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FLECTRICALLY INDUCED STRIP WAVEGUIDE MODLS
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Numearical resuits of e dispersion charautensiivs an
wavcubde with gaussian refractive inden depth protil
franssyerse energy locatization.

t, Intruduction

Recontly Yamamoto et al, [1] have demonstrated
experimentally that light can be conbined nte 2 thin
film only by a partial cladding with metal sicips. Far-
field pattern of several transverse modes have been
demansirated using ALO; tayer on a 5iQ,./Si-sub-
strate In the same time, an electaeally induced op-
tical '.‘-.':n\fc"u*'dc has been fooned using a par of

deciredes deposited on electrooptic single crysials.
ne applied veliage (=4 V/um in the case of
LiNbQ; (2] and 3 V/um in the case of RNBO; 13})
provides cut-ofi modulation.
ing the pure Lia\'bD‘ substrate with a
wavesuile, such electrooplic c!(cct can
al much lower voltages {+]. duc o the
'mt ion in the guide depth. [t is worth not-
ronis case both the amphiede and the phase
ne Laidod light prop: 1eaiing in the clectrode gap
faciive amplitude modulation

cor e c‘nw:cu An efive
and beum-spiitting have been demensirated in ref.

The purpose of this paper is to investigate the

characieristics of clectrically induced strip wave-

ouide transverse modes. The influcnce of the metal
slecirodes and the appiied voliage on the effective
ractive indices and the ficld distribution of the
modes are discussed in deml

ol
el
T

PR AL

td dstrthation of the transverse modes of an clectrically induced strip
vee presented. Cut-off conditions are discussed in connection with the

2. Presentation of the physicul prohtem

The structure under consideration is presented
schematically in fig, 1. The waveguide and electrode
parameters at wavelength £=0.6328 umare piven in
table 1. We have considered a planar Y-cut Ti: LiNDO
waveguide with a gaussian refractive index profile

() =i, +Anesp(—1yi/ D7), (t)

where 2 s the wavepuide eftective thickness, i, and
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Fig. 1. An clectrically duced channel in Tiz LilNbO, planar
wavegunde.

Table i
Struclure paramelers

waveguide clectrodues
no=2.2003 w30 pm
An=0.0016 =30 pm
D=09um L=3mnm .

HC.“ =2201%5
my=220160
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Ny, are the refractive indices at the suelace and of the
substrate respectively and Au=n,~m,. The set of
waveguide paramzaters provides the existence of only
the TE, depth mode with an effective refractive in-
dex adi An applied voltage 7 butween the (wo elee-
trodes increascs the waveguide refractive index
according to

ANy DY mra? [ s 7 (

L)

)

where the ciectric fickd distribution is given by [5}

L.

L.’
u}\ (e7d) Re{ [ 1= (/) T [1= () J]” b
(3)

where K is the elfiptical integral of the fiest kind, and
r=z41y.

In the efectricadly induced strip waveeuide, Hght
iends to propagate in the gap between the clectrodes
because of the “+An"-channel formed by the ad-
ditive influence of the metal cladding Andy 2nd the
electrooptic effect Anliy. Therefore the external elec-
tric ficld can be used to enhance the optical strip line
efiect. The shape of the Iateral refractive index pro-
file is similar to that of the so-called W-tibers, where
a high index core is surrounded by two lavers with
d?.“"c reql indices. Tow symmetric potential barriers

und the central gap are formed under the metal-
clad regions. Such a systemn {3 a self-filtering wave-
guide [6] which leoses the higher-order modes. [n
our configuration all modes are more or less luak\
he fundamental one being the best confined. Thus
the ¢hanned contains a small amount of modes with
effective mode indices nit>ndy, where nli=
new— Andly is the depth mode effective index value
under the metal laver.

3, Numerical procedure

Since in the presence of clectredes the refractive
index distribution is a function of two variables, ¥
and z, the problem becomes two-dimensional (-5,
A set of 2-D partial ditferential equations can be
soivcd rigorousty by a 2-D numerical integration us-

g e finite-difference method. [n the case of small
fateral refractive index ﬂuuuauons however, the
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method of effective relractive indizes (7] can be upe
plicd cfficientdy for a step-indes distribution. dn ar-
der 1o suit o the case of gradient indey profiie, we
have combined the effective index tmumd ~ith the
matrix method, used for analysis of multilayered
planar waveguides [ 81, The caleulation scheine is the
following. .

(1) The gaussinn refractive indes profile of the

- planar waveguide is represented as o step-like Vayer

structure. Its mode propagation constant is calcu-
[ated by a matrix method [§]. Table 2 shows the
convergence of the mode effective index to #)y of the
inittai gradicnt waveguide as a function of . Furth-
cron in the calculations we have taken & = 100,

(ii} According to egs. (2) and (3}, the appiied
voltage changes the refractive indices of each of the
N favers in the z-direction. A depth mode index has
been calculated for cach value of = in the same way
as for U'=0V, using the corresponding modified val-
ues of #(1n 2). The interval ze { = 50,50] has been
divided into 1000 parts. )

{iti) Representing the depth mode index distri-
bution in - as a stack of {000 lavers, the matrix
method 1s applied for the caleutation of the trans-
verse mode indices and Nelds.

(iv) The procedures (ii) and (iii) are repeated.
inserting another valuee of L

Two peculiarities have 1o be pointed out.

(1) Due to the complex refractive index of the alu-
minym, the mode effective indices are complex too.
Thus the exleulations of the zero of the characteristic
matrix have to be performed in the complex .-
plane. The most powerful method for the scarch for
zerocs proves 1o be Newton ilerative procedure, gen-
eralized for complex variables.

Tabie 2
Convergenee rie
Y Hednly)
4 220078
1 220264
20 2202350
] 2202135
Hi 22008
50 120196
90 220193
160 220193
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(i) In the investignted region of L'e0-60 V the
depth mode propagation constant is practically alin-
ear furction of U and can be represented in the form

mals C) =il eyt Ui/ d U, (1)

This fact facilitates to a great extend the catculation,
sitce only the values of dn, wl 0 U as a function of -
are suiTicicnt, calculated oniy at a certain valuc of U

4. Resulls

Fig. 2 shows the influence both h of the metal coat-
inz and the clectrooptic ¢ifect on the depth mode ¢f-
[ective index. The great negative real part of the Al
diclectric constant diminishes the depth mode effec-
tive indax and leads to the parlial'localimtion of the

optical field. On the another hand 10V across 10um
cecirode distance provides an index variation
Anfe= 107 which is comparable (o £ Anty, associated
with the metal overlay. An important featurd of the
siructure in fig. 2 is that mainly even modues with
mavimal field amplitude along the guide axis can be
excited. Applying higher veliages, nit increases and

me or the leaky modus can pass Lo the norm al ones

yehavior of 125 and w calculated as a funciion
‘i displayed in fig. 3. At low voltages the second
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Fig 2. Real part of the depth mode eilfeciive inces Jdistribution.
Dushed sueve, U=0 V: solid curve, U=10Y,
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Fip. 3. Vanauon sl the transverse mode indices iy {with hdotted
cure ) and 2 (with dashed curve} asa function of v applicd
volizgs, The maximum refeactive index change is show nowith solid
Cunc:

on mode is leaky, but at Uz 20V its ctivetive in-
dc.\' exceeds the critical level
More impressive is the picture of the mode fields,
given in g, 4. The fundamental mode remains well
conlined in the voliage interval 0-60 V, but the cv-
alution of the sccond even mode is drastic, lis ficld
amplitude flows to the clectrode gap center rather
quickiy, making the coincidence with the fundamen-
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Fig. 4. Opucal mode intensity distribution of an clectrically in-

duced strip waveguide, Solid curve, TE. mode: dotted curve, TE,:
mede.
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tal amplitude moré compleie. [t must be pointed out
ihatcut-oft conditions ¥ > il is nol a FIZOTeUs one:
Jnfact truly bound between the clectrodes are modes
characterized with nhi=> nly, the enly modes ihat are
not Jcl,aud towards - Foo. Nevertheless, if
nife> nll, the mode ficld is located near the clec-
trode gap and as its effective index grows up the en-
crgy Tlow towards - — = oc becomes more and more
neglectible. Morcover, since the depth of the svm-
metrical potential barriers under the clectrodes in-
creases with U, even modes with nftx~p® are
ceafined. In fact the most impartant criterion is the
ratio between the “bounded™ and “radiated” encrgy,
In fig. 5 the transverse distribution of the inlensity
of TE( » 1oGe is shown in the region 0<0°<20 V.
¢ fo! lu‘\-lﬂ‘* conclusions can be drawn:

(i" for U'=0 V the value of the intensity maxi-
mum is corparable with (he intensity of the ra-
dizted ficld (the ratio not exceeding a value of 1)

(ii) above L= 10 V (hat ratio exceeds 10 and the
radiated energy can be neglected, in comparison (o
the bound one between nd below the clectrodes,
though for U<30 V 1% <k Morzover, a peak in
the center region is formed and it can interfere with
the field of TEy mode, depending on their phase
difference.

Itis well known that the modos of an infinite-le !.g, i
waveguide can not interfers with each oiher becaus
of their orthogonallity. The presence of a phvsi :.I
boundary (or the waveguide edge ). however. cancels
this requirement. The interference between the even

T ey
i
— 50 — 25 c 25 30
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Fiz. 5. Transverse distribution of TE,,; mods intensity for U=9
V. U=10Vand U=20V,

[
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maodes results in osciflations of the output ISy
with a hizh extinction ratio. Thus an amptitude
madulation can occur at the end of the electrods ro-
gion in x. [T the length of the electrodes is £ and if
weassume a constant and optimum excitation con-
ditions for both TE,, and TE,.. modes. the auipul
intensity would depend on the dificrence beiwscn
their phases after a path of L along the clectrodes,

Ap{U L) = (2a/2) [0 (C) =i ()1 {3
Assuming an independence of the initial phase dif-
ference A (L. 0) on U, the voliage change AL nee-
essary o obtain a transition from a minimum 1o a
maximum is defined by

AU+ AU LY = Ap(U, Ly=17. (6)

The results presented in fig. 3 allow us 1o assunie that
1 is practically independent on U in comparison
EHE

with the ¢change of #95. In that case condition (6}
can be represented as

NEU+ AU) (L) =3/ 2L . (7)

Numerical results (fig. 3) enables us 10 interpolate
nhy as a lincar function of L,

W (LY =n"(0Y + 40, TSy
with
gL IxI0-3{v-1} - , (9)

Substituting of {8) and (9) ineg. (7) \\uh) =0.6328
um and L=3 mm results in

A=if2ql =515V, (10}

To iltustrate that phenomenon a waveguide with
the same parameters as in table | was prepared. When
a DC vollage is applied 10 the clectrodes, a sequence
el maxima and minima of the cutput intensity has
been observed (fig, 6). A saw-100th generalor was
used as a voliage source. The outpul intensity was
measured with a detector Jocated in the center of the
pa-lines picture. A maximum modulation cfficiency
up 1o 93% was achieved under optimum excitation
conditiens. The half-wave voltage was estimated 1o
be about 7 V. in a good agreement with the theo-
retical value {10),
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Fia. 6. Modulator response: upper trace - detected hight signal,
lower irecs - modulating siznal,
. Discussioa

[¢a weak non-linearity of a%H{ L) and a slow vari-
ation of 2% (L) are taken into account, a small
change of the tafl-wave voltage AL with increase of
[ can be expected. Higher modes excitation would
have a weak influence on the process. Loo.

Despite the obtained agreement between the the-
oratical and experimental values AL we refrain from
the conclusion that there is a quantative, rather than
gualitative experimental confirmaiicn of the theo-
serical considerations, because of the existence of one
question thal nesds further wnvestigations: In order
1 achieve a great vatue of the modulation depth in
the entire voltage rangs (fig. 6). the central peaks of
TEq and TE,. mode fields have to be almost iden-
tcal, contrary 1o fig. 4 and fig. 3. There are two pos-
sivie explanations.

{i) Erom an ¢xperimental point of view: if the ex-
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citation conditions are more optimal 1or TE,, made,
1t would compensate tee grc;-.lc'r vitue ol TE,., [rekd
ai z=0.

(i) From a theorctical point of view: the wave-
guide parameters (An=0.0016 and =09 pm) in
the caiculations mav not correspond exactly to the
experimental ones, atthough 2l is the same. Fur-
thermore. if the imaginary part of the refractive in-
dex nyg of the metal electrodes has a higher value {ay,
depends on the deposition process), the clectrodes
can have a stronger influence on 22, thus TE,, can
be mare confined between fheom even without ap-
plicd voltage.
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