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ABSTRACT

A semi-analytical technique to determine the pr@@g constant of periodically segmented
Ti:LINbO3; waveguide (PSW) is described. The 2-D refractindex profiles of the waveguide
segments are computed from its fabrication paramsetich as, Ti-layer thickness and width,
and the diffusion parameters. WKB method is uséxhtsform 2-D refractive index profile to 1-
D lateral effective index profile, which is themeerted to equivalent refractive index profile of
the PSW. Finally transfer matrix method is applieccompute the propagation constant of the
waveguide.

Key words: Ti:LINbOj3, Periodically segmented waveguide, Effective-inde&quivalent
refractive index, Matrix method.

INTRODUCTION

There has been an increasing amount of interettanapplication of periodically segmented
waveguides (PSW’s) in integrated optics. To daeséhdevices have been reported in a number
of different material systems including proton-eaigged LiNbQ [1], KTP [2], InP [3], annealed
proton exchanged LiNb[4-6] and Ti:LINbG [7-9]. Application of PSWs ranges from
nonlinear devices, which uses quasi phase — matéaehd harmonic generation [2], to linear
devices like a 2-D mode taper [10], asymmetricaiomal coupler filter [11], and wavelength
demultiplexer [9]. In a PSW the increase in refractindex (An) is modulated periodically
during fabrication, as shown in Fig.1.
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Figure 1 Periodically segmented waveguide (PSW).

As a consequence of the segmentation, the loskengtide is increased and the effective
refractive index is reduced when compared to aicootis waveguide. A PSW is characterized
by its period,A, and duty-cycley (the ratio of the length of a segment and theoggeaf the
guide). It has been demonstrated that a PSW caepresented by an equivalent continuous
waveguide with same depth and width, in which therage index difference\() is taken to
be the weighted average of the index along the ggaipon direction. This is represented by
equation (1), [12]

An,, =n4n (2)

By choosing the duty-cycle, the average index carsfmtially modified along the waveguide.
The refractive index change determines the mode, szopagation constant and cut-off
wavelength of the PSW.

Periodically segmented waveguides formed by Tiffodion in a LINbQ substrate will have a
graded concentration variation along depth anddatdirections. In this work, the propagation
constants of periodically segmented Ti:LiNd@aveguides have been computed by applying the
effective-index-based matrix method (EIMM) alonglwequivalent waveguide concept. In the
first step, the depth and lateral refractive ingeafiles of each Ti:LINb@ segment has been
computed directly from its fabrication parametetgch as, Ti-layer thickness and width, and the
diffusion parameters. Effective index method hasnbapplied to transfer the 2-dimentsional
index distribution to 1-dimensional lateral effeetindex distribution. In the next step, the
average refractive index has been computed tofenatiee PSW into an equivalent continuous
waveguide. Finally, the transfer matrix method $edito compute the propagation constant of
the equivalent waveguide.

Theoretical Approach

Determination of effective refractiveindex of Ti:LiNbO3; PSW
In the case of Ti:LiNb@waveguides the Ti-concentration profile can beesgnted by [13]

C(x2) = %co [erf (%j +erf (%ﬂ
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x [erf (W+XJ +erf (Mﬂ (2
d, d,

where G is the solid solubility of Ti into LINb@ 2W andr are the deposited Ti strip width and
thickness, andydand d are the diffusion lengths along x and z axes efcitystal

The refractive indices of ordinary and extraordyneay, n, and R, of the congruently grown
LiNbO3 crystal, at room temperature (29, can be obtained using the modified Sellmeier
equations [14]
0.11768
nZ = 4.9048- -0.027169% 3
° IO.O4750—)I2j ®)

0.099169

n? = 45820~ -
(0.04432- 22

~0.0219508 (4)

wherel is the wavelength in um. The refractive index geimduced by Ti-indiffusion for both
ordinary and extraordinary rays are related taitaaium concentration for LiNb@as [13]

An,, (xz,4) = A, (D[C(x2)]" (5)

where A are dependent ok, andaye are 0.5 and 0.85 for ordinary and extraordinags.ra
Details of theh dependence of A are given in ref.[13], which are valid within theavelength
range 0.6< A (um) < 1.6. So by using equations (2-5) one can deterrtiire2-dimensional
refractive index distribution of the segment of eLiNbO3 PSW directly from its fabrication
parameters.

Now a waveguide mode exists only if the total tvemse phase shift (along Z) for one round-trip

across the guide equals an integral multiplempfi2., [15]
1/2

() e azea v q = 2

m=012,... (6)
This refers to the wave confinement over the Yzhelat a particular lateral position (x). The
first term is the total phase change of the wavie @avels between the crystal surface z = 0 and
the return point z = Zin the bulk and backd; and ¢, are Goos-Hanchen phase shifts
corresponding to total internal reflection at z =afid z = 4, respectively. For the LiNbg&air
interface,¢; is about -0.98 and -0.9& for TE and TM modes, respectively, abglapproaches
(-n/2) for both polarizations [15]. Equation (6) isdwn as the WKB quantization condition.
This leads to a set of discrete angles of propagatorresponding to different guided modes. So
by solving equation (6) numerically for the fundarte@ mode (m = 0) one can determine the
effective refractive index,cq (x), of the single-mode Ti:LiNb©waveguide. For the computation
of refractive index of equivalent waveguide for @0Pwith duty-cyclen one has to use equation
(2, i.e.,

neq(x) = ,7 nef'f (X) (7)

In the next step, thisep(x) is approximated by a staircase-type step-ingi@file and matrix
method is applied to that layered structure.
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Deter mination of propagation constant

The propagation constants of the Ti:LINDBSW'’s are here determined by matrix method. If the
medium is considered to be made of a number of$aigach of thickness dnd refractive index
n;), then for an incident plane wave in the firstdgythe electric field associated with each layer
can be represented as [15]

E, =u’ E"exp(ja, Jexd j{awt - (K, coss)) x—By]]
+u” B exp-jA,) ex j{at + (K cos)) x-By}] (8)
where
A =A,=0; A,=K,d,cod;;
A=K, (dz +d3)00394;

A=K, (d,+d; +---+d,;)cosF;; Ki=K

B =K, sing . (9)
E" and E; are the magnitude of electric field vectors assed with the downward —and
upward-propagating waves, respectively, afi@nd u, are their corresponding unit vectors, and

B is the propagation constant along the layers anthe same for all the layers, which is
consistent with the law of refraction.

Applying the boundary conditions at the interfacas obtains

E'l_g[B|z..255..5 [Ew
R

_1( expjd)  rexp(jd)
=Tt \nexp-id)  exp(-jd)

where

(11)

3 :(i—”jq d,codd,, i=234,....N.
S.1 is the transmission matrix from the (i-1)-th antth ilayer; r and t represent the amplitude
reflection and transmission coefficients, respe&tyivfrom the (i-1)-th layer to the i-th layer.
Using equations (8-11) one can determine the faeftplitude in any layer in terms of the

incident field amplitudé;".

The above method when applied to equivalent refimdhdex profile of equation (7) can be

used to determine the propagation constant of NlbO; periodically segmented waveguides.
Prism coupling approach has been applied for thpgse. Initially a higher refractive index

layer is considered as layer 1 and excitation iefficy of the guiding layer is computed by
matrix method for different incident angles. Outlod different incident angles only a single will
excite the guided mode in the single-mode wavegu@eactive index structure. Excitation

efficiency versus incident angle or propagationstant characteristics will show only one peak
for the guided mode, from which propagation cornstéinthe PSW can be determined. The
details of the matrix method are given in ref. [16]
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Computational Procedure and Results

Computational Procedure
The computer program written for calculating prgggon constant of Ti:LIND@PSW requires
the following parameters as inputs:

1. Tifilm parameters: thickness, strip width, gapvieen the segments, and length of segments,
2. Tidiffusion parameters: diffusion temperature,dirand ambient,

3. Beam parameters: wavelength and polarization (TH),

4. Computational parameters: sampling area (x rangange) and the layer thicknesses of the
discretised gyx) profile.

The first three sets of parameters are taken egattrication parameters of Ti:LING@GPSW,
while the x range and z range are taken as -15 forland 0 to 15um, respectively, for most
computations. A uniform layer thickness of 040t has been used. However, in order to reduce
the computation time without loss of accuracy, mofarm partitioning of g{X) involving a
fewer number of layers may also be considered.

The computational steps to determine the propagatemstants of Ti:LiINb@ PSWs are as
follows:

1. Computation of two-dimensional refractive index fpes, n(x, z), of Ti:LINbQ waveguide
from its fabrication parameters.

2. Computation of one-dimensional lateral effectiveldr profile, rg(x), from the two-
dimensional refractive index distribution by WKB thed.

3. Determination of equivalent refractive index prefitu((x), for the PSW from &(x).

4. Application of matrix method onto (4x) to determine the propagation constant of
Ti:LINbO3; PSW.

Following the matrix method outlined in previoustsen, the excitation efficiency is computed
for various values of incidence anglefrom first high refractive index medium (added) 6 <

01 < 9¢ to find the values of; and hencg [using equation (9)] for which excitation efficign
shows sharp resonance peaks. The gap between dled atedium and the boundary of the
waveguide is increased until the limiting valuesiadre obtained. The flow chart of the entire
computational procedure is given in Fig.2.
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Figure 2 Flow-chart for computation of the propagation constant of Ti:LiNbO; PSW.
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RESULTSAND DISCUSSION

The computed propagation constant versus gap betiee segments of Ti:LINDOPSW is
shown in Fig.3 for TM mode at 1.3{n transmitting wavelength. The
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Figure 3 Computed propagation constant ver sus gap between the segmentsof a Ti:LiNbOz PSW.
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Figure 4 Typical resonance peak of excitation efficiency versus propagation constant plot of Ti:LiNbO3; PSW.

length of the segments is taken aqu) It may be noted from the figure that as the lgetwveen
the segments increases the propagation constardages. This nature of the characteristic is
obvious from the fact that as gap between the setgmecreases, theqof PSW decreases and
hence propagation constant of the waveguide deesedg/pical excitation efficiency versus
propagation constant plot for gap @u® is shown in Fig.4, which shows a sharp peak atdig

the guided mode propagation constant of the PSW.

It may be noted that the present analytical mosleisable for both TE and TM polarized lights
for different sets of PSW fabrication parameterthini a wavelength range from 0.6 to 1u.
The method involves only straightforward multiptioa of 2x2 transfer matrices of the layers. It
does not require the solution of any transcendestalifferential equation. Iterations are used
only once to evaluate the effective refractive madé the waveguide. This makes the present
model very fast and simple to use with a PC. Thmpded propagation constant will be an
essential input for design consideration for sdv&®&8W components of optical integrated
circuits, such as asymmetric directional coupled 4-junctions.
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CONCLUSION

Propagation constants of Ti:LiNB@eriodically segmented waveguides (PSW'’s) arerdeted
from its fabrication parameters by effective indexsed matrix method (EIMM) along with
equivalent continuous waveguide model. The 2-Dargive index profiles of the waveguide
segments are computed from its fabrication parasie®¥KB method is used to transform 2-D
refractive index profile to 1-D lateral effectivedex profile, which is then converted to
equivalent refractive index profile of the PSW. &y transfer matrix method is applied to
compute the propagation constant of the waveguitl@s semi-analytical technique is
computationally fast and simple to use with a PC.

REFERENCES

[1] E.B. Pun, K.K. Wong, I. Andonovic, P.J.R. Laybouand R. De La Rudlectron. Lett.18,
pp.740-7421982.

[2] J.D. Bierlein, D.B. Laubacher, and J.B. Browppl. Phys. Lett56, pp.1725-1727,990.

[3] F. Dorgeuille, B. Mersali, S. Francois, G. Herves@r, and M. Filoch®pt. Lett., 20,
pp.581-5831995.

[4] M.H. Chou, M.A. Arbone, and M.M. Feje@pt. Lett.,21, pp794-7961996.

[5] K. Thyagarajan, C.W. Chien, R.V. Ramaswamy, H.SnKand H.C. Chend)pt. Lett.,19,
pp.880-8821994.

[6] D. Nir, S. Ruschin, A. Hardy, and D. Brool&gectron. Lett. 31, pp.186-1871995.

[7] D. Nir, Z. Weissman, S. Ruschin, and A. Har@yt. Lett.,19, pp.1732-17341994.

[8] J. Webjorn, F. Laurell, and G. Arvidssah,Lightwave Technol7, pp.1597-16001989.

[9] Z. Weissman, D. Nir, S. Ruschin, and A. Hardppl. Phys. Lett67, pp.302-3041995.

[10] Z. Weissman and |. Henddl, Lightwave Technol13, pp.2053-2058,995.

[11] Z. Weissman, F. Saint-Andre, and A. KevorkiBnpc. ECIO’97,pp.52-55, (April1997).
[12] D. Ortega, R.M. De La Rue, and J.S. Aitchisdnlightwave Technol16, pp.284-291,
1998.

[13] P. Ganguly, D.C. Sen, S. Dutt, J.C. Biswas, and &aKiri, Fiber and Integrated Optics,
15, pp.135-1471996.

[14] D.S. Smith and H.D. Ricciu§pt. Commun.17, pp.332-3351976.

[15] P. Ganguly, J.C. Biswas, and S.K. LahKiper and Integrated Opticsl7, pp.139-155,
1998.

[16] A.K. Ghatak, K. Thyagarajan, and M.R. Shendy,Lightwave Technol5, pp.660-667,
1987.

Pelagia Research Library 144



