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Abstract. Refractive index gratings in plan&iNbO3:Ti:Fe  using iron-doped and nominally put@bOs3 substrates. The
waveguides are thermally fixed during hologram recordingyuides are of great interest in the growing field of integrated
at elevated temperatures. Different guides are fabricated hyptics. Thermally fixed sinusoidal refractive index gratings in
titanium indiffusion using iron-doped and nominally pure optical waveguides enable useful applications in signal pro-
y-cutLiNbOj3 substrates and characterization is performed bygessing and beam manipulation: grating couplers allow the
dark-mode spectroscopy. The refractive index modulation ofoupling of light through the substrate into the waveguide
gratings written and simultaneously fixed1&80°C is inves-  layer, extremely narrow bandwidth mirrors fabricated with
tigated as a function of propagation depth, titanium and irorthe help of reflection holograms allow the selection of just
concentration. The experimental results are compared witbne desired wavelength, and multiplexjdgmultiplexing
those obtained for unfixed holograms recorded at room tensystems allow us to combine or separate light of different
perature. wavelengths at the input or output of an optical data transmis-
sion system.
PACS: 42.70Ln; 42.82Et; 78.20-e

1 Basic equations
Holograms can be written ihiNbO3 crystals by utilizing
the photorefractive effect. When the sample is illuminatedn planar optical waveguides light can be guided by total
with a light interference pattern, mobile charge carriers argeflection in the region of increased refractive index. When
generated in the bright regions, and there is a buildup 04 light beam propagates along tkelirection in ay-cut sam-
space-charge fields, which modulate the refractive index gfle, the distributions of electric and magnetic field can be

the material by means of the electrooptic effect. written in the form

However, the storage of volume-phase holograms in
LiNbO3 crystals suffers very much from destructive read-g(x, y, t) = U (y)e@=#% | 1)
out. If the sample is illuminated with light of the recording B = V() @A >
wavelength, charge carriers are excited again and reduce tt%(x’ Y. ) =V(y) ’ (2)

modulation of the previously recorded space-charge field. To
prevent this erasure effect and to preserve the original holg;
gram,in 1971 Amodei and Staebler [1] had already develope
the technique of ‘thermal fixing’ irLiNbO3 crystals. Their
experiments may be interpreted in the following way. Heat
ing the sample to a constant temperature of arol®@FC
during recording mobilises protons [2] (and perhaps othe
positively charged impurities, too), which compensate for the » 2 2
electronic space-charge field built up during the writing pro- yUz+ (Kgeaz— %) Uz =0, )
cess. If the crystal is cooled down afterwards and illuminated2dy (e11-dyV;) + (K3e2o — %) V, = 0. (4)
homogeneously with incoherent light, modulated photocur-
rents, resulting from a modulation of filled and empty trapsAll other components otJ andV are zero or can be neg-
are created and a fixed hologram that is stable, irrespective tdcted. Heresjj denotes the diagonal elements of the dielec-
the readout light, appears. tric tensoré. The modes of a waveguide differ considerably
In this paper we investigate the process of thermal fixin their characteristic field distributions. For the holographic
ing in planar waveguides fabricated by titanium indiffusionmeasurements described in this paper it is useful to introduce

hereU andV are the field distributions anfl = kone is

e effective wave number. The wave number in free space is
enoted byky and the effective refractive index of a guided
‘mode bynesr. Combining Maxwell’s equations with the con-
tinuity conditions of the field distributions leads to the mode
?quations for TE and TM modes:
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of n using guided TE modes ig-cut waveguides allows us y [um]

to calculate the spatially averaged refractive index modulaeig. 1. Titanium and iron concentrationsr{ and cre) of sample 2, calcu-
tion (Anz) induced by the electrooptic effect. With the help of lated from diffusion theory. The parametgrenotes the distance from the
Kogelnik’s formula [3, 4] we derive surface of the waveguide

Aarcsin,/n
s '

(Ang) = (7)  reaches zero in the bulk material. Consequently, the refrac-

tive index modulations induced by the electrooptic effect in
The parametes denotes the distance the TE mode has travthe bulk part of sample 2 are expected to be rather low and
elled through the waveguide during hologram readout/and hardly detectable.

is the corresponding wavelength. The mean vdles) is The reduction state of the homogeneously iron-doped

defined by samples is determined by taking absorption measurements
with a Cary 17D spectrometer. Then we use the propor-

Ana) — fAng(y)|UZ(y)|2dy 8 tionality relation of theFe&™ concentration and light ab-

{Ang) = (U (ydy (®) sorption in the blue wavelength regiotge+ = oa77 nmx

2.16x 10?*m~2 [6]. Light propagation during the absorp-
tion measurements is always perpendicular to the wave-
guide layer, thus only an averaged absorption coefficient
for the whole sample, including waveguide layer and sub-
strate material, can be given. Therefore, this method can
only be used for homogeneously doped samples. The proton
concentratiorcy+, being of crucial importance for thermal
The technique of titanium indiffusion is used to fabricate dif-fixing, is determined by absorption measurements as well,
ferentLiNbO3 waveguides in order to perform the measure-via a Fourier spectrometer and the relatmp = a8 ,m x
ments. Thin layers are deposited picut LINbO3 substrates  1.66 x 10°2m~2 [7]. However, the restrictions mentioned be-
by use of an electron gun. We investigate homogeneousfkpre also apply.

doped samples with an iron concentratio®@# molppmFe All waveguides are investigated by means of dark-mode
(waveguides 1a, 1b) as well as nominally pure crystals (wavespectroscopy in order to determine the effective refractive in-
guide 2). The latter is of particular interest because undopedicesnes; of the guided TEmodes at = 6328 nm Each
LiINbO3 wafers of severatm diameter, especially designed refractive index profileSne(y) is reconstructed by using an
for waveguide fabrication and large enough for the realizatiommproved inverse WKB formalism [8]. With the help of this
of a practical device, are readily available. The aim is to coatlata the effective propagation depllx of a TE mode can be
only certain parts of the wafer with a thin layer of iron and calculated by a numerical integration of the mode equations
to perform the indiffusion afterwards. This allows us to adjust(3,4) and the use of (5).

the local impurity concentration and to taylor the properties of ~ After complete experimental investigation, sample 1a is

2 Experimental methods

2.1 Waveguide preparation

an integrated device.

As a test, &-nm-thin layer of iron is indiffused fo®3 h
at1030°C on the top face of sample 2 where, afterwards, thdy ‘sample 1b’. Its reduction stat&¢ " /Fe*") is adjusted
waveguide layer is formed. Then, indiffusion ofl@0-nm-
thick titanium layer is performed at a temperaturd 800°C
for 36 hin an argon atmosphere. Waveguide 1a was fabricateithe proton concentration before and after annealing and find
by one single indiffusion step &0-nm titanium for 14 h at

then annealed fo24 hat 1000°C in oxygen to diminish the
refractive index profile. The modified waveguide is denoted

to nearly that of sample 1a by performing a short annealing
treatment in an argon atmospherel825°C. We also check

an increase by a factor of about four (see Table 1). Figure 2

1000°C. shows the two reconstructed refractive index profiles for TE
Figure 1 shows the calculated distributions of iron and ti-modes. Their effective deptlthy at A = 6328 nm are indi-
tanium in sample 2. Gaussian-shaped curves are obtainedcifited by vertical lines. Note that during the annealing treat-
we assume a diffusion process with an exhaustive source [Shent the index profile is strongly diminished. From the sur-
The iron concentration is almost constant in the area of higface valuesne(y = 0) extracted from the reconstructed pro-
titanium concentration defining the waveguide layer. On thdiles and data of [5] we derive a titanium concentration at the
other hand, the concentration of the indiffused iron finallysurface ofcri(y = 0) = 0.9 x 10°” m~2 after annealing com-
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Table 1. Fabrication parameters of the investigated waveguides-ont by suitable lenses and illuminate the whole sample with the
LiNbO3 substrates. The surface concentratmi(0) is deduced from the waveguide layer on its top face. The light polarization is cho-
measured refractive index profiles. The ratig /c3+ of F&* andFe"  ¢on to pe along the direction. Note that the two beams
ions and the proton concentratiop+ are extracted from absorption meas- . . . L .
impinge upon the sample in a plane of incidence that is per-

urements pendicular to the waveguide layer. In all our recording experi-
Waveguide cri(0) Cre2+ /Cred+ Ch+ ments we use the light of an argon ion lasek &t 5145 nm
107" m=3 10 m3 The two writing beams intersect at an angle 6f 2 20° (in
air), which results in a grating period of = 1.5um in the
la 17 013 20 waveguide. Each beam has an intensit@4® Wn1 2. All fix-
P o 012 81 ing experiments are performed in the following way. First, the

sample is heated with the help of a Eurotherm controller to
a temperature 080+ 0.1°C. Then, the two writing beams

are switched on and the grating is written. After the beams
are switched off, the waveguide is cooled down, and the fixed

201 ...... waveguide 1a T grating is developed with the white light of a halogen lamp.
Py . Elementary holograms recorded in this way are called ‘fixed
16k i i~ — waveguide 1b 4 gratings, recorded 4t80°C’ throughout this paper. Unfixed

holographic gratings are recorded by using the same writing
geometry, except that the sample is kept at a temperature of
about20°C. In the following they are labelled as ‘unfixed
gratings written at room temperature’.
For readout of the recorded gratings a weak laser beam of
aHe—Nelaser with a wavelength of = 6328 nmis coupled
into the waveguide via a rutile prism, as illustrated in Fig. 3b.
The various TE modes are excited by adjusting the coupling
angle. Because of the small dimensions of the sampges,
Yo X Zp & 3mmx 1 mmx 5mm, we cannot apply an out-
coupling prism, and the transmitted and the diffracted beam
both leave the waveguide via the polished endface. A cylin-
y [um] drical lens focuses the outcoupled light onto photodetectors.
Fig. 2. The refractive index profiléne(y) before (waveguide 1a) and after For the homogeneously iron-doped samples, we are able to
additional annealing (waveguide 1b) versus deptNertical lines indicate  jatermine accurately the distarethat the light has travelled
the effective propagation depths of TE modes. at 6328 nm . . . .
in the waveguide when the hologram is read: we measure the
diffraction efficiencyn of the bulk material in both the writ-
pared to an initial value ofri(y =0) = 1.7 x 10*’m~3. For  ing and the readout geometry. Knowing the thickngsef
waveguide 2 the profile reconstruction yields(y =0) =  our crystals, we can calculate the interaction lersdil using
1.6 x 10" m~3, which is about20% larger than the surface Kogelnik’s formula. For waveguide 2 this is not possible be-
value of 1.3 x 10?”m~2 (see Fig. 1) derived from diffusion cause it is innomogeneously doped with iron, ar@n only
theory. The data set characterizing the fabricated waveguidégs approximated by the distance between the incoupling spot
is summarized in Table 1. at the prism and the endface of the sample.

2.2 Holographic measurements 2.3 Active phase stabilization system

A two-beam interference setup is used to record phase grafe fix a hologram efficiently, it is essential that the crystal

ings in the waveguides. The experimental scheme is shows heated to high temperatures during recording. Large tem-

in Fig. 3a. The two writing beambs and |r are expanded perature gradients are generated, which crucially affect the
stability of the setup because of air convection and thermal
expansion. This results in a distortion of the phase relation
between the two writing beams; the phase relation being al-

Iy most random. Consequently, the interference pattern in the
I \ sample begins to move and the modulation of the fixed grat-
\\ ing is rather small. Performing the whole fixing experiment
J— \ x y in a vacuum chamber [9] is one way of supressing this effect.
I, \ A - An alternative is the implementation of an active stabiliza-
tion system [10—12]. Our experimental setup is illustrated
y x schematically in Fig. 4. One of the writing beams is phase-
a) writing zc b) reading zc modulated with the help of a piezo-driven mirror. We denote

Fig. 3a,b. Geometry of the waveguide for hologram writing and readig the modulation Signal de sin(&2y), where Y is the am-
Two exbanded writing beamig;, |r of extraordinary polarization illuminate plitude ands2 the frequency. A small glass plate is placed

the whole sampleb Gratings are read using guided TE modes excited viadireCFly behinc_i th? WavegUid.e- T_hiS plate is “fted slightly, so
a rutile prism that light can impinge upon it without traveling through the
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Fig. 4. The holographic setup and the active stabilization system. A small ]
glass plate yields a second interference pattern that is imaged on a photode- 8

tector. HV, high-voltage amplifier; SG, sine-generator; LI, lock-in amplifier;
INT, integrator degs [m]

Fig. 5. Refractive index modulatioriAngyx) of a grating written and fixed

simultaneously a80°C for 120 minin waveguide la as a function of ef-

; ; i :Jective depthdesr. The solid line is the best fitting Gaussian function; its
crystal. If the plate is properly adjusted, one writing beam Igwidth coincides with that of the reconstructed refractive index profile

partly reflected from the plate, precisely in the direction of the
other beam. A second interference pattern appears and this is
imaged on a photodetector. The detector carries a small iris

diaphragm, its diameter being small compared to the period T T T T L
of the intensity pattern. A lock-in amplifier, tuned , sep- 30F (1q), unfixed, recorded ,,,{‘Iﬁ [ T
arates the control sign&f’, by which the active stabilization ® 6min
system is driven [10]: 25  m 10min 7
o A 18min
19 = —2,/1219q sin([ks — Kg] - T + %) Sin($2t) . 9 © 20F  3omin P .
In this equatiorks andkgr denote the wavevectors, andis N IS ":‘_,,;::‘-"' A 8
the general phase difference between the writing beams. Thg x,,;:::»""' e °
signal I ? is integrated and fed together withy sin(2t) to I 10 ' -
. - : \ v i TE
a high-voltage amplifier that drives the piezo crystal. The per- -
formance of the stabilization system is as follows. Each time 5| e TE, 4
a perturbation occurs, the control sign&l acquires a non- TEy . TEq Substrate
zero value. The piezo crystal starts to move until the control L . . i
signal has vanished again. As a result, the phase reldtion
: 0 1 2 3 4 5
will be preserved.
defs [um]
Fig. 6. Refractive index modulatiofAngT) of unfixed gratings recorded at
3 Experimental results room temperature in waveguide la as a function of effective deth

Figure 5 shows the depth dependence of the refractive in-
dex modulation of a thermally fixed grating in the wave-measured in the bulk material are shown in the right-hand part
guide layer of sample la recorded fd2O minat 180°C.  of the figure. We see the tendency for a strong lowering of the
The grating is read with light of different laser lines betweenmodulation{Angr) at the top of the waveguide layer for these
457 nmand690 nmin order to increase the number of meas-unfixed gratings. Even an increase in the recording time of up
ured values for(Angx). It can be concluded that thermal to 30 mincannot suppress this effect.
fixing works not only in bulkLiNbOg3:Fe crystals, but also In Fig. 7 we illustrate the refractive index changes of fixed
in LINbO3:FeTi waveguides. The modulatiginsy) is not  gratings for different writing times in sample 1a. Large ampli-
constant over the waveguide layer. The closer we come to thades for TE modes guided deep in the sample are measured,
surface of the waveguide, the lower are the observed valuesd these increase with recording time. In contrast to these re-
(Angy). The solid line indicates a fit of a Gaussian functionsults, the absolute values for the gfTEode near the surface
with a constant width corresponding to that of the refractivaemain at a low level, often hardly detectable.
index profile. As the profiléne(y) is a measure for the distri- Then we repeat the experimental investigation with
bution of titanium ions in the waveguide [5], we conclude thatwaveguide 1b. Again, unfixed gratings are written at room
there is a strong correlation between the titanium concentraemperature and compared with fixed gratings recorded at
tion crj and the inverse refractive index modulati@msiy ). 180°C. From the results obtained with unfixed gratings,
In Fig. 6 the results of recording unfixed holograms atshown in Fig. 8, it can be concluded that the annealing treat-
room temperature in the same waveguide la are presentatbnt affects writing even at room temperature. A decrease
for different writing times. The refractive index modulations in the refractive index modulation near the surface is still
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Fig. 7. Refractive index modulatioAngy) observed for thermally fixed Fig.9. Refractive index modulationAnsy) of thermally fixed gratings

gratings recorded t80°C in waveguide 1a as a function of effective depth recorded atl80°C in waveguide 1b as a function of effective deuty.

eff Relatively high values are measured over the whole waveguide layer, even
for the TR mode
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Fig. 8. Refractive index modulatioiAngr) of unfixed gratings written at ~ Fig. 10. Refractive index modulation&\nyix) and(Angr) of a grating writ-
room temperature in waveguide 1b as a function of effective degth ten and fixed atl80°C and of two unfixed gratings recorded at room

temperature in waveguide 2 as a function of effective dekth Here, the
measurement oAngx and Angy in the substrate is not possible. For this
reason the interaction lengthcannot be derived precisely

present, but the values for the substrate and thg MBde reasonable. Again, the decrease in the measured refractive in-

differ much less than in waveguide 1a. dex modulations in the surface area is obvious. This holds
Figure 9 shows the results for fixed holograms recorded dbr thermally fixed gratings as well as for gratings written at

180°C in sample 1b. Comparison of Fig. 9 and Fig. 7 leadsoom temperature.

to the conclusion that thermal fixing works much better after

the thermal treatment. As the writing time is increased the

measured refractive index modulation of fixed gratings still4 Discussion

increases over the whole waveguide layer. Even for the TE

mode, a modulation ofAnsy) =~ 1 x 10~ is observed. We want to give a possible explanation for the decrease in
We investigated fixed, as well as unfixed gratings recordethe measured refractive index modulations near the surface of

at room temperature in the double-diffused waveguide 2the waveguides investigated. Several authors have proposed

Here the observed modulationangr) and (Angy), of un-  a model in which one assumes stabilizationFeft by the

fixed and fixed gratings, are shown together in Fig. 10. Therindiffused titanium [4, 13] found inLiNbO3 only in the va-

mal fixing works in the waveguide layer of sample 2, too. Aslence statdi**. This effect is especially pronounced for large

already pointed out, the distansehat the reading beam has titanium concentrations. The titanium concentration reaches

travelled through this waveguide is not exactly known, butvalues of aboul0?’ m~2 in the surface region of our wave-

the assumption 00.7 mm < s < 1.3 mm seems to be quite guides. However, the typical iron concentration of the sam-
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ples is much lower; we estimate valuesldf>m~3. So we pronounced decrease in the measured modulations for the TE
suppose that thEet /Fe** ratio of our samples decreases modes guided near to the surface. The large titanium con-
with increasing depth of the waveguiding layer. centration is assumed to be responsible for this effect. As
For LiNbOg3:Fe bulk crystals the relatiomns ~ ce+ IS @ consequence, one should adjust the refractive index profile
well established [14], wittAng as the saturation value of the of a LiINbOs3:Ti waveguide to be rather low, in order to en-
refractive index modulation of a holographic grating writtensure a nearly constant modulation of fixed gratings over the
at room temperature. This agrees with our measured data: thénole waveguide layer. Nevertheless, the obtained modula-
values(Angt) of the refractive index modulation decrease intions of thermally fixed gratings ihiNbO3; waveguides are
the region of high titanium concentration where B&" con-  high enough to allow devices in integrated optics to be real-
centration decreases. ized.
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