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Abstract. The optical properties of waveguide layers produced by Ti, Zr or Hf dif-
fusion into LiTaO3 have been studied. A model of mass transport in Ti:LiTaOy
system taking into account the prolonged existence of Ti source on waveguide surface
has been proposed and confirmed by experiment. A method for controlling the Li/Ta
ratio in LiTaO, crystals by birefringence measuring has been developed. The depen-
dence of Ti:LiNbO; and Ti:LiTaO; waveguide characteristics on crystal stoichiometry
has been found and explained.

Pesiome. Omnpefie/ieHbl ONTHYECKHE XapaKTePUCTHKU BOAHOBOJHBIX C/IOEB, MOJYYEHHBIX
muddysuein Ti, Zr, Hf B LiTaO,. [Ipeanoxena 1 5KCepUMEHTA/ILHO MOATBE P AEHA MOAEAD
macconepenoca B cucteMe Ti: LiTaOg, yuntpisaomas AnurenbHoe CyiiecTBoBaHue (gek-
TMBHOTO WCTOURMKA TWTAHA HA MOBEPXHOCTM BOMHOBOAA. [Ipemnoxen MeTox KOHTPOIS
coctaBa monoikek LiTaO; no asyayuenpenomienuio. O6HApYHeHAa W HHTEPIPeTHPOBAHA
3aBUCHMOCTh MapaMeTpoB BoanoojoB tuma Ti:LiTaOy u Ti: LINDO; or cocraa noa-

JIOXKKH.

Lithium niobate (LN) is now one of the most widely used material
in integrated optics because of its favourable electrooptic properties and commercial
availability. However, the photorefractive index changes in Ti:LiNbO; waveguides
give rise to a long time drift of device parameters in particular at visible and near
IR wavelengths [1, 2].

On the other hand, since LiTaOj, (LT) resists “optical damage” by about two orders
of magnitude as much as that of LN, it seems to be a more attractive material for
optical devices.

From the practical point of wiew the waveguides fabricated by Ti-diffusion in LT
are interesting because of their low level of losses and high index increase (~0.02)
in the visible region of spectrum. Although this method of waveguide formation
has been available for more than a decade [3], the principal parameters of such layers
are still unknown.

The mode dispersion in diffused planar waveguides is defined completely by the
profile of the diffusing substance and the dependence of indices increase on the admix-
fure concentration. With the aim of choosing the diffusion model, that is able to des-
cribe the real process of mass transport, and finding the correlations between the Ti
concentration and the index rise, the effects of fabrication conditions on the refractive
index profile of planar Ti:LT waveguides has been studied. As demonstrated in [4],
the increase of extraordinary Arn, and ordinary An, index of LT is a linear function
of the Ti concentration. If the diffusion time is long enough, the profiles of An and
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Fig. 1. The dependence of Ti-diffusivity D% in ¥ and Z-cuts of LT on temperature
Fig. 2. The dependence of M#/M on K: O — Z-cut; @ — Y-cut; 1) K*=40; K¥=50
Fig. 3. The dependence of D¥/D on K: O — Z-cut; @ — Y-cut; 1) K#=40; 2) K¥=50

Ti concentration can be approximated by a Gaussian function. The titanium diffusivi-
ties D* in Y- and Z-cuts as a function of temperature are shown in Fig. 1. One can
see that noticeable anisotropy of D* is absent. The activation energy of the process
is equal to 2.6 eV, that is near the corresponding value for the Ti:LN system.

In the initial stage of the reaction a compound is formed from the TiO, and
various components in LT and further this surface film acts as a continuous source
of Ti, that results in deflexion from the model of diffusion from the instant source.
Figures 2 and 3 show the dependences of the indiffused fraction of titanium M* and D* on
K=0/h, where 0 is a diffusion length and % is an initial thickness of Ti. There are
functions calculated on the base of the diffusion model, that take into account the pro-
longed existence of Ti-source on the waveguide surface [5]. Using the expression derived
in [5] for the dependences of M*/M, where M=p, p is Ti density, and D*/D* where
D is a real diffusion coefficient, on %, one can estimate the applicability of the instant
source model for the discription of Ti diffusion in LT. The condition M*M=079 is
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Table 1 satisfied, if K=K*=\n p/c*, where c* is the
upper limit of solid solubility of an admixture.
Cut Y Z The condition D*/D=0.9is satisfied if K=2K*.
The parameters of Ti diffusion in LT defined
with allowance for the above mentioned limi-

T° .

KC 132? lng tations are shown in Table 1. As the upper
¢y%, kg/ms 180 180 limit of Ti solubility in the waveguide layer
¢, kg/m? 200 200 ¢t and the corresponding quantity ¢* in TiO,: LT

DX10Y, myS 53403 76403 ceramic are similar, it can be supposed that

the decrease of Ti content during surface
doping corresponds to the transferrence nearly in parallel with the composition
line TiO,-LT considered in the ternany diagram LiyO-Ta,O5-(TiOy),.

Physical mechanism causing the refractive indices variation in doped layers of
lithium niobate and tantalate are of considerable interest for the fabrication of a wide
variety of a waveguide structures and, in particular, for the conscientious search of new
admixtures.

According to [6], there are three possible mechanism for the waveguide formation
in ferroelectrics, are follows: due to increased electronic polarizability (or molecular
refraction) R by doping, due to decreased spontaneous polarization P; of the doped
crystal, and due to the photoelastic effect. The relation [7] between P, and Curie
temperature 7:7>~BP?, where B~3>10%deg.m*/C, will be used later. If 7, and cell

parameters vary in direct proposition to the molar fraction of an admixture y, then,
taking into account the condition An<n, we can write [8]:

Alle,o'——Ae,oy

A _ (mo+2p AR me AT np .3
e = gV vy 2B#8 2 Par—ys

A _ ot AR _n AT, M
0= "EnV v 58 813 v 5 Pu 3

where V is the molar volume of LiTaOj g;; are the quadratic eletrooptic coefficients,
v, are the photoelastic coefficients, and Q is the quantity corresponding to elastic
deformation [9].

To calculate the refraction term, it is expedient to use the molecular refraction
of suitable oxides since the ion refraction of the elements is strongly dependent
on the ionicity of chemical bounds. The variation of 7', and cell parameters as a func-
tion of y can be obtained from the ceramic data. The calculated values Ao and
those founded by experiment for a few LT-based solid solutions are shown in Table 2.
The experimental values of A. are in the last column. All data are for wavelength
equal to 632.8 nm.

One can see that the concurrence of theoretical and measured values of A may be
qualified as semiquantitative.

The first line of Table 2 collects the separate terms and the summary values
of Aeo calculated for the stoichiometry deviation of LT indices. Figure 4 shows
the variation of the LT indices and birefringence with decreasing lithium content.
To analyse the magnitude of every term, it is evident that the n, should increase mainly
induces by the p, decrease with Li depletion, but the n, constancy takes place as a con-
sequence of the compensation between all the three increments.
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Fig. 4. The dependence of indices and birefringence
of LT of T.: a) iy; b) 4,5 ¢) An; A— data from [10,
11]

It should be noted, that the measurement of birefringence is in itself a fairly
precise and undestructive determination of relative stoichiometry for LT once a plot
such as that shown in Fig. 4 is obtained. The sensitivity of this method is ~0.1mol 9/, Li.

The careful examination of Table.2 leads to same interesting conclusions:

— Titanum produces the most effective index increase in LT among the elements
of IV sub-greup.

— The decrease of A., during the transition from Ti to Hi is induced, firstly,
by the attenuation of the admixture influence on p,, and secondly, by the reduction
of the refraction variation. ' ‘ : ’
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The above mentioned expressions can be used to analyse the dependence of Ao on
the substrate stoichiometry in waveguide layers Ti:LT and Ti:LN. Figure 5 shows
the results obtained on the variation of Aeo and D* of titanium with molar fraction
of lithium z in a substrate that was estimated at the birefringence value.

The possible reasons for A decrease with Li content depletion were analysed using
the available data for the Ti:LN system. It was found that the dependence of Aonz
is defined on the whole by the polarization induced term because of the slowed-up
decrease of T, by titanium doping in Li deficient crystals.

The numerical estimation of dispersion characteristics of Ti:LT wavequides shows,
that, if the lithium content in substrate will drop to 0.5mol¢/,, the Ti diffusivity will
increase to ~219/, and A, will decrease to ~199/p. As a results of this, the difference
between the effective index of fundamental mode and the substrate index will change
to ~300/,, with a dramatic impact on the device performance through the change of mode
size in the waveguides.

Thus, in this work we have obtained the data set that are needed for the fabri-
cation of Ti:LT waveguides with predetermined properties. It was demonstrated, that
the stoichiometry of crystal substantially affects the reproducibility of the waveguide
characteristics.
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