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Chapter

Optical Waveguides Based
on Sol-Gel Coatings
Helena Cristina Vasconcelos

Abstract

This chapter focuses on developing coatings for use as waveguides for integrated
optics and photonics. Thin (or thick) films of silica-based inorganic materials and
organic-inorganic hybrids can be easily obtained using the sol-gel and spin-coating
method, followed by rapid thermal annealing to obtain dense films of good optical
quality. The waveguide thermal, structural, and optical properties can be charac-
terized using differential thermal analysis, X-ray diffraction, Fourier-transform
infrared spectroscopy, Raman spectroscopy, scanning electron microscopy, and
atomic force microscopy. Waveguides can be both doped with semiconductor
microcrystallites and rare-earths for the development of optical devices, where
light is confined to one or two dimensions (planar, channel or strip loaded).

Keywords: sol-gel, optical waveguides, coatings, spin-coating, silica, rare-earths,
semiconductor microcrystallites

1. Introduction

The optical technology enables larger bandwidth over larger distances at
enhanced power efficiency as compared to the use of electrical connections. In
practice, this is based on the hybrid integration in one single substrate of many
small individual components connected to each other by optical waveguides, an
approach known as integrated optics (IO) (e.g., bring together on a single platform,
filters, lenses, modulators, beam splitters, amplifiers, lasers, photodetectors, etc.).
The basic idea behind IO is the management of light by waveguides and not by free
space optical components like lenses and mirrors. Moreover, the success achieved
in the long-distance transmission fiber in the 1960s has increased the attention
toward the optical waveguides. Anderson, in 1965, used planar waveguides and
optical circuit components for applications in the near infrared (IR) [1]. Later, in
1969, was first reported an experimental application of prims-film coupler and
Miller first introduced the term IO [2]. Light can therefore be guided and confined
by dielectric waveguides, such as those made of glass (SiO2) deposited on quite a
large number of substrates, but mainly silicon. The large waveguide cross-section
allows easy coupling with optical fibers. Other hi-tech characteristics are their larger
bandwidth, low energy requirements, and immunity to electromagnetic interfer-
ence. Optical waveguides are thus the basic elements for confinement and trans-
mission of light over various distances, ranging from a few μm, in IO, to several
kilometers, in the transmission of optical fibers over long distances.
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The increasing use of optical communications, signal processing, and the
development of new materials has created important advances in IO. The efficient
use of the bandwidth offered by optical fibers also contributed to the success of this
technology. The optical waveguides can be made of different materials. Each mate-
rial has its own advantages and disadvantages. Therefore, the choice of a material
to develop a new optical waveguide is usually the result of certain commitments.
For example, considerable effort has been made to allow optical integration entirely
using semiconductor materials (for example, GaAs/GaAlAs and InP/InGaAsP).
However, its manufacture is not an easy task and requires complex epitaxial
growth, usually by liquid phase epitaxy or metal-organic vapor epitaxy growth
techniques. Unfortunately, these techniques do not offer the necessary
manufacturing speed or the thicknesses required for the normal set-up of optical
waveguides. Therefore, the use of glass (amorphous materials) has become wide-
spread to develop planar waveguides (or slabs), as well as rapid deposition tech-
niques (e.g., immersion or rotation of solutions to get glass by the sol-gel process).
The sol-gel process has become a feasible method for fabricating thick films of
desired composition to be carried out at speeds closer to those required in large-
scale production. In addition, the use of silicon as a substrate also has numerous
advantages due to the layout of silica-on-silicon (SiO2/Si), one of the most
important technologies in OI.

The arrival of low-loss silica fibers, whose refractive index perfectly matches the
glass waveguides, contributed to making this material one of the most widely used
in IO [3]. Currently, the sol-gel process offers great versatility because of the ease
to functionalizing the glass structure with a wide variety of dopants. In fact, to
provide all optical functions, from passive waveguides, electrical-driven modulators
and switches, optical pumped active waveguides, optical-driven modulators and
switches, and optical nonlinear devices, both optically active and optically nonlinear
materials are needed. These materials can be respectively provided by two types of
dopants: lasing species, such as rare-earths (RE) ions and semiconductor micro-
crystals. Hence, doping glass waveguides with Er3+ or Nd3+ ions allows glass to act
as optical amplifier, while nonlinear properties can be introduced to silicate glasses
by doping with semiconductor microcrystals and thus allowing to explore the
Kerr effect [4]. Therefore, glasses can be used as optical waveguides, combining
dielectric properties and providing specific functional responses for two main
applications: as optical communication devices [5] and sensors [6].

2. Optical planar waveguides

A slab waveguide is similar to an optical fiber, except that it is in planar shape
rather than cylindrical waveguide, where a low refractive index substrate contains
on its surface a slab (or channel) of higher index material, along which light is
guided by total internal reflection. The guiding material should also allow the linear
and nonlinear optical properties to be varied in a straightforward way, over a wide
range.

2.1 Linear dielectric waveguides

The most common structure of a dielectric waveguide is shown in Figure 1,
which is made of three overlapping layers of dielectric materials [7]. The first layer
(which is usually referred as the substrate) and the third layer (also named clad-
ding) are both semi-infinite and have refractive indices n1 and n3, respectively,
while the layer on the middle (guiding layer or core) has thickness d, and refractive
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index n2. In order to ensure total internal reflection at each interface n2 > n1 and
n2 > n3. It is illuminated at one end by a monochromatic light source.

A waveguide as shown in Figure 1 can be made by depositing a high-index
guiding layer onto a flat substrate were the cladding can be the air. Because of this
asymmetric geometry, since n2 > n1 > n3, this kind of waveguide is often described
as an asymmetric slab waveguide (Figure 1a). However, if n1 = n3, the waveguide is
symmetric (Figure 1b). Light is confined by the total internal reflection at the
substrate and layer cladding interfaces; and the phenomenon can be analyzed by the
ray optics approach. The ray of light experiencing successive total internal

Figure 1.
Geometry of (a) an asymmetric slab waveguide (n2 > n1 > n3), and (b) asymmetric slab waveguide with its
refractive index profile.

Figure 2.
Asymmetric slab waveguide with a propagating light ray in its core and geometric (vectorial) relationship
between the propagation constants of dielectric waveguide.
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reflections at the main interfaces will propagate continually along the central layer
without loss [7]. This happens if the incident angle is small enough.

The propagation of signal within the guiding layer of planar waveguide is
shown in Figure 2, where k0 is the plane wave propagation constant in free space
(or free-space wavenumber). The free-space wavenumber can be expressed
as a function of frequency and velocity, or the wavelength:

k0 ¼
ω

c
¼

2πf
c

¼
2π
λ

(1)

From geometric optics, it is known that a ray of light will follow Snell’s law while
crossing the interfaces of the core with the two surrounding layers. In view of
Figure 2, the condition for total internal reflection is given by [8]:

sin �1 n1
n2

� �

< θ< sin �1 n3
n2

� �

(2)

The light ray is traveling in the z-direction of an optically isotropic medium with
constant internal reflection at the core-cladding interface (2–3) and the core-
substrate interface (2–1). The ray must interfere constructively with itself to prop-
agate successfully. Otherwise destructive interference will destroy the wave. The
theory and equations of dielectric waveguide can be found in the literature [9].
However, here it is briefly highlighted just a few important mode equations.
Assuming a TE polarization (electric field polarized in the z-direction), the propa-
gation constants along z (longitudinal direction) and x (transverse direction) are,
respectively, β and κ, giving by:

β ¼ k0n2 cosφ (3)

κ ¼ k0n2 sinφ (4)

At each interface, the light ray that undergoes total reflection suffers phase
shifts, ϕ2�3 and ϕ2�1, respectively, at the cladding and substrate, which depend on
the refractive indices of the three layers (1, 2, and 3), and are equal to:

ϕ2�3 ¼ �2 tan �1 n22 cos
2φ� n23

� �1
2

n2 sinφ

 !

¼ �2 tan �1 δ

κ

� �

(5)

ϕ2�1 ¼ �2 tan �1 n22 cos
2φ� n21

� �1
2

n2 sinφ

 !

¼ �2 tan �1 γ

κ

� �

(6)

where

δ ¼ β2 � k20n
2
3

� �1=2
(7)

γ ¼ β2 � k20n
2
1

� �1=2
(8)

κ ¼ k20n
2
2 � β2

� �1=2
(9)

The phases �2ϕ2-3 and � 2ϕ2-1, represent the Goos-Hänchen shifts [10]. From
the solution of Maxwell’s equations, it can be demonstrated that only certain dis-
crete values of β are allowed [11]. Therefore, there are only a limited number of
guided modes and the condition for being a guided mode is that β must be within
two limits (up and down):
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k0n1 < β< k0n2 (10)

To avoid destructive interference as the light travel through the guide, the total
phase shift for a ray that travels from the 2-3 interface to the 2-1 interface and back
again must be a multiple of 2π. This leads to the condition [12]:

2k0n2d sinφ� 2ϕ2�3 � 2ϕ2�1 ¼ 2mπ (11)

where d is the thickness of the core (layer 2) andm is the mode number, which is
a positive integer (0, 1, 2, … ). The fundamental mode corresponds tom = 0 and also
to the lowest thickness (dmin) of the waveguide. In other words, for the fundamen-
tal TE mode to be supported by a planar waveguide, the thickness of the waveguide
must by equal or larger than dmin. The dispersion relation for the slab waveguide [7]
(or eigenvalue equation of the TE fundamental mode supported by the waveguide)
is given by:

tan dκð Þ ¼
κ δþ γð Þ

κ2 � γδ
(12)

From Eq. (11), it is possible to obtain the minimum thickness for an asymmetric
planar slab waveguide, which is given by:

dmin ¼ κ�1 tan �1 κ δþ γð Þ

κ2 � γδ

� �

(13)

From Eq. (9), if β ! k0n2 (up limit), then k = 0 (as shown by the vectorial
relationship of Figure 2), which correspond at the cut-off of the mode. Thus, in this
situation, the waveguide thickness tends to infinite. In practical situations, this
means that the waveguide thickness would become very large. Otherwise, if β !
k0n1 (lower limit), then γ = 0 as shown by Eq. (8). Therefore, Eqs. (7) and (9) can
be rewritten, respectively as:

δ ¼ k0 n2
1 � n2

3

� �1=2
(14)

κ ¼ k0 n2
2 � n2

1

� �1=2
(15)

Substituting both Eqs. (14) and (15) in Eq. (13), after some rearrangement, it is
then obtained the waveguide minimum thickness for asymmetric case:

dmin ¼
tan �1 n21�n23ð Þ= n22�n21ð Þ

� �1=2

k0 n22 � n21
� �1=2 (16)

For a single-mode operation at 1.5 μm wavelength, a guiding film with a refrac-
tive index equal to 1.52, deposited onto a silica glass substrate (n1 = 1.46) surround-
ing by air (n3 = 1), should have a thickness higher than 670 nm. Since the guide is
asymmetric, then the maximum wavelength that can be guided to a guide layer
thickness d > dmin is given by [13]:

λmax ¼
2πd n22 � n21
� �1=2

tan �1 n21�n23ð Þ= n22�n21ð Þ

� �1=2 (17)
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This applies to transverse electric (TE) polarization, but a similar condition
applies to transverse magnetic (TM) polarization [13]. Because of the absence of
cut-off, symmetric waveguides (n1 = n3) permit the propagation of the guiding
mode in a layer of very small thickness. In addition, symmetric waveguides need a
cover layer of similar refractive index to that of the substrate. The cover layer serves
as the protective cladding for the gain layer. The presence of the cover layer also
increases the confinement factor of the guiding modes [9], resulting in reduced
modal loss and hence pump threshold reduction.

The typical way to achieve modal analysis in a planar optical waveguide is by
means of m-line spectroscopy, by a prism coupler, where light is introduced into
a waveguide by means of evanescent wave coupling through a high index prism of
a material.

However, there are three major mechanisms of losses in waveguides, and
thereby the energy of guided modes is often attenuated by losses due to mecha-
nisms of absorption (owing to photons destruction in materials), radiation (owing
to waveguide bending or curvatures), and scattering (owing to surface roughness)
[11]. Absorption loss is mainly due to material contaminations while scattering loss
in dielectric planar waveguides is due in part by internal defects such as pores or
crystalline defects, but mainly to surface roughness. Rayleigh and Mie scattering are
the principal mechanisms of scattering loss and are both linear occurrences since
they do not change the wavelength of the scattered light (contrary to what happens
in the non-linear scattering caused by Raman and Brillouin mechanisms). Rayleigh
scattering is inherent to glass and amorphous materials and is caused by the lack of
homogeneity of the refractive index over small distances when compared to the
wavelength of light. On the other hand, Mie’s dispersion is due to the presence of
defects and occurs at distances of the order of magnitude of the wavelength of the
input light [11].

2.2 Nonlinear optics

Whenever a beam of light (of low intensity) propagates through a dielectric
material, the nuclei and associated electrons of the atoms in the material form
electric dipoles which oscillate at the same frequency as the incident beam, thus
giving a linear relation between the polarization density and the electric field,
P = ε0χE, where ε0 is the permittivity of free space and χ is the electric susceptibility
of the material [4]. For high intensity light, such as laser light, the amplitude of
response of the atoms is no longer linear. Therefore, to the polarization density
should be added higher order nonlinear terms and P represented as a power series
expansion of the applied electric field E of the light:

P ¼ ε0 χ 1ð ÞE1 þ χ 2ð ÞE2 þ χ 3ð ÞE3 þ χ 4ð ÞE4 þ …

�

(18)

were χ(1), χ(2), and χ(3) are, respectively, the linear, second order and third-order
susceptibilities. In centrosymmetric materials, the second order susceptibility is
however absent, χ(2) = 0, and so the lowest order nonlinearity is the third-order:

Pnl ¼ ε0χ
3ð ÞE3 (19)

Pnl become the dominant nonlinear component in Eq. (18). Due to χ(3)

nonlinearity, the pump wave generates a nonlinear polarization (output wave)
which oscillates at frequency three times higher than the input frequency. The
optical nonlinearity χ(3) is a tensor with various coefficients being associated with
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various effects, including the Kerr susceptibility χ(3) (3ω). The Kerr effect is the
intensity dependence of refractive index, which can be expressed by a nonlinear
index coefficient n2 (the Kerr coefficient) proportional to χ(3). Thus, the total index
n is given by:

n ¼ n0 þ n2I (20)

where n0 is the linear refractive index and I is the optical intensity in W/cm2

(thus n2 will have units of cm2/W).
Nonlinear optical materials are needed for communications components [14].

The knowledge of the nonlinear refractive index n2 is essential to the analysis and
use of nonlinear devices. While silica glass has exceptional optical characteristics for
waveguide proposes, they very low nonlinear coefficient turn it in a material
unsuitable for nonlinear applications. However, strong nonlinearities responses can
be obtained by the addition of, for example, semiconductor microcrystallites to the
silica host. What give to these microcrystals such capacity is that the nonlinear
effects can be significantly enhanced compared with those of the bulk semiconduc-
tors. Hence, when the size of the microcrystallites decreases to nanometric sizes, its
electronic properties start to change from bulk state properties to that of a quantum
dot state [15]. The essential change is that of the increase of excitonic level relative
to that of bulk semiconductor (blue shift) as the radius of microcrystallites semi-
conductor is reduced. Band-filling models have been successfully used to explain
the maximum enhancement for crystal sizes in the vicinity of the excitonic Bohr
radius (�10–20 Å) [15]. For smaller crystals, size quantization effects dominate and
the electron-hole Coulomb attraction becomes insignificant.

3. Sol-gel process for the fabrication of waveguides

Glasses are suitable materials for application of passive, active, and nonlinear
optical devices, due to their characteristic physical and chemical properties, in
particular their optical features, such as exceptional transparency and high thresh-
old to optical damage. In particular, silica glasses are very attractive because they
match perfectly with the optical fibers and thus present small coupling losses; high
thermal, chemical, and mechanical stability. Moreover, silica glass exhibits very low
expansion coefficient over silicon which allows the deposition of thick buffer films
without failure, which is a crucial feature layer on silicon for waveguide proposes.
Of particular importance in the field of photonic glasses is the SiO2/Si technology,
where silica glass-based waveguides can be fabricated using several techniques.
Flame hydrolysis deposition (FHD) and chemical vapor deposition (CVD) provide
excellent quality thin films and have been extensively investigated [16, 17]. An
alternative approach to these production methods is the sol-gel process, which
offers many advantages in terms of avoiding complex equipment and high cost
procedures [18].

3.1 Sol-gel process to produce glass and ceramic materials

The sol-gel process is a method for producing glass and ceramic materials by low
temperature polymerization reactions based on hydrolysis and condensation of
alkoxides, whose general formula is M(OR)n, where M is a metal atom and R is one
alkyl group that allow to make various glassy materials with remarkable optical or
photonic properties. This process allows the preparation of high-purity and homo-
geneous materials and results in the preparation of different kinds of shapes, like
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bulk solids, fibers, film waveguides, and coatings for device applications with a
great diversity in material composition and structures which is important for con-
trol of the functionality of IO devices [19]. The main advantage of sol-gel process is
that of allowing thin film deposition, providing a great versatility in the develop-
ment of devices with special optical functions, particularly materials with a strict
chemical control of the processing parameters. This flexibility allows diverse mod-
ifications to the host glass and the addition of a wide variety of dopants, thus greatly
increasing the range of functions and applications of the resulting components. In
the fabrication of sol-gel waveguides, a careful control from the beginning of the
process is required in order to enhance the properties of these devices, starting from
a suitable choice of the chemical precursors up to a correct final annealing. Through
the control of the viscosity of the deposition solution, different coating processes
like dipping, spraying, and spinning can be used. The strict chemical control and
high purity of the starting reagents, mixed in the liquid state, lead to homogenous
gels with low impurity levels, which is especially adequate for photonic
technologies.

Dopants in the form of salts or alkoxides can be added to the precursor solution
(sol) in order to prepare doped photonic inorganic materials. However, a limitation
for application of sol-gel materials into optical devices is the drawback imposed by
the maximum achievable crack-free sol-gel glass thickness [20]. SiO2/Si technology
compatible with single mode fiber for 1.55 μm, the most widely used wavelength
in optical communication, requires waveguides typically greater than 1 μm in
thickness and thus the need to employ a multistep deposition procedure (each layer
being 150 to �300 nm thick). To overcome this obstacle, rapid thermal annealing
has been used to fabricate films through the deposition of iterative cycles of
deposition, achieving the total required thickness [21].

Almost all of the sol-gel planar waveguides are fabricated on asymmetric struc-
ture with a substrate of silica glass (or a silicon with a buffer layer) and air as
cladding layer.

3.2 Sol-gel process of film formation

The basis of SiO2/Si technology is to deposit silica layers on silicon substrates, to
define single-mode channel waveguides in this material, and to couple these guides
to external fibers. In the absence of a taper or similar component, the mode fields
of the channel guides should match those of single-mode silica fiber as closely as
possible, in order to limit coupling losses. However, use of more strongly confining
guides allows reduced bend radii and therefore lowers component size and also
concentrates pump power, to great advantage in amplifiers and nonlinear devices
[22]. The SiO2-based glass layers can be easily deposited by spin coating using the
sol-gel process. A two-step process based on the sol-gel process can be successful
used for fabricating amorphous dielectric layers [21]:

1.formation of a stable suspension of particles within a liquid (the sol) and
further processing of the sol to form mainly Si-O-Si bonds thought
condensation reactions (aging sol);

2.spin-coating of the aging sol and rapid thermal annealing (multiple cycles) to
form a thick and dense glassy film.

The first step involves the use of liquid metal alkoxide precursors of the desired
glass composition. A common precursor for SiO2 is tetraethoxysilane (TEOS), a
liquid at room temperature insoluble in water but soluble in ethanol. This precursor
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is hydrolyzed by addition of water to the solution, which allows condensation to
begin to form the Si-O-Si bonds of the glass. However, other precursors may be
used (added) following the same steps. For example, the process for preparation of
SiO2-TiO2 solutions uses, for example, titanium isopropoxide IV (TPOT) as TiO2

precursor [23]. After an aging time of �16 h (Figure 3), the suspension is spun at
typically 2500 rpm, during 30 s, upon which the solvent evaporates and the stages
of solidification and drying are greatly accelerated for a few seconds, giving
a thin layer of �300 nm.

The gel must be heated to remove residual organics and to complete densifica-
tion but this stage induces large tensile stresses [20–24]. The gel is therefore a three-
dimensionally-linked solid network with liquid (solvents) filling the pores, which
are interconnected in the wet gel state. The removal of solvent during drying
proceeds simultaneously with condensation reactions and solidification. As the
solvent is evaporated, a competing process leads to capillary pressure and the
stresses induced by shrinkage increases. Thus, cracking may happen. It has been
shown that the thickness of a single layer SiO2 is limited to approximately 0.7 μm
with the sol-gel method [25]. At thickness greater than 0.7 μm, the intrinsic stress
and mismatch of thermal expansion coefficients between the sol-gel SiO2 layer and
the substrate causes cracks and peeling. Moreover, the constrained one-dimensional
shrinkage due to the substrate creates tensile stress within the sol-gel layer [20–24],
which must be annealed out to prevent cracking. Iteration of this process has been
successful used to produce a multi-micron film [21]. Cracks and pores are almost
inevitable in sol-gel derived films because of organic components, which must be
eliminated during heat treatment. Thus, residual pores still remain in sol-gel wave-
guides after the removal of organic residues at high temperatures (Figure 4). By
varying the precursor ratios in the sol, glasses of different composition, and thus
refractive index, can be achieved; for example, SiO2/TiO2 of differing molar ratios
allows a wide index range from 1.46 to over 1.6. In particular, for waveguide
devices, a bilayer is formed: a lower index buffer (usually a SiO2 layer), which must
be sufficiently thick to prevent leakage of guided light into the substrate, and a
higher index guiding layer (e.g., SiO2-MO2 (M = Ti, Zr, Hf) or SiO2-HfO2-MO2

(M = Ti, Zr) materials [26]). The thickness and refractive index of films can be
measured using a profilometer and an ellipsometer, respectively, as a function of
the sol composition and preparation conditions (water, catalysts, and solvents
amounts). The refractive index, whose control is necessary for the films to operate
as planar waveguides in the SiO2/Si technology, is usually tailored by doping the
SiO2 material, for example, with TiO2 (or other, e.g., GeO2). However, due to the

Figure 3.
Effect of aging time on the thickness of spin-coated sol-gel 90SiO2-10TiO2 (mol%) films.
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different rates of hydrolysis of the different precursor alkoxides, the compositional
homogeneity of the derived material must be investigated by transmission electron
microscopy (TEM) and Auger (or X-ray photoelectron spectroscopy (XPS)) analy-
sis. It is also important to follow the evolution of the densification process through
refractive index measurements but also directly measuring the surface area and
porosity of the films after specific heat treatments, using the Brunauer-Emmett-
Teller (BET) Surface Area Analysis and Barrett-Joyner-Halenda (BJH) Pore Size
and Volume Analysis.

The guiding layers may also be doped with a functional material; for example,
rare-earths (RE) can be added to the sol through a variety of precursors.

Also nonlinear properties can be introduced in silicate glasses by doping with
semiconductor nanocrystals.

A modification of the most common planar bilayer guiding structure can be
achieved by etching the layer of high index (n2) into ridges (Figure 5a), which can
then be melted (reflowed) to improve shape and surface quality and then buried
under a top cladding glass (Figure 5b) of lower index (n1). In an alternative
approach, light can be guided in the high index layer by shallow ridges on the upper
cladding layer; this is called a strip loaded structure (Figure 5c). In this case,
etching and reflow at the guiding layer is avoided. The production of silica channel
waveguides frequently employs photolithography; the mask for etching the strips
can be the photoresist itself or a metallic film and reactive ion etching (RIE), which
provides high anisotropy. Passive ridge waveguides were deposited on silicon by a
solvent-assisted lithographic process incorporating simple mask technology and
photosensitive sol-gel-derived glasses [27]. This approach uses direct writing of
photosensitive glass with UV light.

With the synthesis of organic-inorganic films (ormosils), it is possible to obtain
hybrid materials with film thickness much higher than 1 μm, which fit the require-
ments of optical waveguiding. For the preparation of these materials, TEOS (or
other alkoxide) can be mixed together with organosilane polymers (e.g.,
polydimethylsiloxane (PDMS) or 3-(trimethoxysilyl)-propylmethacrylate

Figure 4.
A typical sol-gel glassy thin film. The dark circular regions represent the pores.
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(TMSPM)), which keep trapped inside the oxide gel network during the hydrolysis
and condensation reactions of TEOS [28]. In that case, the organic groups can
further be used as oligomers since their backbone structures are similar to that of
silica matrix. In addition, these groups can also improve physical, chemical, and
mechanical properties of the hybrid materials, and the modification of inorganic
network structures with organic groups allow the isomerization of organic
photoactive molecules as compared to inorganic glasses [29]. It has been reported
the use of two different silanes: γ-glycidyloxypropyltrimethoxysilane (GLYMO)
and 3-(trimethoxysilyl)-propylmethacrylate (TMSPM) [30] for the preparation of
TiO2/ormosil waveguide films by the sol-gel method.

In view of the above discussion, it can be established that there are three main
characteristics required for sol-gel waveguides:

1.mode shapes suitable for coupling to single-mode fibers (by absolute refractive
index, refractive index difference and geometry);

2.compatibility with dopants (e.g., salts, alkoxides, organosilane polymers, etc.);

3.Compatibility with further processing steps, namely photonic materials with
specific functional responses (e.g., optical amplification and nonlinear
properties).

Some of the challenges still pending currently are: reduction of propagation
losses for a planar waveguide to less than 1 dB/cm (although the short path lengths
involved in integrated circuits make optical losses less of a problem), reduction
coupling losses between optical fibers and integrated optical waveguides, and diffi-
culty in directing light around sharp curves due to system miniaturization. Key
future goals are to develop constituent functions required for fully integrated
amplifiers; in particular, a tapered coupler for efficient power transfer between
fibers and strong confinement guides, and a wavelength selective filter for coupling
pump and signal wavelengths. A key issue is the need to achieve minimal loss with
high confinement waveguides.

4. Doping silicate waveguides

4.1 Rare-earths doping for amplification

Optical fibers doped with rare-earth (RE) ions have contributed to the fast
development of optical telecommunications [31]. Adding amplification to passive

Figure 5.
Typical configuration of channel waveguides: (a) ridge waveguide, (b) buried waveguide, and (c) strip-loaded
waveguide.
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functions of simple waveguides could allow low cost and compact amplifiers,
through on chip integration of multiple components. Hence, developing RE-doped
layers for optically pumped amplifiers is a key challenge. This can be provided in
glasses doped with Nd3+ and Er3+. Both have been widely used in fiber amplifiers
and lasers, but in these cases, the gain was less important due to the very low losses
in the fibers and the long path lengths that can easily be achieved.

In order to reduce the fiber and waveguide path lengths, the use of relatively
large concentrations of RE ions of high quantum efficiency is required and, there-
fore owning long metastable level lifetimes. Nd3+ can be added to the sol as a nitrate
and then converted to the oxide form by heat treatment. However, Nd2O3 is
immiscible in silica glass for amounts higher than 0.5 wt% (by conventional melt-
casting), and therefore it forms aggregates or clusters [32]. These clusters cause
non-radiative deexcitation processes which greatly lower the fluorescence lifetime
and thus the gain of the material. Hence, these lifetimes are seriously reduced by
concentration quenching (or clustering) due to neighbor ion interactions in insuffi-
cient dilute systems. In addition, non-radiative quenching phenomena may also be
caused by residual OH groups or by multiphonon relaxation, which are strongly
favored in high vibrational energy matrices like silica glasses [33, 34]. Similar
behavior is found for high levels of Er3+ ions in silicate glasses, also due to their poor
solubility on that material. The ion dispersion is dependent on dopant concentration
and on the solubility of dopant in the host material, which fortunately in the case of
sol-gel glasses, can be improved. Hence, sol-gel-derived glasses are especially suit-
able to obtain homogenous compositions with a good dispersion of RE ions. Co-
dopants (P2O5 or Al2O3) are often used to increase the solubility of the Er3+ doping.
Er3+ is particularly interesting as it exhibits a laser transition at 1.55 μm and, thus,
can provide amplification in the third optical communications window [31]. The
energy-level structure of Er3+ allows pumping of the 4I11/2 excited-state multiplet
around 980 nm by semiconductor lasers and the 4I13/2 excited-state multiplet is
populated by subsequent multiphonon relaxation. Radiative relaxations of the 4I13/2
to the 4I15/2 ground-state multiplet may then provide gain near 1.55 μm [31].

However, the optical properties of RE-doped materials strongly depend on the
host system, the dopant concentration, and the thermal background.

The method of incorporation of Er3+ consists in the dissolution of erbium salts
(erbium (III) nitrate or chloride pentahydrate) into the sol, followed by aging and
then coating. In this case, the ions will favor non-bridging oxygen sites in the gel as
the solvent is evaporated. Introducing Er3+ in ionic form as dissolved salts is less
effective for its incorporation into the sol network, and consequently, as the solvent
is evaporated during film formation, some precipitation may occur, resulting in a
segregated film. The use of an erbium alkoxide precursor favors the condensation
reactions between the Er3+ ions and the host material in the sol and thus form a
homogeneous structure with a strong possibility of avoid cracks formation during
the densification process. In some cases, small amounts of TiO2 or P2O5 nucleating
agents are also added to the sol with the purpose of causing controlled nucleation
and crystallization of erbium-containing nanocrystalites. This approach was
successfully tested in the case of Er3+:SiO2-TiO2 and Er3+:SiO2-TiO2-P2O5 sol-gel
glasses, where Er2Ti2O7 and ErPO4 nanocrystalline phases, respectively, with good
spectroscopic properties, were obtained [35]. The precipitation of such nanocrys-
tallites allows the control distribution of the Er3+ ion in the matrix, reducing their
clustering effect and maximizing their quantum efficiency. To characterize the
active properties of the waveguides, measurements of the fluorescence spectra and
the lifetime of the erbium 4I13/2 metastable level can be performed.

The surface structure (e.g., surface roughness, nanocrystallites, porosity, etc.)
can be investigated by atomic force microscopy (AFM) and scanning electron
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microscopy (SEM) (Figure 4). Clusters can be analyzed by grazing angle X-ray
diffraction or very low frequency Raman scattering. To investigate the glass struc-
ture, it can be used X-ray absorption fine structure spectroscopy (EXAFS). This tool
provides a good probe of RE nearest-neighbors and reveals, for example, where
the Er3+ ions are well dispersed simple by Er-O bonds relative intensity [36]. A
previous study reported from XPS analysis that Nd3+ may be incorporated in the
P2O5 co-doped 80SiO2-20TiO2 films at a higher concentration level than Er3+ in
similar Al2O3 co-doped films [37]. Crystallization can, however, be investigated by
X-ray diffraction (XRD) and crystal size can be estimated by the Scherrer equation.
In particular, nanocrystallites are only seen at grazing incidence (0.4°), suggesting
their main concentration at the surface [38]. In order to obtain concentration
gradients through the total film thickness, Rutherford Backscattering Spectroscopy
(RBS) can be used.

Fluorescence lifetime can be measured on multilayer planar waveguides, by
launching diode laser pump light (796 nm for Nd3+, 976 nm for Er3+) into the
cleaved input end of the waveguide. The fluorescence is collected at the output end
and then focused onto a fast photodetector for further analyzes with a digital
oscilloscope.

Since the formation of erbium containing nanocrystals in glass results in an
increase for the 1.55 μm fluorescence (up to 9 ms) [35], the determination of
characteristic temperatures such as glass transition (Tg), onset crystallization tem-
perature (Tx), crystallization temperature (Tc), onset melting temperature (Txf),
and melting temperature (Tf) is important in estimating the thermal stability of a
glass and its susceptibility to temperature-induced changes during the film
annealing. A study based on DTA analysis revealed that anatase crystallites appear
as the primary crystalline phase in SiO2-TiO2-P2O5 glasses, while cristobalite pre-
cipitates near 1000°C [39]. Thus, the characterization of these temperatures using
differential thermal analysis (DTA) technique would be a great help to define the
thermal treatment of the sol-gel glasses derived waveguides.

4.2 Semiconductor microcrystallites doping for nonlinear optics

Semiconductor quantum dots dopants (Cds, Pbs) can extend the functionality of
passive glassy waveguides toward possible applications in nonlinear guided wave
devices (nonlinear directional coupler, Mach-Zehnder interferometer). Significant
enhancement of χ(3ω) due to quantum confinement has been demonstrated in glass
doped with CdSxSe1-x and CuCl microcrystals [40]. In both cases, the large band
gap means that the non-linearity can only be exploited at visible or near-UV.
Recently, narrow-gap dopants have been fabricated at near-IR wavelengths [41].

Two main routes have been followed in the development of such materials,
namely the addition and reaction of the dopants inside the initial sol-gel solution, by
chemically controlling the size of the particles (sol-doping), and the impregnation
or exposition of a nanoporous sol-gel film to the dopants (pore doping), where the
crystal size is limited by the pore size. The pore doping has been successfully
applied for over 20 years [42] to prepare films for integrated optics applications. In
the sol doping, Cd(NO3)2 and Pb(NO3)2 is mixed in aqueous solution since both
nitrates have very high solubilities and the resulting solution absorbed into a dry
porous SiO2 layer. The excess liquid is then spun off and a flux of H2Te gas is forced
to pass over the layer in order to achieve, for example, Cd1-xPbxTe microcrys-
tallites. Otherwise, if the intention is rather precipitate CdS or PbS, H2S can be used
as reactive gas. The samples are then dried in vacuum and properly annealed. To
prove the existence of microcrystallites precipitates, TEM and grazing incidence
XRD is often employed to verify their presence in the host glass. Moreover,
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semiconductor microcrystallites are known to exhibit an absorption edge blue
shifted (toward shorter wavelength) with respect to the bulk semiconductor. This
shift is a typical behavior of microcrystallites that can be analyzed by UV-visible
absorption spectroscopy in order to calculate their quantum size [42]. Finally, the
Z-scan technique is a popular method for testing optical nonlinearities of bulk
materials, namely the non-linear index n2 (Kerr coefficient) and the non-linear
absorption coefficient Δα. However, these techniques are inappropriate for
nonlinear measurements in planar optical waveguides due to its low thickness.
Therefore, nonlinear m-line spectroscopy is a suitable alternative based on the
analysis of the nonlinear change in the shape of the dark line associated with the
excitation of guided waves [43]. This is an easy technique for the determination
of Kerr properties of thin films, which are the basis of optical waveguides [43].
The third-order optical nonlinearity (Kerr effect) of CsS-doped SiO2/Si planar
waveguide was measured using an m-line technique, yielding a value of
�5 � 10�9 cm2/kW [44].

5. Conclusions

Silica glass (by sol-gel synthesis) is one of the most widely used materials in the
production of optical waveguides, due to its many advantages (versatility, low cost
manufacturing, chemical resistance, and low synthesis temperature). The chemical
kinetics of the conversion reaction of TEOS to SiO2 (or other glass compositions)
is very sensitive to the physical and chemical parameters of the process (e.g., water
content, type of catalyst, and aging). However, its versatility is one of its main
advantages because allows the production of a diversity of compositions and struc-
tures. The spin-coating process allows homogeneous and thick films to be depos-
ited, which perfectly match the physical requirements of planar optical waveguides
and that of SiO2/Si technology. However, silicate glasses exhibit some disadvan-
tages, such as high phonon energy and low luminescent ion solubility, which affect
the quantum efficiency or luminescent ion emission bandwidth. Therefore, some
strategies must be taken to improve their optical behavior. In fact, by slightly
modifying the composition of the silica glass, we are able to control the refractive
index and achieve not only passive waveguides but also the active ones, with
tailored properties to many applications. Moreover, it is also possible to take
advantage of the pores in order to optimize the precipitation of semiconductor
microparticles and benefit of all the linear and nonlinear features of optical devices.
Nowadays, the requirements for photonic components in communication systems
have increased and become more demanding. While other technologies have made
constant improvements, the potential advantages of the sol-gel approach remain
valid and have now been plainly demonstrated. Although many of the procedures
implemented are more than 25 years old, it is certain that, without all these funda-
mentals, the present development in the field of optical waveguides would not be
the same.
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