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Abstract. In several oxide crystals the refractive index can  In integrated optics, several optical components, such as
be changed by inhomogeneous illumination, and these phahannel waveguides, power dividers, or modulators, are inte-
torefractive properties have allowed for a wide variety ofgrated on a suitable substrate material [4, 5]. The performance
applications in optical data storage and dynamic holograef such devices is considerably reduced if device proper-
phy. The high light intensities that are inherent in waveguiddies depend on light intensity because of undesired photore-
geometries make it relatively easy to observe photorefradractive effects. On the other hand, photorefractive effects
tive effects in waveguide structures, too. On the one handn waveguides are of considerable interest for efficient wave
these effects are feared as optical damage, as they can aweixing of optical beams. Because of the high light intensities
grade the performance of integrated optical devices. On thihat can be easily obtained in waveguides, the typical buildup
other hand, optical wave mixing in photorefractive wave-time of refractive index gratings can be decreased by orders of
guides is of considerable interest for the development ofmagnitude when compared to bulk samples.

nonlinear optical components. A review of the results of Photorefractive effects in waveguides were outlined in an
recent research on the fabrication, investigation, and apearlier review by Wood, Cressman, Holman, and Verber [6],
plications of photorefractive waveguides is given. The for-giving an excellent summary of the work that had been done
mation and photorefractive properties loNbOg, LiTaO3;,  until 1986. However, as this is quite an active area of re-
BaTiOs, KNbOs, SrkBa;_xNb,Og (0.25< x < 0.75, SBN), search, many new and interesting results have been published
andBi12(Si, Ti, Ge) Oy (BSO, BTO, BGO) waveguides are in the last years. In this article more recent results of research
discussed. Furthermore, the suitability of photorefractivavork on the formation, investigation methods, properties, and
waveguides for nonlinear optical components is demonstratepplications of photorefractive waveguides are reviewed. In

in some examples. order not to repeat parts of the review cited above, in some
passages references that provide a more current overview of
PACS: 42.65; 42.82; 78.20 the respective topic are given.

In the first section, different methods of both waveguide
fabrication and additional surface doping of the substrates
Photorefractive effects in optical waveguides link two inter-are discussed, and a brief summary of thin film deposition
esting research areas: light-induced refractive index changéschniques is given that may be of interest for future wave-
in optical materials, and waveguide structures that are the bguide devices. The second section describes experimental
sis for integrated optical devices. methods for the reconstruction of refractive index profiles

Since the discovery by Ashkin et al. [1] more than threeand the measurement of electro-optical properties of single-
decades ago, light-induced refractive index changes in oxiderystalline layers, as well as different holographic techniques
crystals have attracted great attention because of their pthat have been used for the investigation of photorefractive
tential use in holographic storage and optical communicawaveguides. The main part of this work (Sect. 3) consists
tions [2, 3]. These photorefractive effects can be explainedf a detailed discussion of the photorefractive properties of
by the optical excitation of charge carriers (electrons/and LiNbOs3, LiTaOs, BaTiOs, KNbO3, SrkBa;_xNb,Og (0.25 <
holes) that migrate in the crystal and are subsequently trapped< 0.75, SBN), andBi12(Si, Ti, Ge)Oy (BSO, BTO, BGO)
at new sites. Thus a space charge field builds up that modplanar and channel waveguides as well as single-crystalline
lates the refractive index of the material via the electro-optidiber-like crystals. Where it is possible, photorefractive effects
effect. in samples fabricated by different techniques are compared
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with each other. In a final part, the suitability of waveguides ' ' ' ‘ ' b 2.4
with optimized photorefractive properties for nonlinear opti- 1.0 * O ’
cal components is demonstrated in some examples, including ° Cre
narrow-band holographic filters, optical phase conjugation._, 0.8r X — An, 11.8 —
and all-optical switching and routing. 5 e, 00 Fitted curve D
S, 0.6 2
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1 Waveguide fabrication 6: 0.4 \, s
This section describes the different methods that can be used 0.2 10-6
for the fabrication of waveguides in photorefractive crystals. | = g @@ S o
Diffusion, ion exchange, implantation of ions, deposition of g g}, . 0.0
epitaxial thin layers, and alternative techniques are discussed. 0 5 10 15 20 25

d [um]

1.1 Diffusion Fig. 1. Concentration profilesrj, cre , and reconstructed extraordinary re-

fractive index profileAne of a planarLiNbO3:Ti:Fe waveguide [13]. The

. . L . dopant profilescr; , cee , can be described by Gaussian functiodashed
Many metal ions can be diffused inkdNbO3 andLiTaO31t0  jines partly concealed). The reconstructed refractive index profile can be

form low-loss waveguiding layers or channels, whereas thepproximated by a linear superposition of iron and titanium concentration
same technique has failed so far for most other ferroelectrigrofiles dotted ling
crystals such aB8aTiOs;, KNbOs, or SBN. Titanium diffu-
sion into LiNbOs is by far the most common technique for
waveguide fabrication. On the other hand, diffusion is also aniTaOs: Ti:Fe waveguides have considerably improved pho-
easy method of increasing the photorefractive sensitivity byorefractive properties, with sensitivities that are orders of
surface doping of the waveguide substrates. magnitude higher than those of undoped substrates.

For the fabrication of waveguides with tailored proper-
1.1.1 Titanium diffusion.The diffusion of thin films of tita- ties, detailed knowledge of the index change as a function of
nium evaporated or sputtered onto the substrate surface [dbpant concentration is necessary. We have shown that both
is a widely used method for waveguide formatiorLifNbO3z  refractive indices ofLiNbO3 increase nearly linearly with
and in part also irLiTaOs crystals, and most of the inte- iron concentration [13], whereas index changes by copper are
grated optical devices available today are based on titaniungmall and negative [14]. Waveguides can be fabricated by in-
diffused LiNbO3; waveguides. The diffusion process itself diffusion of iron alone [15, 16]. Furthermore, dark conductiv-
consists of several complex steps [8, 9] and is still not fullyity is distinctly enhanced by iron indiffusion and may exceed
understood. A highly simplified description of titanium dif- photoconductivity for strong doping [17]. As an example, in
fusion into LINbO3 reads as follows. At a temperature of Fig. 1 our results on the concentration profiles of the indif-
about500°C, titanium is oxidized td'iO,, and abové00°C  fused titanium and iron in a planaiNbO3:Ti:Fe waveguide
LiNb3Og epitaxial crystallites are formed at the surface, conare given [13]. The impurity concentrations have been meas-
nected with a loss of lithium. For temperatures larger thamred with the focused electron beam of a microprobe, which
950°C a (Tig.esNbg 35)O2 mixed oxide appears, which acts as scans the polished endface of the sample. The reconstructed
the diffusion source for titanium indiffusion. With increasing refractive index profileAne can be approximated fairly well
annealing time titanium diffuses deeper into the crystal, an@dy the superposition of the two Gaussian distributions of tita-
the titanium—niobium oxide layer decomposes. nium and iron concentration.

In LINbO3 the extraordinary refractive index increases
linearly with titanium concentration, whereas the ordinary in-1.1.3 Other diffusion sourcesA large number of other
dex shows a slightly nonlinear behavior [10]. Larger changemetals can be diffused inthiNbO3 to form waveguiding
are obtained for extraordinarily polarized light. No significantlayers, for example, vanadium, nickel, niobium, cobalt, silver,
reduction of the electro-optic or nonlinear optical coefficientsor gold [7], but the best results have been obtained by using ti-
has been reported. tanium. The diffusion of zinc inthiNbO3 has been found to
Diffusion of titanium has been used to produce wavejproduce low-loss waveguides with high resistance to photore-

guides inLiTaOs [11], too. The low diffusion coefficient fractive damage [18]. Both refractive indices are increased,
requires temperatures abo¥800°C, which is much higher whereas the diffusion constant for zinc ilttNbOs is two
than the Curie temperature of ab®20°C. Thus the samples orders of magnitude higher than for titanium. AdiTaO3
have to be polarized again after diffusion to avoid degradatioorystals niobium is an alternative diffusion source to titanium
of the electro-optic properties. that produces low-loss waveguides, too [19].

Heating of single-crystallinkiNbOj3 or LiTaO3 to tem-
1.1.2 Iron and copper diffusionThe photorefractive sensi- peratures abov&00°C leads to a loss oLi or Li,O at
tivity of waveguides in ferroelectric crystals can be stronglythe crystal surface. Lithium out-diffusion has been found to
enhanced by surface doping of the substrate. The conincrease the extraordinary refractive index over the whole
monly used method is that of indiffusion of suitable metalcrystal surface, while the ordinary refractive index is re-
ions, for example, iron or copper. This technique has beeduced [20]. A waveguiding layer is formed for extraordi-
combined with titanium diffusion int&iNbO3z andLiTaOs;  narily polarized light, and the possibility of low-loss single
substrates [12,13]. The fabricatddNbO3:Ti:Fe Cu and as well as multimode waveguide fabrication was recognized
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early [21]. For the fabrication of channel waveguides by ti-acid [26]. A significant degradation of electro-optic and non-
tanium diffusion this is an undesired effect, as it reduces thénear optical properties of proton-exchandebO3; wave-
optical confinement in the indiffused stripes. Consequentlyguides was found very early [36] and can be explained by
different possibilities have been described to prevent lithiunthe lattice disorder and mixture of different phases, especially
out-diffusion during annealing [22, 23], and today titaniumin strongly exchanged layers [35, 37]. Only slightly reduced
diffusion in a water-vapor or lithium-rich atmosphere areelectro-optic coefficients have been obtained for waveguides
common techniques for channel waveguide formation. exchanged in lithium benzoate buffered acids or for sam-
ples annealed after the exchange [38, 39], and a full recov-
ery of the electro-optic performance has been achieved by
1.2 lon exchange post-exchange annealing treatment at high temperatlires
350°C) [40]. These so-called annealed proton-exchanged
To raise the refractive index of a medium the molecular strucéAPE) waveguides have a graded refractive index profile. The
ture of the material has to be altered. For some substratgaveguiding layer is completely converted to thehase of
crystals, this can be done by the simple and cheap method bf;_,HyNbOs; [35], with an exchange degree af< 0.12,
ion exchange. Here the proton exchange techniqgutNbOs  corresponding to an extraordinary refractive index change
andLiTaOz has proved to result in good quality waveguides,of sn. < 0.025 [34]. Furthermore, for APE waveguides very
which are in particular well suited for applications where highsmall loss coefficients of abo0t03 cn! have been meas-
intensities occur, for example, second-harmonic generation arred [41].
waveguide lasers. Different sources for the ion exchange may
be used, and proton exchange can be combined with surface
doping of the waveguiding layer.

. 1.2.2 Combined proton and copper exchanyaveguides
1.2.1 Proton exchange (PE)This is a low-temperature pro- 5 | iNbO; andLiTaOs with strongly enhanced photorefrac-
cesy(T < 250°C) which has been used successfully for wave+jye sensitivity can be fabricated by proton exchange com-
guide fabrication inLiNbO3 andLiTaOs [24, 25]. Basically,  pined with a successive copper exchange from melts contain-
hydtogenthat is provided by an appropriate acid is exc.hangqqg Cu* or Ci?* ions [34,42]. As this technique of copper
for lithium ions of the c_:rystal. Only parnal exchange is Ne-doping is a low-temperature process well below the Curie
cessary for the formation of waveguides, and the chemicabmperature ofiTaO;, it is of particular interest for the fab-

reaction, in this case fdriNbOg, can be written as rication of photorefractive waveguides in this material.
In a first step, proton-exchanged waveguides are formed
LiNbO3+ xH"™ — Lij_xHyNbOs; 4+ xLi ™. (1) by normal treatment of the substrate in molten benzoic

acid. In a second step, protons of the, xHxNbOs; or
Here the value ok, 0< x < 1, is the exchange degree. The Li;_xHxTaO; layers, respectively, are exchanged for either

most widely used technique is the immersion of the substragu+ or Cu?* fons. The melts for copper exchange consist of
in a bath of molten benzoic acid. To reduce the acidity of th enzoic acid and some mol percent of copper acetate [42, 43]

melt it can be diluted by the addition of some mol percent of" COPPEr oxide [34]. Final annealing treatment for several

lithium benzoate [24]. Other methods exist, using alternativéOurs at temperatures of 350 400°C has been found to

hydrogen sources such as phosphoricacid 26,27, or sulfur  CSEaY 10 TR BRAR T 0, ) CER T mR
acid [28]. Recent reviews of the proton exchange techniqu P ¥ y

can be found in [29, 30]. fficiency and holographic sensitivity in the samples.

Proton exchange increases the extraordinary refractive ir}j{n 52;;&?23)«\?@1? Sgl\?vis ggsgcg:gg s?r/ efjoﬂngr:?- ?ndd S(r:c()atg nr o

dex, while the ordinary index is reduced [24]. W'thou”urtherfractive index changes up ®x 102 [34], an increase of

gt?a%t-rlri}(eentir;mréesi(;zt%:‘ntig rrﬁ;r)‘?iﬁ;[nﬁ :233 Cphrgzlgees dfgre) eﬂgircl)ﬁ/o orders of magnitude compared to samples fabricated by
the used acid. Typical values for benzoic acidarg= 0.12, oton e_xc_hange alone. FbiTaO; waveguides we have ob-
tained similar values [42], too.

dny, = —0.05 for LiINbO3 [24], and§ne = 0.02, §n, = O for
LiTaOs3 [31,32]. The largest changes of the extraordinary
refractive index ofsne = 0.145 [26] for LINbO3 have been
obtained by using phosphoric acid. However, even when the
ordinary refractive index is decreased at the substrate surface2.3 Metal ion exchangeThe ion exchange using potas-
weak waveguiding for ordinarily polarized modes has beersium and sodium salts is commonly used for the fabrication
observed [33, 34]. This may be due to the formation of a thirof waveguide structures on glass substrates. The same tech-
layer of a rhombohedra;-phase ofLi;_xHxNbO; [35] di-  nique has been applied to the formation of waveguiding layers
rectly at the proton diffusion front, with a lower refractive in LiNbO3 [33] andLiTaOg3 [44] crystals, too. lon exchange
index than the upper proton-exchanged layer, i.e., ordinarilin a mixture of potassium nitrate and silver nitrate has been
polarized light is (weakly) guided by reflection at the createdshown to increase both the ordinary and the extraordinary re-
optical barrier. fractive index inLiNbOj3 [45]. For LiTaO3z both waveguide
LiNbO3 channel waveguides fabricated with pure benzoidormation and additional surface doping have been achieved
acid have typical propagation losses between 0.5las1d™! by ion exchange in an eutectic composition of potassium
for extraordinarily polarized light, whereas lower values ofchloride and copper chloride, or by using a mixture of zinc,
about0.2 cm! have been reported for the use of phosphorigotassium, sodium, and copper sulfate [44].
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1.3 lon implantation investigation of mode propagation loss fENbO3; wave-
guides can be found in [54].
The ion-dose dependence of the refractive-index de-
The implantation of light ions such a$™ and He™ with  crease generally shows a saturation behavior, whereas the
an energy of soméMeV has been successfully used for initial growth rate and the saturation level depend on ion en-
waveguide formation in a wide range of optical materialsgergy [55]. A typical size of the refractive-index decrease is
including photorefractive ferroelectrics and sillenites. Theabout5% of the substrate value; deeper barriers ud @&
first ion-implanted waveguide structure was fabricated irhave been obtained f&iNbO; [56].
LiNbO3 [46], but the method of ion implantation is especially ~ Because of the well-defined penetration depth of the ions,
well suited for perovskites such 8aTiO; andKNbO3; [47—  the refractive index profiles obtained by ion implantation are
49] and the crystals of the tungsten—bronze family, in parnearly step-like, particularly for higher ion energies, when the
ticular SBN [51], where low-temperature phase transitionsons are implanted deep in the substrate. For lower energies
and large chemical inertness make other waveguide formaticand corresponding smaller penetration depths of the ions of
techniques more difficult. only a fewum, for example, single-mode waveguides, de-
A computer modelling of the implantation can be madeviations from the step-like form may occur because of the
by a TRIM simulation [52] that uses a Monte-Carlo method.nuclear recoil energy growing with increasing depth, which
Our results of such a simulation Be™ implantationinto lead  leads to damage even in the near-surface region.
germanate is shown in Fig. 2 [50]. During their path into the  For a low dose of the implanted ions in the range of
crystal, the implanted ions slow down because of energy lossomel0'3 to 10* cm~2, a slight increase of the extraordinary
from interactions with electrons and nuclei of the crystal. Atrefractive index has been observed for several ferroelectric
higher energy of the incoming ions, electronic excitation ofcrystals [57]. This effect has been used to fabricate non-leaky
the crystal ions is the dominant loss mechanism. Dependingaveguides [58], where light is confined without the possi-
on the substrate material, color and scattering centers may bdity of barrier tunneling. Higher doses df0'® cm~2 and
created, and in some cases post-annealing of the sample haere have resulted in a decrease of both refractive indices.
been used to reduce optical losses [53]. In a low energy randgeurthermore, the implantation through an appropriate mask
of somekeV, nuclear collision is the most important mech- on the substrate surface has enabled the fabrication of both,
anism for energy transfer between the implanted ion and thgingle and multimode channel waveguides in various materi-
crystal ions. In principle, this damage can lead to an amorals [57,59].
phization of the former ordered structure, and the resulting
expansion of the atomic packaging causes a reduction of the
refractive index of the material. As can be seen in Fig. 2, thd.4 Thin film deposition
nuclear damage per crystal volume has a sharp maximum at
a depth of abou® um below the substrate surface. Conse-The deposition technology of thin epitaxial layers [60, 61]
quently, a well-defined buried, damaged layer with a reducefias advanced dramatically during the last decades, mainly
refractive index is formed, and light can be guided by totaistimulated by the rapidly growing progress in microelectron-
internal reflection at this barrier. ics. Dozens of different deposition techniques have been de-
The loss mechanism in ion-implanted waveguides igeloped, each of them having particular advantages for spe-
rather complex and consists of different parts, namely matesific material compounds or applications.
rial and implantation-induced absorption, surface scattering, The fabrication of photorefractive waveguides on the sur-

and tunneling losses. A detailed theoretical and experimentéce of a single-crystal substrate is a very cost-intensive pro-
cedure. The aim of this paragraph is to give a short overview

of alternative techniques, i.e., thin film deposition, which
: : | | | | have been recently used for the formation of single-crystalline
8r 120 oxide layers and which are promising for the development
nuclear damage (50X) a of nonlinear optical waveguides. Thin ferroelectric films on
& semiconductor substrates are also of great importance for fu-
ture hybrid devices that make use of both the electronic prop-
erties of the substrate and the nonlinear optical properties of
the deposited film.

---- electronic damage

.......... helium concentration

1.4.1 Sputtering.A wide range of different sputtering tech-
nigues have been developed in the past, including diode, re-
active, ion beam, magnetron, or bias sputtering, and nearly all
oxide crystals that are of interest for waveguide applications
have been fabricated in thin film form by sputtering of a suit-
able target material. However, control of stoichiometry and
d [um] microstructure are difficult; th_us only in a few cases single-
crystal layers have been obtained.

o e sommanaehaion) ot b s o, 1eaIEly new sputter meth s pulsed laser deposi
age, i.e., energy de;gmsitiouilEne by ?olli;o.ns of the implanted ions with tion (PLD). In most cases light of an excimer laser is used
nuclei and electrons, respectively, per crystal volutive and helium con- {0 €vaporate the target atoms, and good results have been ob-
centrationcue, are measured from the substrate surface tained by in situ annealing of the growing film. Epitaxial films

dE.,/dV [10%% eV cm~3]
Che [1078 cm3]
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with promising nonlinear optical properties that are similar  Another straightforward method consists in the formation
to the bulk material have been realized 1dNbO3; [62], of a thin coating layer with a high refractive index, for ex-
BaTiO; [63], KNbO;3 [64], andSBN [65]. ample, titanium dioxid€TiO;), on a substrate material with
a lower refractive index. A waveguide with a large evanes-
cent electric field may be formed, which makes use of the

1.4.2 Molecular beam epitaxy (MBE)This is a sophisti- nonlinear optical properties of the substrate.

cated, finely controlled method for growing single-crystal
epitaxial films under high-vacuum conditions. Thin films are
formed on the heated substrate surface by slowly evaporaj- Investigation techniques
ing the elemental or molecular constituents utilizing relatively

smal_l _colllmated beams. Advantages are the uniquely h'gi‘h the following paragraphs different techniques for the re-
precision of the layer by layer growth and the low tempera-

ture requirement for epitaxy. On the other hand, the limite onstruction o_f refrac'giv_e index profiles and the measurement

growth speed for a larger film thickness of sor,ne hundre%f electro-optic coefficients, as well as holographic inves-

nm and the complex equipment are major limitations of this gation methods that can be used for the determination of
L ! L , éahotorefractlve properties are presented.

promising technique. However, several thin film ferroelectric

have been fabricated using MBE, for exam{l&,aO3 [66]

andBaTiOs [67]. 2.1 Refractive index profiles

1.4.3 Liquid phase epitaxy (LPE)LPE is used for the Refractiveindex profiles with typical dimensions of a fem
thermally-controlled overgrowth of single-crystal films from can hardly be determined by direct measurement, in particular
the melt on a single-crystalline substrate. When compared f@r waveguides in oxide crystals with relatively high refrac-
MBE, the uniformity and surface morphology are poor; buttive indices. Several reconstruction techniques have been de-
deposition rates are high. However, sometimes it is difficulveloped that make use of a set of measured effective refractive
to fabricate layers thinner than a fgum. The technology is  indicesne; of the waveguide. For planar structures the prism
relatively simple and cheap. Examples of thin ferroelectriccoupling method (dark line spectroscopy) [76] is particularly

film compounds ar&iNbO3 on LiTaOs substrates [68], and Simple and yields a resolution of better tHE0T* for nef.
SBN layers orMgO [69]. To reconstruct the refractive index profile, two different

strategies have been established. The first is to assume a fam-

ily of plausible profiles that are characterized by a set of
1.4.4 Metal organic chemical vapor depositiorSingle-  parameters. The parameters are varied until the effective re-
crystal layers grown by the copyrolysis of various com-fractive indices of the computed profile match the measured
binations of organometallic compounds and hydrides, thenes best. Good results have been obtained for ion-implanted
metal organic chemical vapor deposition (MOCVD), havewaveguides [55,56], where the profile form can be well pre-
achieved a great technological importance in the fabricatioglicted by using TRIM simulations. A second procedure com-
of fast optoelectronic devices. MOCVD offers a competi-monly used for profile reconstruction is the inverse WKB
tive alternative to MBE for epitaxial film fabrication. Growth method. Several algorithms have been published [77-79],
rates and thickness control are satisfactory, and highly uniand the results for waveguides with higher mode numbers
form layers with good surface morphology can be grown > 4) are very satisfactory.
over large areas. Motivated by excellent results obtained for For channel waveguides, different numerical approxima-
semiconductor devices, the fabrication of numerous ferrotions are used to calculate the effective refractive indices of
electric films for application in nonlinear optics has beenthe modes of an assumed or given refractive index profile, for
demonstrated [70-72]. example, the methods of finite differences or finite elements.

The form of the refractive index profile is varied until the cal-

o ) culated mode profiles fit the measured light distribution of the
1.5 Other fabrication techniques excited waveguide modes.

Only a few alternative methods for the fabrication of pho-

torefractive waveguides have been published in the past. DiR.2 Electro-optic properties

ferent ferroelectric layers fabricated by the sol-gel process

have been obtained includiBaTiO; [73] andSBN [74], but  The electro-optic properties of a waveguide structure may be

shrinking of the films during the drying resulted in small grainchanged because of the fabrication process when compared to

sizes of some tens oim. the bulk material. Thus several techniques have been used to
Channel waveguides were formed because of inducedetermine electro-optic coefficients in both planar and chan-

strain on the surface of a single-crystal substrate [75]. Strainel waveguides.

is produced by a thick film deposited on the substrate sur- The measurement of electro-optic coefficients in planar

face at a temperature of a few hundred degrees Centigradeaveguides has been carried out by using attenuated total

After the sample has cooled down, different thermal expanreflection (ATR) spectroscopy, a method that is well known

sion leads to strain on the sample surface. Small stripes afem the investigation of electro-optic polymer layers [80].

etched in the deposited layer, and waveguides are formed in Depth profiling of electro-optic coefficients in graded in-

the strain-free channels because of a refractive-index increadex waveguides becomes possible by excitation of different

that is due to the strain-optic effect. modes of the sample. An example is given in Fig. 3 where we



| | | be used as well, but fabrication is difficult and coupling ef-
30 o® — ficiencies are low. On the one hand, prism coupling may be
'&‘. preferred for the investigation of multimode waveguides as
25 - e - it enables excitation of certain modes with well-defined in-
> "},.. tensity distribution, and thus depth-dependent measurements
~ 20 o o®e — of waveguide properties become possible. On the other hand,
£ 5 ® endface coupling is of particular interest for waveguides in
= 15 ° i, — BaTiOs, KNbO3, or SBN, because sample dimensions are
. ususally too small to use a two-prism setup, and for some
M 10 - *L e — materials stress that is inherent in the prism—waveguide cou-
= pler may be not applied to the samples because of the risk of
5 * . - depoling of the single-domain crystals.
o * Elementary refractive index gratings can be written by
0, | . '.|.'.|. ....... - two guided beams intersecting inside the wgveguide [85]. In
0 5 10 15 general, both beams have the same polarization and mode

number, and they intersect under a certain angle, but gratings
Sness [1072] can be recorded with different modes, orthogonal polariza-
Fig. 3. Electro-optic coefficientsss as a function of the differencéness = .tlon’ orina Imgar geometry, too [12, 86]. quth(_armore, grat-
Nneff — Ne Of effective extraordinary refractive index and the substrate indexN9S May be written bY ?Xtemal beams that impinge upon the
for a proton-exchangetiNbO3 waveguide [34]. Thelotted lineis merely ~ Surface of the waveguiding layer [87, 88]. The readout of grat-
a guide for the eye ings is possible by shortly blocking one of the writing beams;
alternatively another beam of different (longer) wavelength
that is coupled in under the corresponding Bragg angle may
have measured the coefficiegis of a PELINbO3 waveguide be used for continuous reading.
as a function of the differen@est = Nest — Ne [34]. Herenes The temporal development of threfractive index mod-
is the effective extraordinary refractive index of the mode, andilation An during writing and decay of the grating can be
Ne is the substrate index. Between separate measurements, tescribed by exponential laws [89],
sample was annealed to successively reduce the valugg of
and therewithSnes. FoOr as-proton-exchanged layers and low .
modes propagating close to the surfad®y is larger than An(t) = Ans [1—exp(—t/r)] ’ (2)
0.07, andrsa3 is almost zero. Annealing at a temperature of AN(t) = Ansexp(—t/7) . (3
400°C and for a total time 0820 minleads tosnes < 0.03,

and the coefficientsss is nearly completely recovered to the Here ang is the refractive index change in saturation, and

b_ulk value. Alternative techniqu_es for electr(_)-optic coeffi-is the grating buildup time or Maxwell time for holographic
cient measurements based on interferometric methods [3%cording.

81] and modulation of the reflection pattern from the sample  Te diffraction efficiencyn is defined as the ratio of

surface [65, 82] have been reported. _ _ diffracted and total transmitted light intensity. It is connected
In channel waveguides, the electro-optically inducedg the amplitude of the refractive index modulation and inter-

phase changes in integrated Mach—Zehnder [38,40] Ofction lengthd via Kogelnik’s equation [90],
Fabry—Frot interferometers [83] have been used to measure

electro-optic coefficients ihiNbO3 andLiTaOs samples.
. Anmd
n = sir? , (4)

A COSE

2.3 Holographic methods

Photorefracti_ve effects in p_Ianar waveguides can be _Sftl_Jdie\QhereA is the vacuum wavelength of light ailis the angle
by two principal holographic methods, namely by utilizing ot which the recording beams intersect in the waveguide.
a two-beam interference setup, or by monitoring the output  Tnheholographic sensitivitcan be expressed as the ratio

intensity and the beam shape of a single guided beam. I saturated refractive index change and the product of inten-
particular in the former case, a wide variety of holographlcsity | and grating buildup time,

measurement techniques [84] for material characterization
can be applied. In channel waveguides light-induced phase
changes can be measured interferometrically in the same way_ Ans .
as electro-optic effects, i.e., by a non-holographic method. It
Here pump probe techniques are often utilized, where a low-

power beam of larger wavelength that does not cause phd¥hen the refractive index grating is not in phase (or an-
torefractive effects itself, is used to measure refractive indetiphase) with the light intensity pattern, a signal bekran
changes. In the following, some investigation methods fobe amplified by a pump beatp. Thelogarithmic gain coeffi-
planar waveguides will be briefly described, and the expressient I" of this two-wave mixing is described by

sions for usual measures for the size of photorefractive effects

(5)

are given. 1 410
Light can be coupled into planar waveguides with the helpm = = In < S P ) . (6)
of prisms or by direct endface coupling. Grating couplers may 1$1p
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Herel?,andls are the light intensities of signal and pump at least two or three orders of magnitude lower. Thus typlcal
wave at the beginning of the interaction and after the gratingecording times of refractive index gratings in the bulk are in
has been written until saturation, respectively. In the undethe range of minutes. On the other hahiybO3; has been
pleted pump approximation, i.el, ~ I, the signal wave is intensively investigated as holographic storage material be-
amplified exponentiallyls = 12 exp([d) cause of the low dark conductivity that enables storage times
In most investigations of photorefractive waveguides avup to years.
eraged quantities have been used to describe both the light By far the most of the published fundamental and applied
distribution inside the sample and the photorefractive propwork on photorefractive properties of waveguides has been
erties, for example, effective widths and propagation depthdone by usind.iNbO3, mainly because of the large interest
of the excited modes, averaged light intensities, or refractiven this crystal for its use as a substrate material in integrated
index changes and photovoltaic constants where the valueptics. Advantages dfiNbO3 are the easy formation of high-
are averaged over the depth of the waveguiding layer [91Quality low-loss waveguides, chemical and mechanical re-
For these averaged quantities the Kogelnik theory of the insistance, a wide range of nonlinear optical interactions, and
teraction of plane waves may be used to interpret the resultinally the availability of good and large crystals at a reason-
However, in some cases the simplified treatment of the inable cost. Most of the available literature on photorefractive
teracting beams as plane waves has failed to describe thé\bO3; waveguides, starting with the first reported photore-
experimental observations. For a more accurate evaluation &factive effects in 1975 [85,99] and up to the year 1986, is
the measurements the two-dimensional intensity distributioreviewed in [6]. In the meantime new photorefractive effects
has to be taken into account. For example, the two-wave inn LiNbO3 waveguides have been found, and improved the-
teraction of Gaussian beams inside a waveguiding layer caoretical descriptions have enabled a better understanding of
be interpreted in terms of a spatially varying time constant fothe involved mechanisms. The following sections will con-
the grating buildup time that is smallest in the beam centecentrate on these recent investigations of planar and channel
and increases towards the sides of the Gaussian profile [92javeguides i iNbOs3.
Furthermore, the two-dimensional shape of the intensity dis-
tribution has to be considered in particular for those wave3.1.1 Planar waveguides.Light-induced refractive index
mixing experiments that depend critically on the small thick-changes in an optical material can be considered from two
ness of the waveguiding layer [93,94], i.e., for interactiongoints of view. On the one hand, these photorefractive effects
that have no analogs in bulk samples. are of considerable interest for applications in holographic
When only a single beam is coupled into the planar phostorage and optical communication technology. On the other
torefractive waveguide, both, light-induced phase changes imand, the same mechanism is feared as optical damage; for
the beam path and holographic scattering reduce the transméxample, in waveguide devices light-induced phase shifts
ted power in the beam direction [95, 96]. Photoconductivitymay degrade the optical performance.
refractive index changes, and holographic sensitivity can be Optical damage resistance of plah#lbO3; waveguides
quantitatively determined by input power and time dependerfabricated by different technologies has recently been inves-
measurements of the resulting changes in the shape of the otigated by various groups. In Table 1 some values of steady-
coupled intensity spectrum [97]. state refractive index changes and holographic sensitivity for
waveguides prepared by different techniques are summarized.
However, only values measured at similar light intensities
3 Materials may be compared. In general, steady-state refractive index
changes, holographic sensitivity, and photoconductivity de-
In this section, the properties of photorefractive planar angiend on light intensity [100,101]. For certain fabrication
channel waveguides in different materials, includiitgbO3,  methods, dark conductivity of the waveguiding layer is con-
LiTaOs, BaTiOs, KNbOs, SBN, and crystals of the sillenite siderably enlarged, and particularly at higher light intensities
type (BSO, BTO, BGO), will be discussed. more than one photorefractive center can be involved in the
charge transport mechanism [102], thus making the above
guantities intensity dependent.
3.1 Lithium niobate Furthermore, the impurity level of the used substrate ma-
terial as well as impurities that are incorporated by the wave-
Among all the electro-optic materials photorefractive ef-guide fabrication itself, play an important role for the pho-
fects have been studied most extensively in lithium niotorefractive behavior of the investigated samples; but in most
bate (LINbO3) [2]. Very large crystals with diameters up to published work on optical damageliiNbO3; waveguides the
four inches and of superior optical quality can be grown.concentration of impurities has not been measured. There-
LiNbOj3 has rather high electro-optic and SHG coefficientsfore, the results given in Table 1 should only be regarded as
of rzzz~ 30 pnyV and dzzz~ 32 pnyV, respectively. The a general tendency of the size of photorefractive effects in
crucial influence of transition metal dopants, for exampledifferent types of waveguides.
iron or copper, on the photorefractive properties was dis- A high holographic sensitivity and large light-induced re-
covered very early. Today the charge transportiNbO3;  fractive index changes have been found for titanium-diffused
bulk samples is well understood for cw as well as for pulsesamples [97]. It has been recognized thett™ centers are sta-
laser intensities [98]. Both, photorefractive sensitivity and rebilized by Ti*" ions against oxidation [91], thus increasing
fractive index changes of doped crystals are high. Howevethe sensitivity to optical damage considerably.
when compared to other ferroelectric crystals such as the per- Much higher photorefractive damage resistance has been
ovskitesBaTiO; and KNbOs, or SBN, photoconductivity is  obtained for waveguides prepared by diffusion of zinc into
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Table 1. Saturated refractive index changas and photorefractive sensitivit$ at intensity levell for different planarz-cut waveguides in lithium niobate.
Wavelength is6328 nm TlI, titanium-indiffused; PE, proton-exchanged; APE, annealed proton-exchanged; LPE:B and LPE:V, liquid phase epitaxy with
Li,O—B03 andLi,O—V,0s flux, respectively

Substrate Type Polarization A ng S/en?/d I/W/cm? Reference
LiNbO3 TI TE 2x 1074 4%10°7 108 [97]
™ 6x 104 9% 1076 108

PE ™ 1x10°° 2x 101 10°
APE ™ 2x 1074 3% 1070 108

LiNbOz:MgO LPE:B TE 2x10°° 2x10°8 108 [97]
LPE:V TE 3x 104 9% 1078 10°

LiNbO3 PE ™ 42x10°6 3.8x10°12 1.3x 10 [103]
APE ™ 51x10°° 5x107° 22x10°

LiNbO3:7%MgO PE ™ 49x10°® 18x10° 1 1.8x 10 [103]
APE ™ 5% 10°° 1.4x10°8 107

LiNbO3[18]. In these samples no photorefractive effects havelane waves, in waveguides the inhomogeneity of the inter-
been observed for light intensities upd® kW/cn?. acting fields and the presence of different modes have to be
Proton exchange leads to lower values of holographitaken into account [93,112]. As a result, several photorefrac-
sensitivity both for annealed (APE) and non-annealed (PHjve processes have been identified in waveguides that have
samples [97,103] when compared with titanium diffusion.no true analogs in volume crystals, for example, polarization
In strongly exchanged waveguides no light-induced reconversion of copropagating TE and TM modes [113], or the
fractive index changes for cw and pulse laser intensitiesecording of gratings where the photovoltaic current is di-
(lew < 5 KW/, louse < 5x 10° W/cn¥?) have been meas- rected perpendicular to the grating vector [94].
ured [104], and this effect has been attributed to both a large In multimode planar waveguides, light can be scattered
increase of dark and photoconductivity [100] and a stronginder discrete angles from an excited mode into other modes
degradation of the electro-optic properties [36]. Furthermoreyith different mode indices, but with the same polarization.
a conversion ofFe" to Fe&¢* has been found for the PE In this interaction the pump and the scattered waves have
process [105], which can explain the observed decrease to fulfill a corresponding phase matching condition, and the
holographic sensitivity, too. stray light can be amplified by parametric interaction. Be-

Annealing treatment of PE layers leads to a recovery o€ause light waves that belong to different modes of the wave-
the electro-optic coefficients [40], while at the same timeguide are involved in this type of wave mixing, the interaction
photoconductivity only slightly decreases [100]. Althoughis called parametric intermode scattering [12,114-116].
the holographic sensitivity of APE samples is thus increased An example of parametric intermode scattering is illus-
with annealing time, it is still two orders of magnitude lower trated in the wave vector diagram of Fig. 4. In the planar
than for titanium-indiffused samples. The useMfO-doped  waveguide a mode with indax propagating with the wave
LiNbO3 substrates for proton exchange has resulted in onlyectorky, in thex direction is excited. In general, some inten-
slightly enlarged photorefractive damage resistance [103]. sity is uniformely scattered in thm lines of both the excited

Planar waveguides fabricated by liquid phase epitaxynd the other modes of the waveguide [95]. However, under
(LPE) [106] have shown higher holographic sensitivity thancertain discrete, symmetric angles relative to xhdirection
PE samples, but the values are still lower than for titaniumand for modes with a lower mode index, i.e., a higher effect-
diffusion [97, 107]. The lowest values have been obtained foive refractive index and thus a larger wave vector, a paramet-
samples grown by usinbi,O—B,0s3 flux, and when com- ric interaction of the excited wave, and a pair of scattered
pared to proton exchange, no degradation of the electro-optigavesk:! .,n=1,2, ... becomes possible. Here the indices
properties was measured. Other methods of thin film deposi-
tion have recently been used to grow epitakidlbO; layers,
for example, sputtering [108, 109], the sol-gel process [110],
and pulsed laser deposition (PLD) [62,111], but the pho- 4 X
torefractive properties of these samples have not yet been
reported.

Quite a few optical wave mixing experiments have been
performed in planatiNbOs; waveguides, and most of the
used samples were treated to enhance the photorefractive ef-
fects, for example, by iron or copper indiffusion, 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 the
following, new results of both isotropic and anisotropic wave m-1 m m—2

mixing will be reviewed. . . Fig. 4. Wave vector diagram of parametric intermode scattering in planar
In contrast to wave mixing in the bulk where elemen-|iNpo; waveguides. Heréy, andm are wave vector and mode index of
tary refractive index gratings are usually recorded utilizingTEy, mode, respectively
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| and r describe the waves scattered to the left and right, refated with the grating period = A/(n, — ne), wherea is the
spectively. In the case considered here the three waves fulfiight wavelength in vacuum ang, ¢ are ordinary and extraor-
the phase matching conditidt = km—k!._, =kl —km.  dinary refractive indices.

The refractive index grating is written by the pump wave The photovoltaic current causes the buildup of a periodic
km and the wave scattered to the léé, ., as well as by space charge fiel&y, which leads to a perturbation of the
the wave scattered to the righf,_,,, and the pump wavk,,.  dielectric tensor via the electro-optic effect,

Thus both scattered waves are amplified parametrically at the

expense of the pump wave. Agij = —¢isl sikExeyj (8)

Different types of parametric intermode scattering in
Fe- and Cu-dopedLiNbO3:Ti waveguides have been iden- wherer gy is the electro-optic tensor component. The pertur-
tified [12], including the interaction of leaky modes [115]. bationAe has a local contribution according £ and a non-
The amplification of weak signal beams by parametric indocal part according tg2 [122]. As is well known, the shifted
teraction has been studied both theoretically and experimeionlocal) grating leads to an energy exchange between the
tally [114,117,118], and this has allowed the determinationwo interacting beams that depends on the sigg®fFor
of material parameters describing the photorefractive propeiron-dopedLiNbOj3 ordinarily polarized light is converted to
ties of the investigated samples. A peculiarity of intermodeextraordinary polarization.
scattering is the generation of subharmonic gratings [116]. We have shown that the amplitude of the space charge
The excitation of a third wave of moda in the x direction field depends on the ratio of grating perigdand the width
by two pump beams of modegn— 1) that propagate under of the light distribution in the direction of the photovoltaic
symmetric angles relative to the new wave has been demogurrent [86]. Iny- and z-cut channel waveguides, and also
strated. The two pump waves write a grating with gratingin y-cut planar waveguides, the waveguide thickness, which
vectorK, and both pump waves are simultaneously diffractediefines the lateral dimension of the light distribution, is
in the direction of the signal wave by a grating with a gratingcomparable to the grating periad, which is about6 um
vectorK /2. for LINbO3. This results in a non-vanishing space charge

Up to now, the parametric interactions described abovéield [123], and orthogonally polarized modes can exchange
have only been observed for light of the same polarizationintensity [113,120,124]. In planar-cut waveguides, the
for example, either for TE or for TM modes; however, thebeam width (aperture) of the excited mode is usually much
anisotropic analog, where pump and stray light are polarizefrger than the grating period, thus no, or only small, mode
orthogonally to each other, should exist in principle, too. Incoupling is expected. For counterpropagating orthogonally
other experiments, an interaction of this type has been foungblarized modes, the grating peridd= A/(n, + ne) is of the
for copropagating TE and TM modes, i.e., in contrast to therder of some tens afm. Now A is small compared to the di-
intermode scattering shown in Fig. 4 in this interaction themensions of the waveguiding structures, and the space charge
grating vector is in the direction of light propagation. In thefield vanishes in channel waveguides ardut planar wave-
following a brief description of this process will be given.  guides, too.

In LiNbO3 (as well as inLiTaO3) waveguides, orthog- Examples of anisotropic wave mixing in plaiaNbOs3:
onally polarized modes can write holographic gratings viaTi:Fe waveguides are given in Fig. 5. In Fig. 5a we show
photovoltaic currents, enabling strong beam coupling [113the intensity distributions of anisotropically diffracted stray
and the generation of phase-conjugate [17] waves. The pumight for excitation of ordinarily polarized light [86]. Forcut
waves are orthogonally polarized with respect to the signakaveguides, the maximum of TE-polarized light is in the
and phase-conjugated waves, respectively, and thus the intelirection of the excited TM mode, indicating strong coup-
action is called frequency-degenerate anisotropic wave miXing of copropagating waves. Iircut waveguides, two max-
ing. This interaction, also known as polarization conversionima of TM-polarized amplified light at symmetric angles
was first observed in 1981 in channel waveguides [119]. A deare observed, whereas in the propagation direction the in-
tailed discussion of polarization conversion effectsilMbO3  tensity, i.e., anisotropic coupling, is nearly zero. In this case
channel waveguides can be found in [6]. Here we will conthe beam width i€0.4 mm, which is much larger than the
centrate on the corresponding process in planar waveguidegating periodA. Figure 5b shows the strong coupling and
which was observed some years later in strongly iron-dopesdnisotropic diffraction of two excited TE and TM modes co-
LiNbO3; waveguides [120]. propagating in g-cut waveguide [17]. When both beams are

The redistribution of photoexcited charge carriers inswitched on, energy is transferred from the TM to the TE
LiNbO3 (andLiTaOs) crystals is mainly caused by the pho- mode, and when the TE mode is switched off, the TM light
tovoltaic effect. Following from a phenomenological the-is anisotropically diffracted until the grating is erased. Using
ory [121], the polarization-dependent photovoltaic currentinisotropic beam coupling we have been able to determine

density is given by the size of non-diagonal photovoltaic tensor elem
as a function of experimental parameters [86, 125]. Alterna-
k= Z (Biim+1B8m) Ef Em. (7)  tively, Raman microprobe characterization has been used for
m the measurement @3, [126].

Here 852 are the real linear and circular components of the

photovoltaic tensor, an#; , are the interacting light fields. 3.1.2 Channel waveguide®ifferent kinds of channel wave-
For two copropagating orthogonally polarized light wavesguides in nominally pure andlgO-dopedLiNbO3 have been

a photovoltaic current is excited that is proportional to theformed by titanium indiffusion, PE and APE, and ion implan-
non-diagonal tensor elemefits; = B232. This currentis mod- tation. Photorefractive properties of these waveguides have



ther enlarged conductivity in the APE samples, too. However,
for higher intensities of somieW /cn? the differences of the
refractive index changes in samples fabricated by different
techniques decrease because of saturation, i.e., in all cases
the refractive index changes tend to a maximum value of
somel04,
The use ofLiNbO3 doped withMgO has reduced refrac-
tive index changes in APE channel waveguides by nearly two
a) 0 [deg] 0 [deg] orders of magnitude at intensities of som//cn? [130],
T T T T T T and photoconductivity has been decreased at the same time,
; too. It has been concluded that strongly reduced photovoltaic
0.3 F° oevgeuteseetseend ,0000000000%° | currents inLiNbO3:MgO waveguides are responsible for this
° o’ TE oo effect. However, the observed behavior of photoconductivity
o o o° M is different when compared with bothiNbO3 bulk crys-
o® i tals and planar waveguides, where photoconductivity is in-
creased by magnesium doping [103]. Furthermore, for bulk

%, § LiNbO3:MgO no dependence of photovoltaic currents on

©006000400060060960d magnesium doping has been observed [98].

™ — Implantation ofH™ into LiNbO3 with subsequent anneal-
e ing treatment has resulted in waveguides with strong light-
'0.. TE induced refractive index changes [131] that are larger than
o0k i **%eeeaseenees | [0 APE waveguides and almost comparable with titanium-

U 1 L L ' 1 diffused samples. At the same time, both dark and photo-
0 30 60 90 120 150 conductivity are at least as high as for APE waveguides. On
b) t [s] the other hand, strongly reduced optical damage has been
. . . R . _ found for a combination of proton exchange and ion implan-
Fig.5a,b. Anisotropic wave mixing in planarLiNbO3:Ti:Fe wave- . . " . .
guides [17,86].a Angular distribution of extraordinarily polarized stray tation, when APE WaVEgL!ld_eS are addlt_lonallylmplanted with
light intensity in y- and z-cut samples, respectively, for the excitation of 1-MeV H* through the existing waveguide channels [132].
ordinarily polarized waveguide modes. The angleis measured inside In a more recent work, light-induced shifts in the phase
the sample relative to the& direction, that is the propagation direction. matching curve of second-harmonic generation in both

b Anisotropic beam coupling of a TE and a TM mode iry-eut sample. P _ . o . _
The TE mode is amplified by the TM mode. At= 100 sthe TE mode is single-domain and domain-invertédNbO; channel wave

switched off, and the TM light is anisotropically diffracted until the grating guides have been investigated by using a pump probe tech-

is erased nigue [133]. A high photorefractive sensitivity connected
with a two-step two-photon excitation has been found for
single-domain samples, whereas optical damage was strongly

recently been reported in several papers, and some of the neduced for domain-inverted samples.

sults are listed in Table 2.

Fujiwara et al. have compared the photorefractive proper-

ties of titanium-diffused, PE, and APE samples using an inte3.1.3 Fiber-like crystals Photorefractive single-domain fiber-

grated Mach—Zehnder interferometer [127-129]. For low indike LiNbO3 crystals have been grown by the resistance- and

tensities of som&V/cn?, saturated refractive index changeslaser-heated pedestal growth method [134—136]. Angular-

of titanium-diffused samples are about three orders of magnultiplexed holographic recording has been obtained in

nitude larger than in PE, and two orders of magnitude largeB-mm-long rods with diameters of 0.2 ab mm[134,135].

than in APE waveguides. This may be attributed to the largén these investigations intrasignal coupling, i.e., interaction of

increase of dark conductivity for the PE and APE sam-different spatial components of the signal beam, was avoided

ples [129], and partly reduced electro-optic coefficients of thdoy utilizing a phase conjugating mirror for the reconstruction

PE waveguides. Furthermore, holographic sensitivity is inof the stored images [135]. Furthermore, narrow-bandwidth,

creased by a factor of four for APE waveguides [128] wherelectro-optically tunable holographic reflection filters written

compared with PE waveguides, mainly because of the rén a 12-mm-long sample with a very low spectral width of

stored electro-optic properties, and probably because of a fud.02 nmhave been demonstrated [136].
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Table 2. Saturated refractive index changas and photorefractive sensitivitg at intensity levell for different z-cut channel waveguides in lithium niobate.
Wavelength 6328 nm TI, titanium-indiffused; PE, proton-exchanged; APE, annealed proton-exchanged

Substrate Type Polarization A ng S/cnm?/d I/W/cn? Reference
LiNbO3 Tl TE 2% 1077 1 [127]
™ 11x10 6x 1077 1
LiNbO3 PE ™ 8x10°° 5x 10710 107 (A =488 nm [128]
APE ™ 53x10°° 2x 1079 10% (A =488nm
LiNbO3 APE ™ 4x10°* 1.3x 1077 10t [130]

LiNbO3:7%MgO APE ™ 1x10°° 6x 1077 10 [130]
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3.2 Lithium tantalate T | |

Lithium tantalate(LiTaO3) has electro-optic, nonlinear opti- 6 ° LT A ‘ 4

cal and photorefractive properties similarlttNbOz. On the 5 o LT2 :

one hand, in some aspettfidaO; is an even more attractive A LT3

material for applications to integrated optics thaNbO3z. At 4 | _

a constant light wavelength in the bjigreen spectral region, '

the former is less susceptible to optical damage, is more trans- 3

parent in the near ultraviolet, has a smaller, positive birefrin- 2 A o

gence, and it has even better mechanical properties. On the 2 L A o

other hand, waveguide formation is more difficult, as neces- o0

sary temperatures for diffusion of metals itidaO3; exceed 1k A e i

the Curie temperature of abos20°C, and the difficult crys- A

tal growth at the very high melting point &iTaOs5 of about 0 P ..

1650°C limits the commercial availability of large crystals ' ' ¢ l ' '

with a good optical quality. 0.0 0.2 0.4 0.6 0.8 1.0
Planar and channeliTaO3; waveguides have been fab- P, [W]

ricated by diffusion of, for example, titanium [11], nio- n

; ; Fig. 6. Steady-state diffraction efficiencys as a function of input power
bium [19], or zinc [83], as well as by proton exchange [25’P (wavelength488 nn) for different planarLiTaO3z:H:Cu waveguides

31,137]. Alltematlve Iqw-temperature techniques are Coppqsgricated by combined proton and copper exchange [42]. LT1, undoped

exchange in molten inorganic copper salts [44], or nONproton-exchanged waveguide; LT2, additionally copper-doped; LT3, copper

isovalent exchange of metal ior(ﬁ/le”) for two single-  concentration is about 2.3 times that of sample LT2

charged lithium ions [138]. After diffusion above the Curie

temperature repoling of the samples is necessary to recover

the electro-optic properties dfiTaO3z. In most work on these samples. Laser-deposité@iaOs films on gallium ar-

proton-exchangedliTaO3; waveguides, electro-optic coeffi- senide substrates [144] may be of considerable interest be-

cients have been found to be strongly decreased after tlwause they allow for the development of integrated optical

exchange, and the values were at least partially restored aftdevices with laser sources, frequency doublers, and photo-

additional annealing treatment [39, 81]. diodes. Waveguiding has been observedlfidraO; layers
Optical damage effects in zinc-diffus&dlaOs; channel on sapphire [145] and silicon [146] substrates, fabricated by

waveguides have been investigated in [139], and refractive irPLD, too. Furthermore, metal organic chemical vapor de-

dex changes ofAne ~ 5x 107° at a wavelength oi88 nm  posited (MOCVD) films on sapphire have shown high SHG

and an intensity ofl kW/cm? have been measured. Proton- coefficients up td.2 pnyV after electric field poling [71].

exchanged plandiTaO3; waveguides have shown similar re-

fractive index changes of abotitk 10-°[140], but at a larger

wavelength of6328 nm The temperature dependence of3.3 Barium titanate

photorefractive effects in PE waveguides has been investi-

gated in [140]. Photorefractive barium titanatéBaTiOs) crystals are cur-
Since the early work of Wood et al. [85], only in a few rently used for a wide range of nonlinear optical applica-

recent papers wave mixing inTaOs; waveguides has been tions [2]. Amplification of weak optical beams by more than

reported. We have used anisotropic two- and four-wave mixthree orders of magnitude in a two-beam coupling experi-

ing to determine the photorefractive properties of titanium-ment [147] and self-pumped phase conjugation with efficien-

diffused LiTaOs:Ti:Fe waveguides [141]. In these samples, cies up to80% [148] in the near IR have been demonstrated.

phase-conjugate efficiencies up 6 have been achieved. The enormous interest in this material may be due to its

In a more recent work [42], we have fabricated photorefracvery large electro-optic coefficien{s; = 1640 pnyV, which

tive LiTaO3; waveguides by combined proton and copper exis one of the largest values known for any material. However,

change at low temperatures, thus avoiding necessary repolitige practical use oBaTiOs crystals is at least partly limited

of the samples. The photorefractive efficiency has been coiy the response time in optical wave mixing, which is in-

siderably increased by the additional copper exchange [142fleed much smaller than faiNbO3; andLiTaOs, but still too

As an example, the intensity dependence of steady-statarge for most applications. Obviously, a significant decrease

diffraction efficiency for samples with different copper dop-in response time can be achieved by using pld&FiO;

ing is illustrated in Fig. 6. Here all samples were annealedvaveguides, i.e., by making use of the high intensities inher-

for 1 hafter the ion exchange. Further annealing treatment reent in waveguide geometries.

sults in a full recovery of the:-phase ofLiTaO3 [42], and Planar optical waveguides BaTiO; were first fabricated
diffraction efficiencies up t@1% have been achieved when by Moretti et al. [47] in 1990 by implantation &MeV Het
we annealed the samples f§ h[143]. at a dose ofl0'® cm2. Both the ordinary and the extraor-

Thin epitaxialLiTaOs films have been grown by different dinary refractive index were decreased in the region of the
methods, and research has been stimulated again recently inyplanted barrier [149], and the optical quality of the samples
the large interest ihiTaO3 waveguides with domain-inverted was well preserved with no noticeable increase of absorption
structures for second-harmonic generation. An overview oby color centers as has been observedLUidibO3. As for
published work can be found in [71]. However, very lit- other oxide crystals, it has been found that implantation
tle is known about the optical and nonlinear properties ofnto BaTiOs [49] can be used for waveguide formation, too.
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Two-wave mixing in al.5>-MeV HT-implantedBaTiO;  PLD [157]. Recently, epitaxial and very smooth films have
waveguide was reported by Youden et al. [150] in 1992. Adeen fabricated by the technique of pulsed laser deposition
can be seen in Fig. 7, the neafl-pum-thick waveguiding combined with in situ annealing of the growing film [63, 158],
layer with an optical loss 08.2 cni! showed a decrease of and future improvement and investigation of the nonlinear
response time of about two orders of magnitude when conproperties of these films may be of great promise.
pared to the same input power in the substrate. This is mainly
related to the better optical confinement in the waveguide.

However, the beam coupling direction was reversed to that 3.4 Potassium niobate

the substrate, which can probably be attributed to a change in

the dominant charge carrier species from holes to electrolmong the most promising ferroelectric oxides, potassium
because of electrochemical reduction of impurities by the iomiobate(KNbO3) has been shown to have excellent electro-
beam. A possible reversal of the direction of ferroelectric dooptic, nonlinear optical, and photorefractive properties [159].
mains, which is due to heating of the sample surface duringligh nonlinear and electro-optic coefficients in the spec-
implantation, may be considered as well. Both self-pumpedtral range of diode lasers, and a high photorefractive sensi-
phase conjugation [151] and mutually pumped phase conjuivity, which can be extended to telecommunication wave-
gation [152] in the same sample have been obtained, too. lengths by additional doping, have been reported. This makes

Recently, single-domain tetragonal fiber-lik@aTiO;  the crystal a particularly attractive candidate for applica-
crystals have been grown by the laser-heated pedestal growtthns in integrated optics, such as intensity modulators with
method [153]. The photorefractive behavior of these samlow half-wave voltage, second-harmonic generation for cheap
ples has been investigated by beam coupling and holographitue/green laser sources, or optical switching and modifiable
image storage; however, refractive index changes are lowmterconnections.
when compared with the properties of the bulk. Methods of waveguide formation that have been success-

Motivated by the great interest in ferroelectric thin film fully applied to other materials such as diffusion or ion ex-
fabrication for application in VLSI technology and nonlinear change have been found to be not applicableKithOs,
optics, large efforts have been made in the fabrication of epiprobably because of the densely packed lattice of the per-
taxial BaTiOs layers. A variety of deposition techniques hasovskite structure. The first permanent waveguidesiibO3
successfully been used for the formatiorBafTiOs thin films  were realized by implantation ¢fe™ in 1988 by Bremer et
on adequate substrates, for example, MBE [67], the sol-gell. [48]. Low-loss planar waveguides with damping coeffi-
process [73], MOCVD [70], or PLD [154]. Up to now only cients of about cnT? (wavelengtt6328 nm) can be formed
little information on the optical properties of these layers isby Het implantation at low doses of somi@®*cm—2 [160].
available. Channel waveguides synthesized by MOCVD ané&ven lower propagation loss of orlly2 cnt* has been found
additional etching in an HF solution have shown moderatdor a slightly higher dose df.5 x 10'°cm~2[54]. ForH* im-
optical loss of 1 to2 cn! at 1.55um [155] and effective  plantation doses df0'® cm~2 and higher are used to produce
electro-optic coefficients of abo®0 prryV [156]. Electro- good optical waveguides; here damping coefficients of 1 to
optic coefficients that are strongly reduced in compariso cni ! for visible light have been reported [161, 162].
to data for the bulk have been reported for nominally pure Channel waveguides KNbO3; with damping coefficients
and cerium-dopeBaTiO;s polycrystalline films fabricated by as low as0.3 cnv! for red light have been realized by Fluck

et al. [59, 163] by repeatede™ implantation. In addition to
the formation of a planar waveguide by single energy im-
T —TTTTTTT T T T T plantation of the whole surface, side walls that define the
3 7|  waveguiding channels have been formed by multiple energy
°“”"'-»-o_,,,o implantation through a thick mask. The possibility of fabri-
Qg substrate cating non-leaky channel waveguides by ultralow dose im-
2F 0'"‘“»0.,‘___ - plantation that leads to an increase of the refractive index of
"'°'~~Q,O_Q the implanted area has been demonstrated, too [58].
h Two-wave mixing experiments have been performed to
_— -1 characterize the photorefractive properties of ion-implanted

. planar waveguides iKNbO3. BothH* andHet implantation
e as well as nominally pure and iron-doped substrate crystals
ok o‘ | h_ave _been used: In all published work, the beam coupling

waveguide "'~~-.._. direction in the implanted waveguides KNbO3; was re-
e versed to that of the substrate [164]. For green light (wave-
length 5145 nm) and a waveguiding layer of aboétum

“T0 L 1 L Lri I REE Il thickness fabricated bt implantation inKNbOg3:Fe, very

1 10 100 high logarithmic gain coefficients up #0 cnT* have been
obtained [161]. An example that demonstrates beam coup-
P [mW] ling at telecommunication wavelengths in a thicl®g MeV
Fig. 7. Beam-coupling in aH'-implanted BaTiO3 waveguide. Response HT-implantedKNbOs:Fe waveguide is shown in Fig. 8. At
R o b e vepag e an ot i) a3 avelength ofL3um 2 logarithmic gain coefficent of
beam area for bulk and Wa%/eguige d)ilffer by a factor of 1250, and the powe?'2 cm* with a response time d80 msfor _a pump power
in the waveguide is corrected for measured losse8 2t *. Data are ~ Of about4 mW was measured [162]. In this work, the pho-
taken from [150] torefractive properties of the waveguide were found to be

log(7) [ms]
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' ' ' was first mentioned by Youden et al. [150] in 1992. A detailed

investigation of the fabrication of planar SBN waveguides by

. o .7 HT™ and He' implantation followed in 1995 [51]. As a re-
sult, we have obtained low-loss waveguid®s36 cni?! for

the wavelengtt632.8 nm) for low-doseHe" implantation or

intermediate doses usitty".

Two-wave mixing in cerium-doped SBN61 and SBN75
waveguides formed byi* implantation was demonstrated
by Robertson et al. [176] in 1996. Later in 1997 we re-
ported [177,178] on the investigation of the photorefractive
properties of planar optical waveguides in SBNBA crys-

5 L tals, fabricated by™ andHe™ implantation. When compared
1 I l | I J-1 to data for the bulk material at the same intensity, the response
600 800 1000 1200 1400 1600 time for two-wave mixing in SBN waveguides is decreased

A [nm] Iby o(;1e or t\J/rvcE ord]ers cl)f magnitude both fdr*l[176] r?n?]

. _ o _ : ~ low-doseHe™ [177] implantation. It is not yet clear whether
Z:ﬂh?ﬁizwgaﬁ]ei?egﬁ?ﬂy (T) ";nd'Teps'ggtnesi'(g‘n??geggvﬁge‘ggﬁ;e??or this effect is connected with an increase of dark conductivity,
different laser wavelengths and a pump intensit@® W/cn?. Thedotted ~ Which we have observed for strongh/"-implanted samples
lines are merely guides for the eye. Data are taken from [162] and highion flux [51]. Another explanation may be the chem-

ical reducing properties of the implanted ions, which lead to

an increase of the concentration of filled traps [176], or the
favorably modified byH* implantation when compared to the influence of additional photorefractive centers created by the
bulk material. The photorefractive sensitivity is increased bymplantation. The latter argument is confirmed by the obser-
approximately two orders of magnitude and extended to invation that the photoconductivityy, in our He-implanted
frared wavelengths. layers depends nonlinearly on light intendlityspn oc 1, with

Several thin film deposition techniques have been used tan exponenk ~ 0.55 [177]. For the substrate material the
fabricate single-crystal layers ¢fNbO3 for applications in  photoconductivity is almost linear, and there the charge trans-
nonlinear optics. Films with a thickness of a feun have port has been well explained by a one-center model with
been grown by LPE, producing waveguides that were mulCe** /Ce** as the photorefractive center [179].
timode [165]. Thinner epitaxigdkNbOs films formed by ion With an increasing dose of implantétet a decrease of
beam [166] and rf-diode sputtering [167] have shown intertwo-wave mixing gain as well as of response time is ob-
esting nonlinear properties; an SHG coefficientsgdm/V,  served [177], pointing to a strong degradation of the photore-
which is one third of the bulk value, has been reportedractive properties for doses higher thEdH cm—2.
in [167]. Higher SHG coefficients 013 pnyV have been The opposite effect has been found fidr-implanted
measured for epitaxial layers using MOCVD [72]. Promis-samples and the same range of ion doses [176]. This differ-
ing results have been obtained for films using PLD andent behavior may be explained by the lower electronic and
a potassium-enriched ceramic target [64, 168], too. nuclear damage per ion fot+ implantation, i.e., a higher

“damage threshold” for the photorefractive properties at the

same dose, and by the increase of dark conductivity already
3.5 Strontium-barium niobate mentioned above.

Very high logarithmic gain coefficients of up @5 cnt?!

Strontium-barium niobate crystalSikBa;_xNb,Og, 0.25 < with time constants of the order ofs have been obtained
X < 0.75, SBN) can be grown in excellent optical quality. Thefor extraordinarily polarized blue light, adequate cerium dop-
most widely investigated crystal is that of the congruentlying, and optimized implantation parameters [177]. For red
melting compositionx = 0.61 (SBN61); other common com- and near infrared wavelengths these values are strongly re-
positions arex = 0.5 (SBN50) andx = 0.75 (SBN75). The duced. As an example, in Fig. 9 the wavelength dependence
crystals exhibit very large electro-optic coefficients, whichof the logarithmic gain coefficient for two-wave mixing in
are about ten times larger (SBN61) than thoselitédbO3, a SBN61 waveguide andtet dose ofl0™® cm=2 is shown.
and with suitable doping (for example, cerium, chromium, ort should be noted that in these samples [177] the direction of
rhodium) the photorefractive sensitivity is high. For this rea-beam coupling may be reversed to that of the substrate when
son SBN permits many applications in optical data storagéhe sample is heated during the implantation process; but after
and processing [169, 170], and a lot of fundamental researdhe sample have been polarized again, the beam-coupling di-
has been done demonstrating the excellent photorefractivection is the same as in the substrate.
properties of this material [171-173]. Both channel and pla- Polycrystalline SBN thin films of various composi-
nar waveguide structures as well as single-crystalline fibettions have been obtained by LPE [69], rf sputtering [180],
like crystals have been realized in SBN. In the following theMOCVD [72], and the sol-gel process [74]. These films are
different types of waveguides and their optical and photorepreferentially orientated and show only reduced electro-optic
fractive properties will be discussed. coefficients [74], but no photorefractive properties have been

Planar and channel waveguide formation in SBN subreported. Epitaxial SBN61 [65,181] and SBN75 [82] films
strate crystals has been performed using sulphur [174] armh MgO substrates with very high electro-optic coefficients
zinc [175] indiffusion, but the achieved waveguides exhibitrszs of 380 pnyV and844 pnyV, respectively, have been fab-
high losses greater thans cnt. He* implantation in SBN  ricated by PLD, but only little is known about the optical
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Y I l about the photorefractive properties of sillenite waveguides.
24 | - Waveguiding has been observed in epitaxial BTO films fab-
® e o [, ricated by LPE on BGO substrates [188], as well as for PLD
20 ~.® o [ — layers on single-crystalline zirconia [189] and sapphire [190].
— "o ° For the latter electro-optical and nonlinear optical properties
16 | ' - have been proved. Two-wave mixing in planar BTO wave-
g E guides grown on BGO substrates has been observed in [191].
— 12 -1 The measured electro-optic coefficients as well as the beam
S o e coupling gain have been found to be almost two orders of
= 8 -1 magnitude lower when compared with the bulk material.
T g A significant increase of the gain values has been obtained
A S O o " by applying an external electric AC field along the grating di-
""""""""""""" Oy rection [192]. Furthermore, photorefractive single-crystalline
0 | ! ! 11 fiber-like BSO and BTO crystals with lengths of several
450 500 550 600 650  have been fabricated [193], and beam coupling in these fibers

has been demonstrated.
A [nm]

Fig. 9. Logarithmic gain coefficientd® o for extraordinary ¢) and ordi-

nary (o) light polarization measured for different wavelengths a 2-MeV 3.7 Other materials

Het-implanted SBN waveguide [177]. Thiotted linesare merely guides

for the eye . . o
In some other photorefractive oxide crystals waveguiding

layers have been formed by ion implantation. These materials
properties of such films [146]. The refractive indices of theinclude potassium-tantalate niobate (KTM)Ta;—xNbyxOs,
fabricated layers [181] are abo8% lower than the values 0 < x < 1[194], and the tungsten-bronze-type crystal KNSBN,
for the bulk [182]. However, together with other thin film de- (KosNags)o2 (Sto75Ba025)09Nb20s, [195]. Ferroelectric
position techniques PLD may be very interesting for futurdead germanate (PGORb;Ge;011, crystals have fairly
fabrication of photorefractive SBN waveguides, too. large electro-optic coefficients ofsz = 15.3 pm/V and have
Highly multimode single-crystalline fiber-like SBN crys- proved to exhibit interesting photorefractive properties [196,
tals have been investigated by different groups using visi197]. Low-loss waveguides in this material have been fabri-
ble [183,184] and near-infrared light [185]. Thin rods werecated by ion implantation [50], too. However, for all of the
grown from cerium-doped single-crystalline SBN61 with above materials photorefractive properties have not yet been
diameters ranging from 0.16 #mm Such samples have investigated.
a high angular selectivity for multiplexed holographic record-
ing because of multiple internal beam reflections and the
long interaction length in two-wave mixing. Both, rods grown4 Applications
along thec axis of the crystal and those grown along the
aaxis were used in reflection and transmission geometry, rén the last two decades a large number of different opti-
spectively. The photorefractive properties are similar to thoseal components based on photorefractive waveguides have
of the bulk crystal; but due to the higher light intensities inbeen proposed, and static (for example, narrow-bandwidth
the fiber-like crystals typical grating formation times oV filters or multiplexers) and dynamic (for example, phase con-
input powers are in the range of some tensnsf184]. Self-  jugators or modifiable interconnections) elements have been
pumped phase conjugation has been observed in a sampleperimentally demonstrated. Corresponding to the various
where thec axis coincides with the rod axis [183], too. applications, quite different requirements for the properties
Recently, channel waveguides in SBN have been fabrief both waveguide and photorefractive parameters have to be
cated by a refractive index increase because of the statfalfilled. In the following section, some of the applications of
strain-optic effect [186]. The strain is produced i@, film  photorefractive waveguides will be presented, and their prop-
deposited on the substrate surface at a temperat®205C.  erties will be discussed.
Etching of small channels in this layer results in a waveguide
with low propagation loss values of abo@itl4 cnt?. Fast
electro-optic modulation up tb GHzfor 1.3um wavelength 4.1 Thermally fixed diffraction gratings
has been demonstrated [187].
Permanent refractive index gratings in waveguide devices
3.6 Sillenites are of considerable interest for optical communication sys-
tems, for example, narrow-bandwidth mirrors for integrated
The crystals of the sillenite typBj1,SiO,0 (BSO),Bi12TiO2  waveguide lasers ihiNbO3 [198, 199], or wavelength mul-
(BTO), andBi12GeOyp (BGO), have relatively small electro- tiplexers that make use of the high spectral selectivity of
optic coefficients, but photoconductivity and photorefractiveholographic filters [200]. Other possible applications include
sensitivity for visible and near-infrared light are high. Thesegrating couplers and sensor technology [87, 201].
properties make the materials attractive candidates for real- Holographic gratings that are superimposed in a planar
time holography and optical phase conjugation. waveguide have been proposed for the separation of different
Although optical waveguide fabrication in these materialsvavelength channels [202,203], and equivalent phase grat-
has been reported in quite a few papers, very little is knowings in channel waveguides may be used together with optical
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' ' ' ‘ well as a fast response time for the grating buildup. A draw-
1.0k ~ - back is the two-dimensional waveguide structure, which re-
duces the beam cleanup properties to only one dimension,
because in the plane normal to the waveguiding plane the
= - spatial intensity distribution of the light beam is restricted
by the limited number of excitable modes. The use of wave-
guides with a large number of guided modes, i.e., a rela-
0.5 - tively thick waveguiding layer or, in other words, a thin
bulk crystal, may avoid this problem, and a nearly two-
dimensional phase conjugation becomes possible; however,
in this case the intensity inside the sample is considerably
reduced when compared to thin waveguides, which have
a typical thickness of only a fewm. On the other hand,
1 | | | | applications for even single-mode waveguide phase conjuga-
1558.5 1559 1559.5 1560 1560.5 tors may be possible, for example, laser diodes with planar
cavity, or devices that use optical bistability, which is often
A [nm] : oAl Bk _
connected with phase conjugation in photorefractive crys-
T o e armet et Lo, iy (ol [208L. In this section, two examples of phase conjugat
itygreaches60% atga cente? wavelength af= 15%951 nm with a narrow t"_)n are d_ISCUSSGd, n_amely anisotropic four-wave mixing in
bandwidth (FWHM) 0f0.1 nm LiNbOs3:Ti:Fe waveguides, and self-pumped phase conjuga-
tion in aHT-implantedBaTiO; waveguide.
In contrast to isotropic four-wave mixing, where either
NxN power dividers or in a cascading scheme. Howeversignal or phase-conjugated waves are amplified by the nonlo-
phase holograms in photorefractive crystals suffer from deeal contribution of refractive index changes, in the anisotropic
structive readout when the material is illuminated with lightcase both waves can simultaneously gain intensity from the
of the recording wavelength. In order to avoid erasure, difpump beams [209]. We have used anisotropic wave mixing
ferent methods have been developed to make the record@dboth LiNbO3 [17] andLiTaO3 [141] waveguides for the
holograms insensitive for the readout light. Interesting reefficient generation of phase-conjugated waves. Here beam
sults have been obtained by electrical fixing [204], i.e., partiatoupling leads to the amplification of extraordinarily polar-
local reversal of ferroelectric domains, and in particular byized light; thus two counterpropagating, TM polarized pump
the technique of thermal fixing [205]. Thermal fixing is per- waves and a copropagating TE polarized signal wave have
formed by writing a holographic grating at elevated temperabeen used. In Fig. 11 anisotropic four-wave mixing in a pla-
tures of aboul80°C. At these temperatures protons becomenarLiNbO3: Ti:Fewaveguide is shown [210]. The waveguide
mobile and compensate for the generated electronic spacentains about 18 modes at a wavelengttbd4.5 nm Be-
charge field [206]. After the sample has been cooled dowrgause of the high damping of abd&itn in the waveguide
the illumination with incoherent light yields a quasi-stabilizedthe outcoupled powers of the signal and the phase-conjugate
fixed hologram. beam are rather small. Nevertheless, for input powers of
Thermal fixing of holographic gratings has been investi-about0.7 mW and an interaction length @6 mmwe have
gated in both, planar [88] and chaniéNbO3:Ti:Fewave- obtained phase-conjugate reflectivities exceeding values of
guides [199,207]. High reflection efficiencies even for in-one [211].
frared light have been demonstrated. In Fig. 10, we illustrate
the transmission spectrum of a thermally fixed reflection grat-
ing in aLiNbO3:Ti:Fesingle-mode channel waveguide [207].
The device was fabricated by recording a refractive index
grating that is directed along tleeaxis of the sample with two
external, ordinarily polarized writing beams of wavelength
5145 nm utilizing a holographic setup. For readout of the 2
grating, TE polarized light of a tunable DFB laser working~"
aroundl.55um is coupled into th&-pm-wide channel. The g
filter has a peak reflectivity o80% at a center wavelength
of 155951 nm and a bandwidth 0.1 nm (FWHM) for the
15-mmlong grating. Further optimization of the refractive -2
index profiles may result ines TE = Nett T\, i-€., polarization-
independent filter properties, and the reflectivity should be
enlarged to values close 1®0% by increased substrate dop- 1 1 1 1
ing and/’or additional annealing treatment. 0 200 400 600 800

F)pump [/U‘W]
Fig. 11. Anisotropic four-wave mixing in a planaktiNbO3:Ti:Fe wave-

. . . " . .quide [210]. Net signal wave gaifi (filled symbols experimental;upper
Because of the high light intensities that can be achieved @Jrves theoretical) and phase-conjugate reflectivityfopen symbolsex-

waveguiding structures, optical phase conjugation in a plgserimental;lower curves theoretical) as a function of input pump power
nar waveguide may enable, in general, high efficiencies ag,umpfor two different interaction lengthzo
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20 F' ' ' ™14 from a nonuniform screening of this external field were ob-
tained [215, 216].
It has been experimentally confirmed that photorefractive
e o o -0 spatial solitons may exist at optical powers of a few [217],
which is some orders of magnitude lower than for Kerr-type
solitons [218]. Among the most interesting properties of opti-
cal solitons is the nonlinear interaction that takes place when
two solitons intersect or propagate close enough within the
crystal [219]. In conjunction with the low power level these
o interacting forces between solitons promise potential applica-
6 o o tions as photonic elements, for example, all-optical switches,
directional couplers, or beam deflectors [220, 221]. For some
0L, ! ‘ | I ‘ I -3 applications waveguide configurations are preferred, as they
0 100 200 300 400 500 600 700 are compatible with semiconductor lasers and optical fiber
I [W/cm?] technology, allow for the integration of other optical compo-
Fig. 12. Self-pumped phase conjugation irH-implantedBaTio; wave-  N€Nts (for example, phase shifters), and because of favorably
guide. Phase-conjugate efficiengy(s) and response time (o) are meas- Mmodified photorefractive properties they may work at even
ured as a function of the input intensity (wavelend88 nnj at the entrance  |ower power levels of the input light. In the following para-
face of the sample. Data are taken from [151] graphs, self-trapping of light beams in planar waveguides and
their use for optical switching will be discussed.

151

10 -

n [%]

log(7) [s]

Self-pumped phase conjugation in a planar waveguidéd.3.1 Self-trapping of optical beamd-or most of the re-
was first reported by James et al. by usingi&-implanted cent experimental investigations of photorefractive spatial
BaTiO; crystal [151] (see Fig. 12). The multimode wave- solitons in the bulk, strontium-barium niobate crystals have
guiding layer had a thickness of abod6um. Phase- been used. In 1998 we showed that planar photorefractive
conjugate reflectivities of20% in the waveguide were waveguides can be used for the formation of spatial soli-
achieved. The grating buildup time was reduced to sotge  tons, too [222]. Bright steady-state screening solitons have
a reduction by two orders of magnitude when compared wittbeen realized in &let-implanted SBN waveguide for visi-
the same input power in the bulk. The fidelity of the sampleble and near-infrared light (wavelengths 514.58® nn). In
for spatial cleanup of an input beam was limited by the finitethe same waveguide, we have found transient self-focusing or
number of modes, but in particular as well by the geometryjuasi-steady-state solitons.
of the sample, which resulted in an input-angle-dependent The formation of steady-state solitons for red light, start-
launch efficiency. Furthermore, in another experiment usingng from the initially divergent helium-neon laser beam
the sameBaTiO; sample, the operation of a bridge mutually (wavelengti632.8 nm), is illustrated in Fig. 13a as a function
pumped phase conjugator has been demonstrated [152].  of the biasing electric field. For fields larger thakV/cm

a threshold behavior of the beam diameter is observed, and

the light is trapped in the self-induced narrow waveguide
4.3 Self-focusing and spatial solitons channel with diameters of abof@fum (see Fig. 13b). As in

bulk crystals [223], the self-trapping of the beam is accompa-
For several years self-focusing and defocusing of light beamsied by a strong bending of the soliton’s path because of the
in photorefractive materials have been the subject of increasionlocal contributions to the refractive index change by the
ing interest, because these effects enable diffraction-free @hotorefractive effect.
soliton-like propagation of optical light waves [212-216].
Both bright and dark spatial solitons in photorefractive crys4.3.2 All-optical switching and routingDifferent types of
tals have been investigated. A bright spatial soliton is a collioptical switches and interconnections using photorefractive
mated light beam that propagates through the nonlinear mavaveguides have been experimentally investigated. Holo-
terial without changing its transverse profile. Diffraction is graphic interconnections in a plariaNbO3; waveguide have
compensated by the self-focusing effect, i.e., by the lightbeen proposed by Jannson [224] and further developed and
induced positive refractive index changes in the plane perexperimentally confirmed by Brady and Psaltis [225]. The re-
pendicular to the propagation direction of the optical beamconfigurable interconnections of different sets of input and
A dark soliton consists of a dark band, or notch, which isoutput channel waveguides via thick holograms that are writ-
superimposed on an otherwise uniform background illuminaten by external unguided beams allow for large-scale linear
tion. Here self-defocusing that is due to negative refractivéransformations, for example, optical vector-matrix multipli-
index changes balances the diffraction of the notch. ers. A modified device may also be used for wavelength mul-

In 1992/93 quasi-steady-state solitons that are transiertiplexing. Aronson and Hesselink [226] have reported on an
in time evolution were predicted and studied in photorefracarray of two sets of parallel channel waveguidesiNbO3
tive crystals with an externally applied electric field [212, intersecting at right angles. In the iron-doped intersections
213]. One year later, the existence of dark and bright steadylynamic holographic gratings were formed by the guided
state photovoltaic solitons in materials subjected to the phddeams. Arrays of 5& 50 waveguides were fabricated in an
tovoltaic effect was demonstrated [214]. In the same yeagrea of25 cnt, but the devices suffer from slow writing times
in photorefractive crystals that were also biased with arof aboutl s Itoh et al. have fabricated arrays of photorefrac-
external electric field, steady-state spatial solitons resultingive waveguides for optically modifiable interconnections in
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-3 Fig. 14a,b. All-optical switching in a planar SBN waveguide [233].
— 10 - : H _ a Interaction scheme of chopped pump (wavelerfthd.5 nm) and cw sig-
_ nal beam (wavelengt$328 nm) inside the waveguide (WG). The pump
o beam is self-focused and self-bent to the top, trapping the signal beam
that moves away from the photodiode (PDB)Switching characteristic of
the signal beamsplid line) for a frequency ofl.9 kHz of the mechanical
o &= chopper in the beam line of the pulsed pump bedoitéd ling
] ] ] |
50 100 150 200
b) z [um] of ms[232]. In our switching experiment [233] that is illus-

Fig. 13a,b.Steady-state spatial soliton formation in a biasted -implanted trated in Fig. 14a, both a Stro”g'y absorbeq green pump beam

SBN waveguide [222]a Beam diameterd (FWHM) at the exit face as and a weakly absorbed red signal beam intersect inside the

a function of the externally applied electric fiefland for two different in-  planar SBN waveguide. When the pump beam is switched on,

put powersP, of helium-'neon laser lighto Intensity profilesl(z) _for t_he a positive lens is formed that focuses the pump beam, and

casePn = 4.3uW and different values of . The background ilumina- e gigngl heam is trapped in the induced channel with an
tion of the whole sample with green light (wavelendih45 nm) is about . L . . .. -

30 mW/cn?? increased refractive index, thus changing its original direc-
tion. Now the pump beam is self-focused to small diameters
of a fewum, and another mechanism becomes effective: the

optical neural networks by illuminatinglaNbOs3 bulk crys-  beam is also self-bent in the direction of the negatiaxis

tal with an interference fringe pattern [227], or by scanning ofof the crystal because of diffusion of excited charge carri-

an external focused laser beam [228, 229]. ers. The already trapped signal beam which shows only little

The formation of dynamic lenses in planaNbO3; wave-  photorefractive effects follows the bent channel and moves
guides additionally doped with iron has recently been demonaway from the photodetector. Large deflection angles up to
strated by Shandarov [230]. The nonlinear lens formation i§.23 radhave been obtained [233]. The switching behavior of
due to charge redistribution because of the photovoltaic effe¢he signal beam is given in Fig. 14b for a chopper frequency
and has time constants in the range of a few seconds to minf 1.9 kHz, and similar results have been obtained for fre-
utes. In the final stage, the photovoltaic lens leads to a defauencies up t@ kHz By further improvement of the device
cusing of the input beam. The application of this self-lensingnuch faster switching should be easily obtainable.

effect for all-optical switching has been proposed [231].

Another waveguide device that can be used for all-optical

switching and beam deflection is based on a combination & Conclusion

the thermo-optic effect and photorefractive self-bending by

the diffusion mechanism. Absorption of a guided light beamRecent results on formation and investigation of photorefrac-

increases the temperature inside the waveguiding layer anive waveguides have been summarized, and some interest-

yields a positive change of the refractive index because of thiag applications of these samples have been outlined. Further
thermo-optic effect and the screening of the pyroelectric fieldimprovement and simplification of the necessary fabrication

A strong self-induced focusing lens builds up within fractionstechnologies, for example, by low-cost thin film deposition,
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as well as tailored photorefractive properties and geometries?.

of the waveguides will stimulate future developments of non-

linear opt|cal devices that are based on photorefractlve ef39. |. Savatinova, S. Tochev, R. Todorov, M.N. Armenise, V.M.N. Passaro,

fects.
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