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10.1 Introduction
In photorefractive crystals, the materials’ refractive index can be altered by
light illumination with spatially inhomogeneous intensity. This allows for a
wide spectrum of applications, e.g., optical data storage, pattern recognition,
adaptive optics, or dynamic holography [1, 2]. In this chapter, we will focus on
a special geometry of photorefractive materials: Optical waveguides. On the
one hand, due the high light intensities that are inherent in waveguide geometries, photorefractive effects in optical waveguides [3, 4] are feared as optical
damage, as they can degrade the performance of integrated optical devices. On
the other hand, both dynamic wave mixing and permanent holographic gratings in waveguides are of considerable interest for the development of new
components for integrated optics.
In this contribution, we will focus on photorefractive waveguides in oxide
crystals, and have to redirect the interested reader to other chapters of this
book for materials like semiconductors or photorefractive polymers. After
some basics on optical waveguide properties, a review of recent results and
techniques for waveguide formation is given. Here investigations in materials
with illmenite structure (LiNbO3 , LiTaO3 ), perovscites (BaTiO3 , KNbO3 ),
crystals with tungsten-bronze structure (SBN, KNSBN), and sillenites (BSO,
BTO, BGO) are discussed. As an outlook, the suitability of photorefractive
waveguides for applications is demonstrated in some examples.

10.2 Fundamentals of Photorefractive Waveguides
In this section, we will briefly discuss the fundamentals of photorefractive
optical waveguides as well as the experimental techniques for, e.g., the determination of refractive index profiles, electrooptic properties, and light-induced
refractive index changes in waveguide samples.
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10.2.1 Optical Waveguides
Optical waveguides are the key components for the development of integrated
optical devices. In integrated optics, several optical components, like lasers,
beam splitters, or modulators, are integrated on a suitable substrate material
[5]. Here optical waveguides provide the connections between these components.
An optical waveguide consists of a dielectric material that is surrounded by
another dielectric material of lower refractive index. Guidance of light is based
on total internal reflection of electromagnetic waves at the boundaries of the
inner medium so that radiation into the surrounding medium is forbidden. One
can distinguish between planar waveguides, where the light is confined along
one transverse direction while diffracting along the other transverse coordinate,
and two-dimensional waveguides, where the light is guided in both transverse
directions (Fig. 10.1). In the latter case, typical geometries are either channel or
strip waveguides, respectively, and optical fibers with radial symmetry.
To discuss some fundamental properties of dielectric waveguides, we consider a planar structure as in Fig. 10.1a. In a ray-optics picture of waveguiding,
light is guided by multiple reflections from two parallel infinite plane boundaries that act as lossless mirrors. For an electromagnetic analysis of this
structure, each ray is described by a plane wave, where the total electromagnetic
field consists of the sum of these plane waves. Here the self-consistency condition requires that, as a wave is reflected twice at the upper and lower boundary,
its phase has to undergo a phase shift of multiples of 2p, i.e., the wave has to
reproduce itself. In this way, discrete solutions for the electromagnetic field are
obtained that are called the modes of the waveguide. These modes have a
certain transverse electromagnetic field that is maintained during propagation
along the waveguide. Depending on the light polarization, one can distinguish
between TE (transverse electric) modes, where the transverse electric field
points perpendicular to the waveguide normal and the propagation direction,
and TM (transverse magnetic) waves, where the magnetic field is along this
direction. Each mode is fully described by its transverse mode profile, its
polarization, and the propagation constant b ¼ k0 neff , where k0 is the wave
number and neff is the effective refractive index of the mode.

(a)

(b)

(c)

Fi gur e . 10.1. Different types of optical waveguides. a) Planar waveguide; b) channel
waveguide, and c) optical fiber.
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The most simple case of a planar waveguide is that with a step-like refractive
index jump at the boundary (x ¼ d ) of substrate and waveguiding layer, and
another jump at the boundary of the waveguide and the top cladding (x ¼ 0),
which is usually air (see left part of Fig. 10.2a). In analogy to the eigenfunctions of a step-like potential well, the waveguide modes are harmonic
functions, where the field amplitude exponentially decays in the cladding
and substrate layers, respectively. For these modes, the effective refractive
index neff is larger then the two indices of the surrounding layers. If neff is
close to but slightly lower than the index of the substrate material, leaky or
substrate modes of the waveguide can be excited that continuously loose energy
to the substrate.
A more general profile is that of a graded-index waveguide, where the
refractive index of the waveguiding layer continuously decreases from a higher
surface value to the substrate refractive index. Typical examples for this type
are in-diffused waveguides where the refractive index profile is determined by
the diffusion profile of some in-diffused species. As a main difference to steplike profiles, different modes of a graded-index waveguide propagate in different effective depths deff of the waveguiding layer. Examples of the electric field
distribution Em of the first modes m ¼ 0, 1, and 2 of a step-like and a gradedindex waveguide are given in Fig. 10.2.
A universal method for coupling light into and out of a planar waveguide is
the use of prism coupler. Prism coupler allow a direct measurement of the
coupling efficiency as well as a mode selective excitation of the waveguide,
which may be preferred for the investigation of multimode waveguides where
depth dependent measurements of waveguide properties become possible in this
way. Grating couplers may be used as well, but fabrication is difficult and
coupling efficiencies are often low. Direct endface coupling is of particular
interest for waveguides in BaTiO3 , KNbO3 , or SBN, because sample dimensions are usually small, and mechanical stress that is inherent in the prismwaveguide coupler may not be applied to these materials.
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Fi gure . 10.2. Typical refractive index profiles and electric field distribution Em of the
lowest guided modes for a) step-like and b) graded-index planar waveguide.
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10.2.2 Photorefractive Effects in Waveguide Samples
Photorefractive effects in planar waveguides can be studied by two principal
holographic methods: A two-beam interferometric setup, or by monitoring the
output intensity and the beam shape of a single guided beam. Here, similar as
for bulk samples, a wide range of different holographic measurement techniques exists, which allow for the determination of photorefractive parameters
like saturated refractive index changes, dark and photoconductivity, photovoltaic constants, or holographic sensitivity. For the investigation of channel
waveguides often pump-probe techniques are utilized, where a low-power
beam of larger wavelength is used to probe the refractive index change that
are induced by a stronger pump beam.
An overview of different geometries for recording of elementary refractive
index gratings in waveguide samples is given in Fig. 10.3. In a standard setup
gratings are written by two guided beams of the same polarization and mode
number intersecting inside the waveguide (Fig. 10.3a and 10.3b). For light
coupling into and out of the sample, either prism couplers or direct endface
coupling can be used. Alternatively, the two beams may differ in polarization or
mode number. Furthermore, gratings may be written in planar (Fig. 10.3c) or
channel waveguides (Fig. 10.3d) by external beams that impinge upon the
surface of the waveguiding layer. To record grating coupler for in- and outcoupling of light from the waveguide the interaction of substrate and guided
modes can be used, too (Fig. 10.3e).

a)

b)

c)

d)

e)

Fi gur e . 10.3. Geometries for recording of holographic gratings in waveguides using
either guided waves or external writing beams. a) Two-beam interference of guided beams
using prism couplers or b) endface coupling, c) grating recording with external beams,
d) reflection holograms in channel waveguides, and e) recording of grating couplers.
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The light-induced charge transport in photorefractive oxide crystals is treated in detail in other chapters of this book. In general, the obtained models and
equations for one and more photorefractive centers and for different mechanisms of charge redistribution can be transferred to waveguide samples, too.
However, in most investigations of photorefractive waveguides, averaged quantities have been used to describe both, the light distribution inside the sample
and the photorefractive properties. Examples are effective widths and propagation depths of the excited modes, averaged light intensities, or refractive
index changes and photovoltaic constants where the values are averaged over
the depth of the waveguiding layer [6]. For these averaged quantities, the
Kogelnik theory of the interaction of plane waves can be used to interpret
the results. As an example, the averaged refractive index change of mode m of a
y-cut planar waveguide is described by
R
jEm (y)j2 Dn(y) dy
( < Dn > )m ¼
,
(10:1)
R
jEm (y)j2 dy
where the diffraction efficiency h of a grating of length d that is read out with
a wavelength l is described by a modified Kogelnik equation


p( < Dn > )m d
h ¼ sin2
:
(10:2)
l
However, in some cases, the simplified treatment of the interacting beams as
plane waves has failed to describe the experimental observations. In this case,
the exact two-dimensional intensity distribution has to be taken into account.
For example, the two-wave interaction of Gaussian beams in a multimode
planar waveguiding layer can be interpreted in terms of a two-dimensionally
varying time constant for the grating build-up time. This time constant is
smallest in the beam center and shows an additional variation with depth [7],
thus the resulting time dependence of the wave mixing, i.e., the build-up of a
refractive index grating, may show significant deviations from a mono-exponential behavior.
When only a single beam is coupled into a planar photorefractive waveguide,
both, light-induced phase changes in the beam path and holographic scattering
reduce the transmitted power in the beam direction [8, 9]. In this case photoconductivity, refractive index changes, and holographic sensitivity can be
quantitatively determined by variation of the input power and time dependent
measurements of the resulting changes in the shape of the outcoupled intensity
spectrum [10].

10.2.3 Experimental Methods
Different methods can be used for the fabrication of waveguides in photorefractive crystals. Typical examples are diffusion, ion exchange, implantation of
ions, or the deposition of thin epitaxial layers. As the different techniques are
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predominantly specific for one class of oxide crystals, a detailed description of
the waveguide fabrication method is given in the respective material subsections
of the next section. Here we will give a short overview on different techniques
for the reconstruction of refractive index profiles and the measurement of
electro-optic coefficients, as well as on the holographic investigation methods
that can be used for the determination of photorefractive properties.
Refractive index profiles with typical dimensions of only a few micrometers
can hardly be determined by direct measurement. Very often the reconstruction
of planar waveguide profiles is based on a set of measured effective refractive
indices neff , i , which can be determined by dark-line or mode spectroscopy [11].
Here two different strategies have been established. At first, one may assume a
family of plausible profiles that are characterized by a set of fit parameters.
With this method, good results have been obtained for ion-implanted waveguides [12, 13], where the profiles can be well predicted by using simulations of
the implantation process. A second procedure commonly used for profile
reconstruction of multimode waveguides is the inverse WKB method [14].
For channel waveguides, different numerical approximations are used to calculate the effective refractive indices of the modes of an assumed or given
refractive index profile, e.g., the methods of finite differences or finite elements.
Although the electro-optic properties of substrate materials for waveguide
fabrication are well known in most cases, these values may differ for waveguides because of material changes that are due to the waveguide fabrication
itself. Therefore techniques have been developed to measure electro-optic coefficients in both planar and channel waveguides. In planar waveguides, attenuated total reflection (ATR) spectroscopy may be used, a method that is
well known from the investigation of electro-optic polymer layers [15, 16].
Alternatively, interferometric methods can be applied [17, 18]. In channel
waveguides, the electro-optically induced phase changes in integrated MachZehnder [19] or Fabry-Perot interferometers [20] have been used to measure
electro-optic coefficients in LiNbO3 and LiTaO3 samples.

10.3 Materials with Illmenite Structure
Among all ferroelectric materials, photorefractive effects have been studied
most extensively in lithium niobate (LiNbO3 ) [1]. Crystals with diameters up
to six inches and of superior optical quality can be grown, which makes this
material the preferred candidate for applications in integrated optics. LiNbO3
has large electro-optic and SHG coefficients of r33  30 pm=V and d33 
32 pm=V, respectively. Typical devices realized in LiNbO3 waveguides are
integrated lasers [21], electrooptic modulators with low half-wave voltages,
quasi-phase matched structures for frequency conversion, or integrated Sagnac
interferometers for high-precision rotation sensing.
Lithium tantalate (LiTaO3 ) possesses electro-optic, nonlinear optical, and
photorefractive properties similar to LiNbO3 . On the one hand, in some aspects
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LiTaO3 is even more attractive for applications in integrated optics than
LiNbO3 . It is less sensitive to optical damage, it has a larger transparency in
the UV down to 270 nm, and it has a smaller birefringence. However, high
temperature waveguide fabrication that exceeds the Curie temperature of about
6208C (for the congruently melting composition) requires additional repoling,
and crystal growth is more difficult because of the high melting point of LiTaO3
of about 16508C. Nevertheless, waveguide devices for electro-optic modulation
and frequency doubling in the visible spectral region are now commercially
available.
Advantages of LiNbO3 and also LiTaO3 are the possibility to form low-loss
waveguides, the chemical and mechanical resistance, a wide range of nonlinear
optical interactions, and finally the availability of large crystals at a reasonable
cost. Because of the relatively empty illmenite lattice structure, many metal ions
can be indiffused into LiNbO3 and LiTaO3 to form low-loss waveguiding layers
or channels. Titanium diffusion into LiNbO3 is by far the most common
technique for waveguide fabrication. On the other hand, diffusion is also an
easy method to increase the photorefractive sensitivity by surface doping of the
waveguide substrates. As an alternative method for waveguide formation the
proton exchange technique in LiNbO3 and LiTaO3 has proved to result in lowloss waveguides, which are particularly well suited for applications where high
intensities occur, e.g., for second harmonic generation of blue and green light.
Besides the two methods mentioned above a wide range of different epitaxial
techniques has been developed in the past. A large number of oxide crystals
have been fabricated in thin film form by, e.g., sputtering of a suitable target
material, including the materials LiNbO3 and LiTaO3 . These techniques include diode, reactive, ion beam, magnetron, bias sputtering, or pulsed laser
deposition (PLD), as well as liquid phase epitaxy (LPE) [22] and molecular
beam epitaxy (MBE) [23]. Here PLD and MBE allows fabrication of films with
high optical quality and nonlinear properties that are similar to the bulk
material [24, 25].

10.3.1 Titanium Diffusion
The diffusion of thin films of titanium evaporated or sputtered onto the
substrate surface is a widely used method for waveguide formation in
LiNbO3 and in part also in LiTaO3 crystals, and most of the integrated optical
devices available today are based on titanium-diffused LiNbO3 waveguides. In
LiNbO3 the extraordinary refractive index increases linearly with titanium
concentration, whereas the ordinary index shows a slightly sublinear behavior
[26]. Larger changes are obtained for extraordinarily polarized light. No significant reduction of the electro-optic or nonlinear optical coefficients have
been reported. Diffusion of titanium has been used to produce waveguides in
LiTaO3 [27], too. The low diffusion coefficient requires temperatures of above
13008C, thus exceeding the material’s Curie temperature, which requires additional poling of the samples.
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The diffusion process has been investigated in detail in LiNbO3 and consists
of several complex steps [28, 29]. Here annealing is usually performed at
temperatures around 10008C. At about 5008C, titanium is oxidized to TiO2 ,
and above 6008C LiNb3 O8 epitaxial crystallites are formed at the surface,
connected with a loss of lithium. For temperatures larger than 9508C, a
(Ti0:65 Nb0:35 )O2 mixed oxide appears, which acts as the diffusion source for
titanium indiffusion. With increasing annealing time, titanium diffuses deeper
into the crystal, and the titanium-niobium oxide layer decomposes. For temperatures above 6008C, a loss of Li or Li2 O at the crystal surface is observed.
Because this mechanism increases the extraordinary refractive index Li, outdiffusion has to be prevented in particular for channel waveguide formation.
This is often realized by annealing of the samples in water vapor or a Li-rich
atmosphere.
Besides titanium a large number of other metals can be diffused into LiNbO3
to form waveguiding layers, e.g., iron, copper, vanadium, nickel, niobium,
cobalt, silver, or gold [30]. Here zinc is of special interest as the diffusion of
zinc into LiNbO3 has been found to produce low-loss waveguides with higher
resistance to optical damage [31, 32] when compared to titanium.
Planar and channel LiTaO3 waveguides have been fabricated by diffusion of,
e.g., titanium [27], niobium [33], or zinc [20]. For this high-temperature process,
repoling of the samples is necessary to recover the electro-optic properties of
LiTaO3 .
For application of the photorefractive effect, waveguides fabricated by combined titanium and iron or copper diffusion, respectively, have shown considerably improved holographic sensitivity [34, 35].

10.3.2 Proton Exchange
Proton exchange (PE) is a low temperature process (T < 2508C) that has been
successfully used for waveguide fabrication in LiNbO3 [36, 37] and LiTaO3 [38,
39]. Basically, hydrogen that is provided by an appropriate acid is partially
exchanged for lithium ions of the crystal. In the case of LiNbO3 , the chemical
composition Li1x Hx NbO3 is formed where x, 0 # x # 1, is the exchange degree.
A widely used technique for the formation of proton-exchanged waveguides
is the immersion of the substrate in a bath of molten benzoic acid [37]. This
liquid-phase treatment produces a mixture of crystalline b-phases on the sample surface with an exchange degree in the range of 0:5 < x < 0:85 [40], and a
nearly step-like refractive index profile. The maximum index change depends
on the used acid. Typical values for benzoic acid are dne ¼ 0:12, dno ¼ 0:05
(LiNbO3 , [36]) and dne ¼ 0:02, dno  0 (LiTaO3 , [39, 41]), and higher changes
up to dne ¼ 0:145 [42] for LiNbO3 are obtained using phosphoric acid. When
using benzoic acid, the acidity of the melt can be diluted by the addition of
some mol percent of lithium benzoate [36]. In this way, LiNbO3 channel
waveguides fabricated with pure benzoic acid show typical propagation losses
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between 0.5 and 1 cm1 for extraordinarily polarized light, while lower values
of about 0:2 cm1 have been reported for the use of phosphoric acid [42].
A significant degradation of electro-optic and nonlinear optical properties of
proton-exchanged LiNbO3 waveguides was found very early [43], which is
caused by the lattice disorder and mixture of b-phases in strongly exchanged
layers [44, 45]. A partial solution to this problem is the use of an additional
post-annealing treatment at temperatures above 3508C [19]. These so-called
annealed proton-exchanged (APE) waveguides have a graded refractive index
profile. The waveguiding layer is completely converted to the a-phase [44] with
x < 0:12 and an index change of dne < 0:03 [16]. Furthermore, for APE waveguides, very small loss coefficients of about 0:03 cm1 have been measured [46].
Alternatively, waveguides with well defined phases can be obtained by carefully
controlling the exchange degree. In this case, large electrooptic coefficients for
PE layers up to r33 ¼ 22 pm=V for LiNbO3 can be obtained without additional
annealing treatment [47]. In most work on proton-exchanged LiTaO3 waveguides, electro-optic coefficients have been found to be strongly decreased after
the exchange [48], and the values were at least partially restored after additional
annealing treatment [17, 18, 410].
Very recently a new method, vapor-phase proton exchange (VPE) has been
reported for LiNbO3 [50] and LiTaO3 [51], which results in high damage
resistance, low optical losses (a < 0:1 cm1 ), and fully preserved electro-optic
and nonlinear properties. For this method, samples are treated in an evacuated
ampoule with benzoic acid powder at the bottom while the substrate is held in
the top of the ampoule. Typical annealing temperatures are about 3008C and
exchange times vary from several hours to a few days. As for the PE process,
the resulting VPE waveguides have a nearly step-like index profile, and for nottoo-long exchange times, a high-quality 2 phase structure can be obtained that
is well suited for nonlinear optical applications [52].
By using proton exchange in LiNbO3 and LiTaO3 , waveguides with strongly
enhanced photorefractive sensitivity can be fabricated when the exchange of
protons is combined with a successive copper exchange from melts containing
Cuþ or Cu2þ ions [16, 53]. As this technique of copper doping is a lowtemperature process well below the Curie temperature of, e.g., LiTaO3 , it is
of particular interest for the fabrication of photorefractive waveguides in this
material.

10.3.3 Lithium Niobate Waveguides
Light-induced refractive index changes in optical materials can be considered
from two points of view. On the one hand, these photorefractive effects are of
considerable interest for applications in information storage and optical communication technology. On the other hand, the same mechanism is feared as
optical damage; e.g., in waveguide devices, light-induced phase shifts may
degrade the optical performance. The latter is particularly important for nonlinear applications of LiNbO3 waveguides, where the performance of integrated
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modulators and switches, lasers, or optical parametric oscillators may suffer
from optical damage effects.
Optical Damage in Planar Waveguides
The optical damage resistance of planar LiNbO3 waveguides fabricated by
proton exchange, annealed proton exchange, vapor-phase proton exchange,
metal diffusion, and epitaxy has been investigated in many works. However, a
detailed comparison of the different methods still remains difficult. Although
most of the used substrates are nominally undoped, they may differ a lot in the
remaining impurity concentration. What is even more difficult is the influence
of different light intensities and wavelengths when probing optical damage. In
general, steady-state refractive index changes, holographic sensitivity, and
photoconductivity depend on light intensity [54, 55]. For certain fabrication
methods, both dark and photoconductivity of the waveguiding layer are considerably enlarged, and particularly at higher light intensities more than one
photorefractive center can be involved in the charge transport [56], thus making
the above quantities intensity dependent. Therefore, we restrict ourselves to
some general remarks regarding photorefractive effects in differently prepared
waveguides. A qualitative overview of some properties of LiNbO3 waveguides
is given in Table 10.1. For a more detailed comparison of photorefractive
LiNbO3 waveguide properties, see Ref. [4].
For titanium-diffused waveguides, high holographic sensitivity and large
light-induced refractive index changes have been found [10]. It has been recognized that Fe2þ centers are stabilized by Ti4þ ions against oxidation [6], thus
increasing the sensitivity to optical damage. On the other hand, a higher
photorefractive damage resistance has been obtained for waveguides prepared
by the diffusion of zinc into LiNbO3 and for moderate light intensities of the
order of 105 W=cm2 [31]. This may be attributed to a reduction of anti-site
defects, where zinc ions are build-in on empty lithium sites instead of niobium.
Proton exchange leads to lower values of holographic sensitivity both for
annealed (APE), non-annealed (PE), and vapor-phase (VPE) treated samples

Ta bl e . 10.1. Overview of general photorefractive properties (optical damage or
saturated refractive index change, photoconductivity, holographic sensitivity, and
temporal stability of refractive index profiles) of LiNbO3 waveguides fabricated by
different methods: PE, proton exchange; APE, annealed proton exchange; VPE,
vapor-phase proton exchange. These properties are only a general tendency of the
different processes.
Fabrication

Opt. damage

Photoconduct.

Hol. sensitivity

Temporal stab.

Ti-Diffusion
PE
APE
VPE

High
Moderate
Moderate
Moderate/Low

Low
High
Moderate
Moderate

High
Low
Moderate
Low

High
Low
Moderate
Moderate/High
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[10, 50, 57] when compared with titanium diffusion. In strongly exchanged
waveguides, no light-induced refractive index changes are found [58], and this
effect has been attributed to both a large increase of dark and photoconductivity [54], and a strong degradation of the electro-optic properties [43]. Here a
conversion of Fe2þ to Fe3þ has been found for the proton exchange process
[59], which can explain the observed decrease in holographic sensitivity, too.
In thermal fixing of holographic gratings in LiNbO3 and LiTaO3 at elevated
temperatures, protons are believed to compensate for the electronic space
charge field [55, 60]. In proton-exchanged waveguides, a similar mechanism is
observed at room temperature, when light-induced electronic charge gratings
are compensated for by light-insensitive, positively charged ions [61, 62], which
may be explained by a considerably enlarged protonic conductivity of the PE
layers.
Annealing treatment of PE layers with a higher exchange ratio leads to a
recovery of the electro-optic coefficients [19, 47], while at the same time photoconductivity only slightly decreases [54]. Although the holographic sensitivity
of APE samples is thus increased with annealing time, it is still two orders of
magnitude lower than for titanium in-diffused samples. Excellent results have
been obtained for vapor-phase proton-exchanged layers, where the photorefractive damage threshold has been reduced by one to two orders of magnitude
when compared to APE samples [50]. On the other hand, the use of MgOdoped LiNbO3 substrates for proton exchange has resulted in only slightly
enlarged photorefractive damage resistance [57].
Planar waveguides fabricated by LPE [22] have shown higher holographic
sensitivity than PE samples, but the values are still lower than for titanium
diffusion [10, 24]. Other methods of thin film deposition have recently been
used to grow epitaxial LiNbO3 layers, e.g., sputtering [63], the sol-gel process
[64], and PLD [25], but no photorefractive properties have been reported.
Wave-Mixing and Scattering
Quite a few optical wave mixing experiments have been performed in planar
LiNbO3 waveguides, and most of the used samples were treated to enhance
photorefractive effects, e.g., by iron or copper in-diffusion, or combined proton
and copper exchange. The published work may be subdivided into isotropic
wave mixing, where the interacting light beams have the same polarization, and
anisotropic wave mixing, where orthogonally polarized modes interact.
In contrast to wave mixing in the bulk where elementary refractive index
gratings are usually recorded utilizing plane waves, in waveguides the inhomogeneity of the interacting fields and the presence of different modes have to be
taken into account [34, 65, 66]. As a result, several photorefractive processes
have been identified in waveguides that have no true analogs in volume crystals,
e.g., polarization conversion of copropagating TE and TM modes [67, 68], or
the recording of gratings where the photovoltaic current flows perpendicular to
the grating vector [69].
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In multimode planar waveguides, light can be scattered under discrete angles
from an excited mode into other modes with different mode indices, but with
the same polarization. In this interaction, the pump and the scattered waves
have to fulfill a corresponding phase matching condition, thus stray light can be
amplified by parametric interaction. Because light waves that belong to different modes of the waveguide are involved in this type of wave mixing, the
interaction is called parametric inter-mode scattering [34, 70, 71].
In LiNbO3 as well as in LiTaO3 waveguides, orthogonally polarized modes
can write holographic gratings via photovoltaic currents, enabling strong anisotropic wave mixing [67] and the generation of phase-conjugate [72] waves.
This interaction, also known as polarization conversion, was observed first in
y- and z-cut channel waveguides [73] and later also in planar y-cut waveguides
[72, 74, 75]. The interaction can be understood by redistribution of photoexcited charge carriers by the photovoltaic effect, where the generated spacecharge field is proportional to the polarization dependent photovoltaic current
density [76]
X
jk ¼
(bsklm þ ibaklm )El Em :
(10:3)
l, m
Here bs, a are the real linear and circular components of the photovoltaic
tensor, and El , m are the interacting light fields. Anisotropic interaction in
LiNbO3 and LiTaO3 is enabled through the nondiagonal elements b15 ¼ b24
of the photovoltaic tensor. The corresponding current is modulated with the
grating period L ¼ l=(no  ne ), where l is the light wavelength in vacuum (see
Fig. 10.4).
The perturbation De of the dielectric tensor has a local contribution according to bs and a nonlocal part according to ba [77]. As is well known, the
shifted (nonlocal) grating leads to an energy exchange between the two interacting beams, where the direction of energy exchange depends on the sign of ba .
For iron-doped LiNbO3 , ordinarily polarized light is converted to extraordinary polarization, and for LiTaO3 : Fe, an opposite coupling direction is
observed.
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z
z
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x
Λ

TM

Λ
TE

TE
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Fi gur e . 10.4. Illustration of the photovoltaic current responsible for polarization conversion in LiNbO3 and LiTaO3 channel waveguides. a) y-cut substrate, and b) z-cut
substrate. Here the c-axis is parallel to the z-axis of the sample.
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Optical Damage in Channel Waveguides
Different kinds of channel waveguides in nominally pure and MgO-doped
LiNbO3 have been formed by titanium indiffusion, PE, APE, VPE, and ion
implantation, and the corresponding photorefractive properties and damage
thresholds of these waveguides have been investigated. Fujiwara et al. have
compared the photorefractive properties of titanium-diffused, PE, and APE
samples using an integrated Mach-Zehnder interferometer [78, 79]. For low
intensities of some W=cm2 , saturated refractive index changes of titanium-diffused
samples are about three orders of magnitude larger than in PE, and two orders of
magnitude larger than in APE waveguides. This may be attributed to the large
increase of conductivity for the PE and APE samples [79], and partly reduced
electro-optic coefficients of the PE waveguides. Furthermore, holographic sensitivity is increased by a factor of four for APE waveguides [78] when compared with
PE waveguides, mainly because of the restored electro-optic properties, and
probably because of a further enlarged conductivity in the APE samples, too.
The use of LiNbO3 doped with MgO has reduced the refractive index
changes in APE channel waveguides by nearly two orders of magnitude at
intensities of some kW=cm2 [80], and photoconductivity has been decreased at
the same time, too. Here it has been concluded that strongly reduced photovoltaic currents in LiNbO3 : MgO waveguides are responsible for this effect.
Implantation of Hþ into LiNbO3 with subsequent annealing treatment has
resulted in waveguides with strong light-induced refractive index changes [81]
that are larger than for APE waveguides and almost comparable with titaniumdiffused samples. Simultaneously, both dark and photoconductivity are at least
as high as for APE waveguides. On the other hand, strongly reduced optical
damage has been found for a combination of proton exchange and ion implantation, when APE waveguides are additionally implanted with 1 MeV Hþ
through the existing waveguide channels [82].
In a more recent work, light-induced shifts in the phase matching curve of
second harmonic generation in both single domain and domain-inverted
LiNbO3 channel waveguides have been investigated by using a pump-probe
technique [83]. A high photorefractive sensitivity connected with a two-step
two-photon excitation has been found for single-domain samples, whereas
optical damage was strongly reduced for domain-inverted samples.

10.3.4 Lithium Tantalate Waveguides
A general problem of LiTaO3 waveguides is believed to be the observed
instability of optical damage or light-induced refractive index changes in
waveguides fabricated by diffusion or proton-exchange [84, 85]. A possible
explanation for this effect might be the obtained mixture of different phases
in proton-exchanged layers and a migration of protons at room temperature as
well as the high number of defect sites (tantalum on lithium site) and high strain
values that are inherent to crystals with non-stoichiometric composition.
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Optical damage effects in zinc-diffused LiTaO3 channel waveguides have
been investigated in [86], and refractive index changes of Dne  5  105 at a
wavelength of 488 nm and an intensity of 1 kW=cm2 have been measured.
Proton-exchanged planar LiTaO3 waveguides have shown similar refractive
index changes of about 4  105 [87], but at a larger wavelength of 632.8 nm.
Anisotropic two- and four-wave mixing has been used to determine the
photorefractive properties of titanium-diffused LiTaO3 : Ti: Fe waveguides
[88]. In a more recent work [53], photorefractive LiTaO3 waveguides were
fabricated by combined proton and copper exchange at low temperatures,
which avoids repoling of the samples. Here a post-annealing treatment resulted
in a full recovery of the preferred a-phase of LiTaO3 [53, 89].
Thin epitaxial LiTaO3 films have been grown by different methods, and
research has been stimulated again recently by the large interest in LiTaO3
waveguides with domain-inverted structures for second harmonic generation.
An overview of recent work can be found in [90].

10.4 Materials with Perovscite Structure
10.4.1 Ion Implantation
Because of the low-temperature phase transitions, large chemical inertness, and
the densely packed perovscite lattice, waveguide formation techniques like ion
diffusion or exchange are more difficult in crystals with perovscite structure like
BaTiO3 and KNbO3 . For these reasons, the method of ion implantation is
especially well suited for perovscites [91, 92] as well as for crystals of the
tungsten-bronze family, in particular SBN [93]. The implantation of light ions
like Hþ and Heþ with energies of some MeV has successfully been used for
waveguide formation in a wide range of optical materials, including photorefractive ferroelectrics and sillenites. Apart from epitaxial techniques like PLD,
ion implantation today is the only method that reliably results in low-loss single
crystalline waveguides for BaTiO3 , KNbO3 , or SBN.
Impinging upon the crystal, the implanted ions slow down because of energy
loss from interactions with the electrons of the target. At the end of their path,
the ions’ energy is in the range of some keV. Here, nuclear collision sets in,
producing a well-defined damaged barrier layer with reduced refractive index.
Light is guided above the barrier layer in the region of electron excitation.
A typical magnitude of the refractive index decrease is about 5% of the substrate value; deeper barriers up to 10% have been obtained for KNbO3 [13].
The ion-dose dependence of the refractive index decrease generally shows a
saturation behavior, whereas the initial growth rate and the saturation level
depend on ion energy [12]. Because of the well-defined penetration depth of the
ions, nearly step-like refractive index profiles are obtained by ion implantation.
Optical tunneling through the barrier, however, can lead to an increase of
propagation losses for large mode numbers. Besides this mechanism, the loss
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mechanism in ion-implanted waveguides is rather complex. It consists of contributions by material and implantation-induced absorption as well as surface
scattering. A detailed overview on optical effects of ion implantation can be
found in [94].
To a large extent, the electro-optic and photorefractive properties of the bulk
crystal are maintained in the waveguiding layer. Frequently observed is a
chemical reduction of the waveguiding layer as a result of the implantation
process [95, 96]. Moreover, the electro-optic coefficients may be reduced due
to depolarization effects [97, 98]. For a low dose of the implanted ions in the
range of some 1013 to 1015 cm2 , a slight increase of the extraordinary refractive
index has been observed for several ferroelectric crystals [99]. This effect has
been used to fabricate nonleaky waveguides [100], where light is confined
without the possibility of barrier tunneling. Higher doses of 1016 cm2 and
more have resulted in a decrease of both refractive indices. Furthermore, the
implantation through an appropriate mask on the substrate surface has enabled
the fabrication of both single and multimode channel waveguides in various
materials [99, 101].

10.4.2 Barium Titanate
Photorefractive barium titanate (BaTiO3 ) crystals are currently used for a wide
range of nonlinear optical applications [1, 102, 103]. One of the most interesting
features of BaTiO3 is its electro-optic coefficient r51  1600 pm=V, which is one
of the largest values known for any crystal. However, the practical use of
BaTiO3 crystals is at least partially limited by the relatively long response
time of grating formation. Obviously, a significant decrease in response time
can be achieved by using planar BaTiO3 waveguides, i.e., by making use of the
high intensities inherent in waveguide geometries. Another drawback of
BaTiO3 is a phase transition that occurs around 6 8C that is connected with
mechanical stress to the samples and therefore may result in cracking of the
crystal. Here BaTiO3 may be replaced by barium-calcium titanate (BCT)
crystals, a material with very similar electro-optic and photorefractive properties where this problematic phase transition is missing.
Planar optical waveguides in BaTiO3 were first fabricated by Moretti et al.
[91] in 1990 by implantation of 2 MeV Heþ at a dose of 1016 cm2 . Both the
ordinary and the extraordinary refractive index were decreased in the region of
the implanted barrier [104]. Two-wave mixing in a 1:5 MeV Hþ -implanted
BaTiO3 waveguide was reported by Youden et al. [105] in 1992. In Fig. 10.5,
a decrease of response time of about two orders of magnitude when compared
to the response time at same input power in the substrate has been observed.
Frequently, the beam coupling direction is reversed to that of the substrate.
This can probably be attributed to a change in the dominant charge carrier
species from holes to electrons because of electrochemical reduction of impurities by the ion beam. Two-wave mixing even at 854 nm with a maximum gain
of 24 cm1 has been achieved in a Rh-doped BaTiO3 crystal [106]. Both
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Fi gu r e. 10.5. Time constant of two-beam coupling measured in a BaTiO3 planar
waveguide () and in the substrate () for the wavelength 488 nm as a function of light
power P [105].

self-pumped phase conjugation [107] and mutually pumped phase conjugation
[108] in the same sample have been obtained, too.
Epitaxial and very smooth films have been fabricated by PLD combined with
in situ annealing of the growing film [109, 110]. Planar waveguides with propagation losses of 2 to 3 dB/cm at 633 nm with an electro-optic coefficient of
r51 ¼ 86 pm=V have been obtained for c-axis films [98]. For a-axis films, an
electro-optic coefficient reff ¼ 536 pm=V has been found for low applied electric
fields. A variety of other deposition techniques has successfully been used for
the formation of BaTiO3 thin films on adequate substrates, e.g., by MBE, the
sol-gel process, or MOCVD. With MOCVD, channel waveguides have been
fabricated using an additional etching in HF solution. These waveguides have
shown moderate optical loss of 1 to 2 cm1 at 1:55 mm [111] and effective
electro-optic coefficients of about 50 pm/V [112].

10.4.3 Potassium Niobate
Potassium niobate (KNbO3 ) belongs to the most promising ferroelectric oxides
with excellent optical properties [113]. Large nonlinear and electro-optic coefficients in the spectral range of visible and infrared diode lasers and a high
photorefractive sensitivity make the crystal a particularly attractive candidate
for applications in integrated optics.
Methods of waveguide formation that have been successfully applied to other
materials like diffusion or ion exchange have been found to be not applicable to
KNbO3 , probably because of the densely packed lattice of the perovscite structure. The first permanent waveguides in KNbO3 were realized by implantation
of Heþ in 1988 by Bremer et al. [102]. Low-loss planar waveguides with damping
coefficients of about 1 cm1 (wavelength 632.8 nm) can be formed by Heþ
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implantation at low doses of some 1014 cm2 [114]. Even lower propagation loss
of only 0:2 cm1 has been found for a slightly higher dose of 1:5  1015 cm2 [115].
For Hþ implantation, doses of 1016 cm2 and higher are used to produce good
optical waveguides; here damping coefficients of 1 to 3 cm1 for visible light have
been reported [116, 117]. Channel waveguides in KNbO3 with damping coefficients as low as 0:3 cm1 for red light have been realized by Fluck et al. [101] by
repeated Heþ implantation as well as by ultra-low dose implantation that leads
to an increase of the refractive index of the implanted area [100].
Two-wave mixing experiments have been performed to characterize the
photorefractive properties of iron-implanted planar waveguides in KNbO3 .
Both Hþ and Heþ implantation have been used in nominally pure and irondoped substrate crystals. In all published work, the beam coupling direction in
the implanted waveguides in KNbO3 was reversed to that of the substrate [118],
and high logarithmic gain coefficients up to 40 cm1 have been obtained [116].
Smaller beam coupling coefficients of 2:2 cm1 and a response time of only
60 ms have been measured for a wavelength of 1:3 mm in a Hþ -implanted
KNbO3 : Fe waveguide [117].
To fabricate thin films of KNbO3 , different deposition techniques like LPE,
MOCVD, PLD, ion beam, or rf-sputtering have been used to fabricate singlecrystal layers of KNbO3 for applications in nonlinear optics. For the last
method, a SHG coefficient of 5 pm/V, which is one third of the bulk value,
has been reported [119], and higher coefficients of almost the bulk value have
been measured in samples prepared by MOCVD [120].

10.4.4 Other Materials
In several other photorefractive perovscite crystals, waveguiding layers have
been fabricated. These crystals include potassium-tantalate niobate (KTN),
KTa1x Nbx O3 , and barium-strontium titanate (BST), Ba1x Srx Ti2 O6 . In the
KTN crystallographic system, the largest electro-optic coefficients among all
photorefractive oxide crystals are found: The value of r51 can approach 104 .
Waveguides in this material have been formed by ion-implantation [121]. By
PLD thin films of usually polycrystalline BST have been deposited on different
substrates like MgO(001) and sapphire, and a large quadratic electro-optic
coefficient of 1  1015 m2 =V2 has been measured [122].

10.5 Materials with Tungsten-Bronze Structure
10.5.1 Strontium-Barium Niobate (SBN)
Strontium-barium niobate crystals (Srx Ba1x Nb2 O6 , 0:25 # x # 0:75, SBN)
are characterized by particularly large pyro- and piezoelectric, electro- and
thermo-optic coefficients, robustness, and an excellent optical quality. The
electro-optic coefficients are about ten (SBN61) to forty times (SBN75) larger
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than those in LiNbO3 . The most widely investigated composition is the congruently melting one, x ¼ 0:61 (SBN61). Another interesting composition is the
strontium-enriched x ¼ 0:75 (SBN75) with a lowered phase transition temperature. The open tungsten bronze structure allows doping with a variety of rareearth and transition metal materials to improve the photorefractive sensitivity.
SBN permits many applications in optical data storage and processing [123,
124], and a lot of fundamental research has been done demonstrating the
excellent photorefractive properties of this material [125, 126]. Since the discovery of the photorefractive soliton in 1992/1993 [127, 128], SBN has become
the most widely used material in this outstanding research field.
Planar waveguide formation in SBN by Heþ implantation was first mentioned by Youden et al. [105] in 1992, and later was investigated in more detail
in [103]. Low-loss waveguides (0:35 cm1 at the wavelength 632.8 nm)
are obtained for low-dose Heþ implantation or intermediate doses using Hþ .
The photorefractive properties of SBN61 and SBN75 waveguides formed by
Hþ or Heþ implantation are investigated in Refs. [95, 129]. When compared to
data for the bulk material at the same intensity, the response time for two-wave
mixing in SBN waveguides is decreased by one or two orders of magnitude both
for Hþ [95] and low-dose Heþ [129] implantation. In the latter work, with an
increasing dose of implanted Heþ , a strong degradation of the photorefractive
properties was observed. High logarithmic gain coefficients of up to 45 cm1
with time constants of the order of milliseconds have been obtained for extraordinarily polarized blue light, adequate cerium doping, and optimized implantation parameters [129].
Polycrystalline SBN thin films of various compositions have been obtained
by LPE, rf-sputtering, MOCVD [120], and the sol-gel process. Epitaxial SBN61
[130] and SBN75 [131] films on MgO substrates with high electrooptic coefficients r33 of 380 pm/V and 844 pm/V, respectively, have been fabricated by
PLD, but only little is known about the optical properties of such films [132].
Planar and channel waveguide formation in SBN substrate crystals has been
also performed using sulphur [133] and zinc [134] indiffusion, but the achieved
waveguides exhibit high losses greater than 2:5 cm1 . Recently, channel waveguides in SBN have been fabricated by a refractive index increase because of the
static strain-optic effect [135] and fast electro-optic modulation in the GHz
range has been demonstrated [136].

10.5.2 Other Materials
Apart from SBN, waveguides in other tungsten bronze crystals have recently
received considerable attention, too. Well known examples are potassiumsodium strontium-barium niobate (Ky Na1y )2A2 (Srx Ba1x )2A Nb2 O6
(KNSBN) and barium-strontium titanate-niobate Ba1x Srx Tiy Nb2y O6
(BSTN). Planar waveguides have been fabricated by ion implantation in
KNSBN, and two-wave mixing experiments have been performed [137, 138].
Low-loss, strain-induced waveguides have been also formed in BSTN [139].
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10.6 Sillenites
Sillenite crystals of the type Bi12 MO20 with M ¼ Si (BSO), Ge (BGO), and Ti
(BTO) possess a large photoconductivity and holographic sensitivity for visible
and near-infrared light, which makes these materials attractive candidates for
applications of dynamic holography and optical phase conjugation. For the
fabrication of waveguides in sillenites, LPE, i.e., the thermally-controlled overgrowth of single-crystal films from the melt on a single-crystalline substrate
may be used. When compared to MBE, the uniformity and surface morphology
of LPE films are poor, but deposition rates are high. Together with PLD and in
part also ion implantation, LPE is the preferred method to form waveguides in
the sillenites BGO, BTO, and BSO.
The fabrication of optical waveguides in sillenites has been reported in quite a
few papers, however, only little is known about the photorefractive properties of
these samples. Waveguiding has been observed in epitaxial BTO films fabricated
by LPE on BGO substrates [140], as well as BGO and BSO layers formed by PLD
on single-crystalline zirconia and sapphire [141, 142]. For the latter, electrooptic
and nonlinear optical properties have been proved [143]. Two-wave mixing in
planar BTO waveguides grown on BGO and BSO substrates by LPE has been
observed in [144, 145]. To improve the photorefractive properties of these BTO
waveguides, the melts have been doped with d-(Cu, Cr, Fe, Co, Ni), p-(Ga) and s(Ca) elements of the periodic table. The measured electro-optic coefficients as well
as the beam coupling gain have been found to be lower than for the bulk material,
but high two-beam coupling coefficients up to 8 cm1 have been found for copper
doping of BTO layers. An increase of the gain value has been also obtained by
applying an external electric AC field along the grating direction [146].

10.7 Applications
Since the first fabrication of optical waveguides in LiNbO3 in 1974, a large
number of different optical components based on photorefractive waveguides
has been proposed, and devices like spectrometers, optical amplifiers, phase
conjugators, reconfigurable optical interconnections, or narrow-bandwidth
filters have been experimentally demonstrated. Corresponding to the various
applications, quite different requirements of waveguide and photorefractive
parameters have to be fulfilled. In the following section, some of the applications of photorefractive waveguides will be presented.

10.7.1 Optical Interconnections
Different types of optical switches and interconnections using photorefractive
waveguides have been experimentally investigated. Holographic interconnections in a planar LiNbO3 waveguide have been proposed in [147] and further

Gunter / Photorefractive Materials and their Applications 1 chap10 Revise Proof page 308 22.8.2005 4:23pm

308

Detlef Kip and Monika Wesner

developed and experimentally confirmed about ten years later in [148]. In [149]
an array of intersecting parallel channel waveguides in LiNbO3 , where coupling
is obtained via holographic gratings in the overlap regions, has been used.
Another method uses an array of reconfigurable photorefractive waveguides
for optical interconnections, where either a bulk LiNbO3 crystal is illuminated
by an interference fringe pattern [150] or by three dimensional scanning of a
focused laser [151, 152]. A recent review of these works can be found in [153].
Very recently reconfigurable optical interconnections have been also realized in
the crystal KNbO3 . Here optical channel waveguides are formed by illuminating a crystal surface with a focused UV beam using the inter-band photorefractive effect in KNbO3 . An even more promising alternative for dynamic
interconnections is the use of spatial solitons, which is explained in short in the
next subsection.

10.7.2 Spatial Solitons
Since their discovery in 1992/1993, photorefractive spatial solitons have
attracted considerable interest [127, 128]. Only low power levels of the order
of microwatts are necessary to form these non-diffracting beams. Solitons
possess unique properties, for instance in their interaction, which make them
attractive for all-optical switches and routers. Chapter 11 of this book extensively treats the interesting properties of photorefractive solitons, so we will
here concentrate on special features of photorefractive solitons in waveguides.
In planar waveguides, spatial solitons are formed in a true (1þ1)-dimensional
medium, thus getting rid of the transverse instability that is inherent to soliton
formation in bulk crystals. Moreover, for applications in switching and routing, the planar waveguide’s geometry is easily compatible with fiber optics.
Photorefractive bright spatial solitons have been formed in Sr0:61 Ba0:310 Nb2 O6
(SBN) waveguides produced by Heþ -implantation [154]. Here, photorefractive
solitons can be formed over a wide wavelength range, from visible to telecommunication wavelengths up to 1:5 mm [97]. The suitability for beam steering
and forming as well as for switching and routing by interaction of solitons and
applications such as y-junctions has been demonstrated [155, 156]. Dark photovoltaic solitons have been studied in LiNbO3 planar waveguides fabricated by
indiffusion of titanium, iron, and copper [157].

10.7.3 Reflection Filters
In the last few years, fiber Bragg gratings (FBG) have achieved considerable
interest for applications as optical sensors for the measurement of, e.g., temperature, vibrations, or mechanical stress, for uses as fiber laser resonators, or
for dense wavelength division multiplexing (DWDM). All of these devices
make use of the narrow spectral bandwidth of the recorded reflection gratings
in photosensitive glass fibers. In some of these devices, the peak reflection
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wavelength is adjusted by external mechanical stress on the fiber using piezo
drivers.
A promising alternative to FBGs in glass are holographically recorded
refractive index gratings in channel waveguides in LiNbO3 [158]. Such single
mode waveguides for infrared light around 1:55 mm can be formed by titanium
in-diffusion. To increase their holographic sensitivity and light-induced refractive index changes, the samples can additionally be diffusion-doped with either
iron or copper. In combination with a thermal fixing technique of the refractive
index patterns [21, 159], which makes the gratings insensitive against the
erasure with visible light, this allows to design a variety of devices that operate
in the infrared wavelength region.
A scheme of the holographic recording geometry is given in Fig. 10.6. Light
of the photosensitive blue or green spectral region is used to record a grating for
the infrared in a standard two-beam setup using external writing beams. The
grating is directed along the c-axis, and for proper choice of the waveguide
fabrication parameters the filter works polarization independent. In this way,
peak reflectivities exceeding 99.9% and bandwidths of 0.1 nm (FWHM) for a
15 mm-long grating have been obtained. Such gratings are of large interest for
application as electrically switchable add-drop-filters in DWDM [158] or for
use as mirrors for integrated lasers [21].

10.7.4 Integrated Sagnac-Interferometers
A practical example of integrated optics in LiNbO3 that suffers from photorefractive effects are laser gyros or Sagnac interferometer, respectively, which
are used for the precise measurement of small angular velocities with application in car navigation, aviation, or rocket stabilization [160]. In such a device,
the light of a coherent polarized light source with frequency v0 is split in two
parts, then passes a polarization maintaining fiber coil in two opposite directions, and finally the two counterpropagating waves interfere on a photodiode.
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Fi gu r e. 10.6. Holographically recorded reflection filters in LiNbO3 : Ti: Cu channel
waveguides. a) Geometry for recording and read-out of the grating, and b) typical
transmission spectrum T(l) of a 15 mm-long filter.
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Fi gu r e. 10.7. Example of an integrated Sagnac interferometer for rotation sensing.
DC, electrically adjustable directional couplers; P, polarizer; A, light absorbers; PM,
phase modulator; OF, optical fiber coil.

When the fiber coil of diameter D and length L rotates with an angular velocity
V, a phase difference
Dg ¼

LDv0 V
c2

(10:4)

is measured in the output interference signal, where c is the speed of light in
vacuum. In a standard configuration, a phase modulator in one arm of the
interferometer leads to an additional difference phase modulation of the output
signal, which can be used for a closed-loop operation of the Sagnac interferometer.
Because of the high requirements on stability and exact reciprocity of the
device and the need for phase modulation of the optical signals, a realization of
a compact, integrated optical Sagnac interferometer in LiNbO3 is favorable.
Such a component where all optical components are integrated on a single chip
is shown in Fig. 10.7. Today, these devices are in use, e.g., in civil and military
aviation. However, although much work has been spent on the optimization of
design and production techniques, the fabrication yield is still heavily limited
and may be as low as about ten percent in some cases, which can be at least in
part attributed to undesired photorefractive effects in the LiNbO3 chip [161].

10.8 Conclusions and Outlook
In this chapter, recent results on formation and investigation of photorefractive
waveguides have been summarized, and some interesting applications of these
samples have been outlined. Further improvement and simplification of the
necessary fabrication technologies, e.g., by low-cost thin film deposition, as
well as tailored photorefractive properties and geometries of the waveguides,
will stimulate future developments in this active research area.
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80. S. Steinberg, R. Göring, T. Hennig, A. Rasch: Opt. Lett. 20, 683 (1995).
81. M. Rottschalk, T. Bachmann, S. Steinberg, J.-P. Ruske: Opt. Commun. 106, 187
(1994).
82. E.E. Robertson, R.W. Eason, Y. Yokoo, P.J. Chandler: Appl. Phys. Lett. 70, 2094
(1997).
83. D. Eger, M.A. Arbore, M.M. Fejer, M.L. Bortz: J. Appl. Phys. 82, 1998 (1997).
84. P.J. Matthews, A.R. Mickelson: J. Appl. Phys. 71, 5310 (1992).
85. D.B. Maring, R.F. Tavlykaev, R.V. Ramaswamy, S.M. Kostritskii: J. Opt. Soc.
Am. B 19, 1575 (2002).
86. O. Eknoyan, H.F. Taylor, W. Matous, T. Ottinger, R.R. Neurgaonkar: Appl.
Phys. Lett. 71, 3051 (1997).
87. Y. Kondo, Y. Fujii: Jpn. J. Appl. Phys. 34, L365 (1995).
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