several examples have been reported in literature,
such as photolocking of volatile higher refractive index species
in hybrid films, which is an extension to hybrid materials
of a method which has been originally applied to organic
polymers. Photoinitiators, such as benzyldimethylketal
(CsHsCOC(OCH3),CgHs] and 1-hydroxycyclohexyl phenyl
ketone (HOC¢H{COCcHs) have been used for the photo-
locking process. Photopolymerization is induced by excitation
of the photoinitiator by UV light in the exposed areas of the
film; after this step the volatile molecules are finally removed
by a thermal treatment.'”> Another strategy to obtain self-
ordered patterns is the formation of wrinkled microstructures
of long-range order/orientation through photopolymerization
of hybrid films. The wrinkling process is controlled by
slowing the evaporation of the solvents to obtain a wet and
soft film even several hours after deposition; the faster
polymerization of the film surface generates a buckling effect
whose control allows creating of micropatterns in the films.'”*
A periodic array of titania—polymer hybrid pillars has been
fabricated by this photo-induced self organization process
(Fig. 9).

There is clear trend in the field which shows that the
fabrication techniques are moving forward from the micro-
to the nano-scale lithography also in the case of hybrid
materials; this is a necessary step for production of a next-
generation of optical devices of higher integration and smaller
dimensions. Recent examples have shown, for instance, that
ultra high density patterns can be produced using hybrid
materials with a UV nano-imprinting process. A silicon mold
with nano patterns is used for nano-imprinting such as in soft
lithography and this process is combined with UV lithography
using photosensitive hybrid materials; nano-patterns with
35 nm size and 70 nm pitch have been produced.'”

4.2 Thermo-optical devices

The “hybrid” nature of organic-inorganic materials is nicely
exploited through the modulation of thermo-optical properties
in optical waveguides. A fine tuning of the thermo-optics
coefficient (TOC) can be, in fact, achieved by changing the
relative composition of the organic and inorganic components.
The TOC expresses the change of refractive index, n, as a
function of temperature and it depends on polarization
changes (@) and thermal expansion coefficient () of the
material in accordance with the Prod’homme theory:!”®

2 2
j—;:(n lé(n +2)(<15—ﬁ)
n

TOC can be, therefore, either positive or negative, depending
if the predominant term for a specific material is the polarization
or thermal expansion. In inorganic materials TOC is positive
because the polarization with temperature is the main term,
while in polymers, such as polymethylmethacrylate (PMMA),
is negative because the influence of the thermal expansion is
larger than the polarization effect. In hybrid materials TOC
values are negative, which indicates that thermal expansion is
the predominant effect. The TOC values that have been
measured in different hybrid waveguides are slightly larger
than in PMMA (—1.1 x 107* K7!) and in general are
comparable with those of optical polymers. In hybrid silica
films (TMOS-MPTMS) the TOC (measured at A = 633 nm) is
in the range of (=2.0 to —1.3) x 107* K™, as a function of
relative composition;'”” in MPTES-zirconia coatings a TOC =
—2.1 x 107* K~! has been measured (A = 633 nm)"® and
—2.0 x 107* K~! in MPTES-diphenylsilanediol hybrids.'>?
The possibility of using hybrid waveguides in integrated
thermo-optic components has been demonstrated by fabricating
a 2 x 2 Mach—Zehnder interferometric optical switch on a
silicon wafer using a hybrid material with TOC = —1.44 x
107* K~'. At the wavelength of 1055 nm, the switch response
time has been measured to be less than 4.2 ms with 9.3 mW of
switching power.!”

4.3 Multimode interference couplers

Multimode interference (MMI) is used in photonics to fabricate
different types of optical devices such as Mach—Zender switches,
modulators and ring lasers. MMI is based on self-imaging
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Fig. 9 A periodic array of titania hybrid pillars fabricated a photo-
induced self-organization process.

which is the “property of multimode waveguides by which an
input field profile is produced in single and multiple images
at periodic intervals along the propagation direction of a
waveguide”.!” An MMI device is generally designed to have
single mode input channels (V) coupled to a central multimode
waveguide and single-mode output channels (M); such type of
devices are indicated as N x M MMI splitters. MMI devices
based on hybrid materials have been fabricated by different
groups; the easy processing and the low optical losses make
organic—inorganic hybrids, in fact, very attractive for the
production of this type of photonics devices. Hybrid photo-
curable films, based on MPTMS, are generally used; the
refractive index is modulated by adjusting the composition
and zirconium or aluminium alkoxides are used in the
synthesis for this purpose. N x M MMI couplers of different
geometries such as 1 X 2180181 oo 3182 1 o 4 183 1 8,184
1 x 12,1 x 32 and 4 x 4'% have been produced using different
fabrication technologies. Fig. 10 shows the SEM image of a
section of a MMI device (the core layer is a photocurable
MPTMS-zirconia hybrid); multimode waveguide region (right
side) and the output ports (left side) are shown (from ref. 182
with permission of IEEE).

More complex optical devices such as a wavelength division
multiplexer (WDM) have been also obtained using hybrid
materials.'®® A MMI-PHASAR (phase array) device working
at 1550 nm, which is composed of a N x M MMI power
splitter, an array of single N mode waveguides and a N x M

X1,888 18xm

20 44 SEI

Fig. 10 SEM image of a section of a MMI device; multimode
waveguide region (right side) and the output ports (left side) are
shown (from ref. 182 with permission of IEEE).

MMI combiner has been prepared by UV lithography on a
photocurable MPTMS-zirconia guiding layer.

4.4 Crystalline hybrid materials, birefringent materials

Hybrid materials are generally amorphous, and controlled
crystallization with formation of hybrid crystals, is obtained
only in very specific cases when bridged silsesquioxanes are
employed for the synthesis. A very fascinating chemistry which
uses bridged organically modified alkoxides for molecular
recognition has been developed. An alkoxide which has a
bridging organic spacer and a trifunctional silyl group at both
the ends of the spacer'® ' allows forming crystalline
structures through self-organization. The organic units within
the hybrid material self-organize through van der Waals
interactions or hydrogen bonding'®! and different crystalline
structures have been obtained, such as helical fibers or lamellar
crystals.'”>1”3 Bridged alkoxides have been also used to obtain
mesoporous organized materials with crystalline hybrid structure
in the pore walls.'”” The possibility to obtain crystalline
hybrids opens new perspectives in terms of functional properties
and mechanical performances while thermal and chemical
durability should be also highly improved. Crystalline hybrids
as bulk materials have only limited applications in photonics
but recently crystalline hybrid films with birifrangent properties
have been obtained. Self-organization of hybrid crystals can
be achieved, in fact, even using monofunctional organically
modified alkoxides and without long alkyl chains.'®> Controlled
aging of basic catalysed solventless sols of 3-glycidoxypropyl-
trimethoxysilane (GPTMS) allows the formation of crystals of
some millimeters length through opening of the epoxy and
formation of organosilica lamellar crystals in bulk materials.
The process can be extended to obtain crystalline hybrid films
through controlling the film processing conditions;'* the
crystalline films appear highly transparent: the formation of
the self-organized nanocrystalline structures does not change
the optical transparency of the material.'"”” The amorphous
hybrid film has isotropic optical properties whilst the nano-
crystalline film exhibits optical anisotropy, An = 1.88 x 1073,
due to the orientation of the plate shaped crystallites. The
hybrid crystalline films can be easily patterned through
soft-lithography, square structures with excellent spatial
resolution, as high as 350 nm, can be fabricated.

4.5 Planar optical waveguides for sensing

Planar waveguide chemical sensors have undergone a recent
growing interest as an alternative to fibres and several devices
have been fabricated based on planar waveguide technologies.'*®
Hybrid materials have been also tested for chemical sensor
platforms and some devices have been produced and tested as
sensors for relative humidity,'” ethanol?® and isopropyl
alcohol.*! Different types of sensor devices have been fabricated,
such as a planar waveguide ring resonator,?*’ an optical MMI
coupler'® and a single-mode planar integrated optical wave-
guide.”®" A highly selective and sensitive method to detect
trinitrotoluene (TNT) using molecularly imprinted polymer
(MIP) films has been also used for developing an optical
sensor.?®> A hybrid sensing layer is coupled with waveguide
interferometry as a signal transduction platform. The sensing
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layers are hybrid organic-inorganic materials which include
the covalent incorporation of a TNT analogue template
during sol-gel reaction. After film processing, the template
is removed by the cleavage of a carbamate linkage yielding
a shape-selective binding site with the capability to
recognize TNT.

4.6 Micro-optic elements

Sol-gel processing has been shown, in general, to be well
adapted for fabrication of several types of micro-optic
elements?>2% such as diffraction gratings,?®® Fresnel
lenses®®” and microlens arrays. Microlens arrays, in particular,
are formed by multiple lenses which are aligned on a supporting
substrate and are used in photonics for the optical inter-
connections between optical fibers and light-emitting or
detecting devices. In general, microlens arrays are fabricated
using organic polymers or oxide glasses but hybrid materials
offer some distinctive advantages such as a potential higher
thermal stability and an easier fabrication technology.
Different examples have been reported in literature and some
products, such as diffraction gratings are currently available in
the market. Fabrication of microlens arrays is done using
binary masks, with positive/negative tones given by unexposed/
exposed areas or more commonly by grayscale photomasks.
Photolithographic patterns of optical structures of modulated
thicknesses can not be achieved in fact by binary photomasks,
and grayscale masks which consist of zones of different optical
density, have to be used. In the case of fabrication of a convex
lenses by using a negative tone resist the grayscale photomask
will have the highest transmission capability, i.e. the lowest
optical density, in the centre of the lens which will gradually
decrease from the centre to the edges. Several examples of
fabrication of microlenses arrays using grayscale photomasks
have been reported, using as photopolymerizable functional
groups both methacrylates®®2'° or epoxides.?'**!! An example
of cylindrical and spherical microlenses obtained using the

epoxies in GPTMS as the organic polymerizable groups, is
shown in Fig. 11."®7 Conventional proximity UV-lithography
with a positive resist for large lenses, and nanoimprint
lithography using stamps with a grating of ridges for small
cylindrically-shaped lenses have been used. Alternative etching
free techniques have been also applied for fabricating optical
waveguides as well micro-optic elements by self-developing
(vide supra);*'* a circular cone microlens array has been
obtained using a less expensive binary photomask and a
self-development method.?'?

4.7 Two-photon polymerization of hybrid materials for
fabrication of 3D photonics structures

Two-photon photopolymerization (2PP) is a new method?"
that has been recently developed as a free-form fabrication
process for production of sub-micron 3D solid structures.?'®
The polymerization is initiated by an infrared laser with
ultrashort pulses of the order of femtoseconds. The laser
pulses promote the polymerization via two-photon absorption
within the focused volume; the non-illuminated regions are
then removed by chemical etching such as in the conventional
UV lithographic process. 3D structures with a resolution of
100 nm can be fabricated by moving the laser focus through
the material. 2PP has been applied to organic polymers, such
as acrylate or epoxies but more recently also organic—
inorganic hybrids have been used for fabricating complex
3D objects and photonic devices.>'® The two main problems
to be faced for 2PP of hybrids is controlling the shrinkage
upon polymerization®!”-*'® and increasing the refractive index
of the material. Another basic issue is the control of the length
of the polymerized organic chains, because the mechanical
properties are strongly dependent on the network structure. In
principle, the use of hybrid materials for 2PP can have the
intrinsic advantage of better mechanical response and higher
thermal stability with respect to purely organic materials.
Some good solutions have been shown and 2PP has allowed

Fig. 11 SEM images of cylindrical microlenses with 400 (a) and 10 pm (b) of period. Triangular array of spherical lenses with 80 um of period
imaged by SEM (c) and optical microscopy (d) (from ref. 167 with permission of Elsevier).
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fabricating hybrid photonics crystals,?'® microlenses®*® and
optical waveguides.?*"*?? In general, polymerizable methacrylate
functions have been used for 2PP of hybrids, using MPTMS as
the organically modified alkoxide; zirconium alkoxides have
been added for increasing the refractive index,”?® while
controlling of the processing conditions (laser intensity) is
critical for avoiding excess of shrinkage in the material '8
Different types of structures have been fabricated by 2PP of
hybrids for other applications different from photonics, such
as microneedles?** and scaffolds for cell growth. 2PP has been
also used to fabricate three-dimensional photonic crystal
structures containing an active nonlinear optical chromophore,
such as Disperse Red 1.2

An example of photonic crystal with a woodpile structure
obtained by 2PP of a zirconia-MPTMS hybrid system is
shown in Fig. 12 from ref. 223. An alternative route for 2PP
of hybrids, which is based on controlled photopolymerization
in porous materials, has been recently proposed. A porous
hybrid host material has been impregnated by photo-
polymerizable monomers and waveguides have been fabricated
by selective 2PP. It has to be observed that even if scientifically
very attractive, 2PP is still not competitive as a 3D fabrication
technique in comparison to other methods, such as stereo-
lithography or digital light processing, because of the low
writing speed and relatively low efficiency of the photoinitiators.
In the case of optical waveguides, however, because only
monodimensional lines have to be designed the 2PP process
can become more competitive.

4.8 Hybrid materials for non-linear optics

An interesting field of application of hybrid materials is in
non-linear optics for modulation, limiting and switching of
optical signals. This is a fast moving field in which hybrid
materials can play an important role for the development of
the next generation of integrated devices which can include
organic photonics.?*® Despite the promises of challenging
organic polymers in the field, still hybrid materials appear to
have a limited role in development of active layers, especially
in non-linear optics***?*’ A clear trend is the employment of
hybrid materials as passive components in integrated non-
linear optical devices in which the organic polymers are used
as the active layers. We have recently dedicated a specific
review to this topic and we will present here, therefore, a
shorter overview with the addition of the more recent findings.

Fig. 12 3D photonic crystal structure fabricated by 2PP technique
(reproduced with permission of the American Chemical Society from
ref. 223).

4.8.1 Electro-optic hybrid organic—inorganic materials. The
preparation of hybrid materials for EO applications requires
as first step the design and synthesis of NLO chromophores
with high molecular hyperpolarizability which can be
incorporated in a solid-state matrix via direct chemical
bonding during sol-gel reactions; physical entrapment is
another possible option, in this case the chromophore should
exhibit a high solubility on the solvents used for sol-gel
processing. Immediately after the film deposition the NLO
chromophores are then poled to achieve a non-centrosymmetric
orientation; an efficient orientation is very much depending on
the nature of the matrix and its compatibility with the main
poling processing technologies. In general, physical entrapment is
simpler but has the disadvantage of a shorter temporal
stability in terms of molecular alignment upon poling, and
covalent bonding to the matrix is preferred. The efficiency of
the electro-optics response depends on the polarizability of the
chromophore, the loading amount and the possibility of
orienting the molecule in the hybrid matrix. Another critical
feature is the stability of the orientation after poling which for
a working device is a highly demanding requirement. If the
matrix of the NLO chromophore is an organic polymer,
thermosetting materials that cross-link during thermally
assisted poling are used to prevent NLO relaxation.’?®
Optimized thermosetting materials have a 7, higher than
200 °C and maintain a large EO coefficient at high working
temperatures. In the case of hybrid materials the design
of the host matrix is complicated by the thermally induced
condensation of the inorganic side; if condensation is too fast
during thermal poling alignment of the chromophore will be
hindered. The most widely used strategy for preparing hybrid
materials for EO applications is functionalization of the NLO
chromophore with alkoxy functions, for instance via reaction
with a coupling alkoxide such as 3-isocyanatopropyltriethoxy-
silane, to get a covalent bonding directly to the matrix during
sol—gel processing. The chromophore can be then co-reacted
with TEOS or directly with an organically modified alkoxide;
the choice is very much dependent on the nature of the
chromophore and other requirements of the device, such as
film thickness and mechanical properties. The synthesis of the
hybrid matrix can be quite complicated by the nature of the
NLO molecule that may require a finely designed matrix, such
as in the case of zwitterionic chromophores (vide infra). The
solubility of the chromophore in the precursor sol is also very
important because the performances of the device depends on
the dye loading.*® Avoiding the formation of aggregates
within the matrix and dipole—dipole interaction is also another
problem to be addressed during material design. In general,
literature data show that alignment of the chromophores in
hybrid materials is not critical and order parameters,*° @, up
to around 0.35 have been reported.

The number of bonding sites and their geometry in the
alkoxy-modified chromophores is another very interesting
synthesis parameter that can be designed; chromophores with
one, two or three grafting sites have been obtained.>!
Interestingly, it has been shown that chromophores with three
bonding sites have a lowest capability of orientation?*? than
dyes with two sites, while those with two bonding sites in the
vertical positions with respect to the dye chain, have shown the
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highest alignment (¢ = 0.31) and 53 value (Fig. 9). Several
examples of alkoxy functionalized dyes which are based on
different functional groups have been reported in literature so
far; the main group comprises functionalized or modified azo
dyes of the type of Disperse Red such as Disperse Red 1
(DR1),%72% Disperse Red 13,*® Disperse Red 17,2723
Disperse Red 19,272*! and Disperse Orange.>**?* Other
alternative chromophores have been also synthesised for
NLO development of hybrid materials, such as for instance
organically modified alkoxides containing a thiophene ring
(1 in Fig. 13),*** benzimidazol derivatives (2 in Fig. 13),%%
azole heterocycles (3 in Fig. 13),%*® and triphenylamino
derivatives (4 in Fig. 13).>¥

Dendrimer type hybrid materials have also been tested for
EO applications; dendronized alkoxysilane dyes (Fig. 14) have
been synthesised via the ring opening addition reaction of
azetidine-2,4-dione of chromophore-containing dendrons,
with 3-aminopropyltriethoxysilane. In a second step the
dendronized modified alkoxide has been co-condensed with
phenyltriethoxysilane (PTES) to obtain a hybrid material; an
EO coefficient (r33) of 2.9-13.0 pm V! has been measured
with optical losses in the guiding layer from 3.2 to 4.2 dB cm™!
at 2 = 1310 nm.**

An important alternative to this general class of chromo-
phores are push—pull**® zwitterionic dyes; they exhibit in polar
solvent an aromatic and highly zwitterionic ground state and a
quinoidal excited state, which is the opposite from other NLO
chromophores. These zwitterionic dyes, however, are easily
photodegraded under the combined action of oxygen and
light, and furthermore they are sensitive to acidic environments.
On the other hand they show a very high hyperpolarizability,
among the highest reported in literature, and are therefore
very attractive for applications in non-linear optics. A push—
pull zwitterionic chromophore, 1-[N-(3-N’-diethanolamino-
propyl)pyrid-4-yl]-2-[5-dicyanomethanido)thien-2-yl]ethylene
(BisOHPETCN) (Fig. 15), with the two bonding sites at the
head of the main chain and high hyperpolarizability value, has

2

NO, o~ E N Si{OCH,CHJ;

been specifically designed for grafting to a hybrid matrix.>>°
The BisOHPETCN degradation mechanism involves singlet
oxygen; the presence of the intramolecular charge transfer
band means that the chromophores absorb photons, allowing
the excitation of molecular oxygen to singlet oxygen. It has
been observed that the presence of the amine groups signifi-
cantly reduces the photobleaching process. The hybrid materi-
als has been, therefore, prepared by the co-hydrolysis of
3-aminoethylaminopropyltrimethoxysilane (AEAPTMS) and
3-glycidoxypropyltrimethoxysilane (GPTMS) which has
allowed the incorporation of 15-20% by weight of these
chromophores.?®! The presence of amine groups allow
reducing the photobleaching degradation which involves singlet
oxygen; a significant NLO response has been, however,
observed only after co-doping the material with a physical
spacer, (hydroxyethyl)carbazole, which confirms the importance
of controlling the chromophore-chromophore interactions.>>
Second harmonic generation (SHG) measurements have given
a dyz = 70 pm v-L

A recent trend is combining hybrid materials with organic
polymers in fabrication of an integrated photonic device. In
this case the hybrid materials are not used for the active
guiding layer but for another part of the device. Using this
approach hybrid materials have been also used to fabricate
Mach-Zender and phase modulators®>® with in-device large
electro-optic coefficients of 138 and 170 pm V', These devices
do not use directly the hybrid material for poling but are an
interesting example of an integrated organic polymer
hybrid material system for photonics applications®* and the
performances of these devices seem to challenge those of
inorganic materials. The poled electro-optic material is an organic
polymer containing AJC146 as dispersed guest chromophore;
hybrid sol-gel materials are used for under cladding, core layer
and over cladding. This approach seems to get the best benefits of
some properties of hybrid materials, such as high conductivity at
the poling temperature (135 °C), low dielectric constant and low
dielectric losses at the working temperature (0-85 °C).
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Fig. 13 Organically modified alkoxides with different chromophores for EO applications.
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Fig. 15 The zwitterionic push—pull dye: 1-[N-(3-N°-diethanolamino-
propyl)pyrid-4-yl]-2-[5-dicyanomethanido)thien-2-yl]ethylene.

5. A future outlook

Hybrid materials for optics and photonics, as we have outlined
in our review, have now reached a quite mature stage of
development and several products are available on the market.
In several applications, such as in integrated photonics they have,
however, found only a partial success in challenging competing
materials, such as organic polymers and purely inorganic
materials. There are several reasons for this that are likely related
to industrial politics, hybrid materials represent the last-comers in
the field and several times it is difficult to replace well established
technologies, especially in the coating industry, if the advantage is
only incremental. Several properties of hybrids are somehow
unique, such as the soft-chemistry flexibility that allows a very
fine tuning of the material, but represent also a limit. Solvents,
such as alcohols, are not easy to handle in industrial processes
and clearly much research has to be devoted to “green” and
alcohol-free processing of hybrids.

Integration of hybrid materials for optics and photonics into
nanotechnology devices is also a clear trend; in this route we can
easily forecast a bright future for nanohybrid materials. The
possibility of integrating in one material several functions is not
so easy to reach in comparison with other classes of materials.
This step requires also the development of specific lithographic
techniques that should move to the nanoscale and should be
easily integrated in current industrial processes.

Finally we can also envisage a future where hybrid materials
have nano-scale dependent properties but they are also able to
self-evolve to complexity, this means auto-construction and
self-assembly, environmental responsive smart materials and
self-organization capability to build the final optical device.
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