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Optical Multimode Interference Router in
Sol-gel Waveguide with a Liquid Crystal Cladding

LUIGI SIRLETO, GIUSEPPE COPPOLA? and
GIOVANNI BREGLIO?

I.R.E.C.E.-Research Insitute for Electromagnetism and Electronic

components-CNR, Via Diocleziano 328, 80124 Naples, Italy and

2Department of Electronic Engineering and Telecommunications,
University ‘Federico I, Via Claudio 21, 80125 Naples, Italy

The self-imaging principle has been applied in the design of a novel
configuration for an electro-optical router, working at the wavelength
of 1.55 micron The device is composed by: a single mode input optical
channel waveguide; a bimodal active region, having a liquid crystal as
over-layer; an output Y branch, to separate the two output channels.
The active region is designed to allow a g shift between the two modes
that it supports, by means of electro-optic effect of smectic A*, in order
to steer light from one output channel to the other one.

In this paper, for the first time, the performances of an electro-optical
router, based on the multimode interference effecs together with the
electro-optic effect of smectic A* liquid crystal, are theoretically and
numerically discussed.

Keywords: itegrated optics; electro-optic devices; routing devices;
paraelectric liquid crystals; self imaging principle

INTRODUCTION

Today’s evolving telecommunication networks are  increasingly
focusing on flexibility and reconfigurability, which requires enhanced
finctionality of photonic integrated circuits (PIC’s) for optical
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communications. In addition, modermn wavelength demultiplexing
(WDM) systems will require signal routing and coupling devices to
have small dimensions and improved fabrication tolerances in order to
reduce process costs and contribute to large-scale PIC production.

Integrated optical devices based on multimode interference
(MMI) effects fulfill all of the above requirements. Their excellent
properties and easy of fabrication have led to their rapid incorporation
in more complex PIC’s such as: MachZender switches [1]; modulator
[2]; coherent receivers [3]; and ring lasers [4].

On the other hand, n recent years several authors suggested and
demonstrated the possibility of using Liquid Crystals (LC’s) materials
to control the light propagation in optical guiding devices, as planar
waveguides or cylindrical fibers[5-11]. The main features of LC’s, such
as: the high sensitivity of their optical response to an applied electrical
field or an optical field, their ability to be micro manipulated, their low
cost and the possibility for integration with silicon circuit technology;
make them particularly attractive in designing integrated optics
components.

Routing devices do not require very high switching time
performances but have to guarantee low optical insertion loss and quite
good performances in term of crosstalk. It is worth to note that routing
devices, based on different materials and physical effects, have already
been presented in literature [12-15]. However, at least in our
knowledge, routing devices based on liquid crystals have never been
analyzed. So, in this paper, a novel configuration for an integrated
router, based on the mode-mixing principle together with the electro-
optic effect of a smectic A* liquid crystal [16-22] and working at the
wavelength of 1.55 micron, is theoretically discussed and numerically
analyzed, for the first time. Exhaustive details about the design together
with the description of the optical behavior of device will be given.
Numerical simulations have shown that thc router cxhibits satisfactory
performances.

THE SELF-IMAGING PRINCIPLE

The principle can be stated as follows: Self-imaging is a property of
multimode waveguide by which an input field profile is reproduced in
single or multiple images at periodic intervals along the propagation
direction of the guide [23-27].
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The central structure of an MMI device is a waveguide designed
to support a large number of modes (typically 2). In order to launch
light into and recover light from that multimode waveguide, a number
of access (usually single-mode) waveguides are placed at its begnning
and at its end. Such devices are generally referred to as NxM MMI
couplers, where N and M are the number of input and output
waveguides respectively.

Self-imaging may exist i three-dimensional multimode
structure. However for step-index waveguide, which are, in general,
single-mode in the transverse direction, it is justified to assume that the
modes have the same transverse behavior everywhere in the waveguide.
So the problem can thus be analyzed using a two-dimensional (laterat
y axis and longitudinal z axis) structure without losing generality. The
analysis hereafter is based on such 2-D representation of the multimode
waveguide, which can be obtained from the actual 3-D physical
multimode waveguide by several techniques such as the effective index
method.

The propagation constants [, of the modes, supported by a
multimode waveguide (MMI section) with slab effective index of

refraction N and width /7 show a nearly quadratic dependence with
the lateral mode number v:

) oli +1)
dg; = kg N _(;T) (1)
o

which follows from ki +k22 = kg]vz\x/lth k: = dO[ P ky = (l ;1)6 s
k, =i_”, the fact that 4, is close to kN and from the definition of
0

beat length 1, = — = [25,26].

ﬂoo_ﬁm

The total lateral profile h\_( y,z) at any z position in the MMI
section can be written as a linear combination of the fields 7, (y) of
the M guided modes:

M-l

h.0:2)= Yeih, (exple sy 2) @
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where the coefficients ¢, determine the relative contribution of each

mode. In particular, the total lateral field profile at the entrance (z=0) of
the MMI section is:

M-1

he(v.0)= 3 e by (v) 3)

v=0

which reflects the decomposition of the input field profile into all
guided modes.
Using the propagation constants given by (1), the total lateral

field profile at the end ( z=1,,,) of the MMI section can be found
from
. , M- O +1)L
h 0 Lypa) = exp(f JkoN LMM1)Z(' h (v )exp[ J % (4)
=0 2

Inspection of the phase factor leads to the results (5) where q is
an integer number and the overall phase factor exp(— jk,NL,,,) has

been dropped.
M1
201 hyi (v) = hy(3,0) Ly =(29)3L,
(=0
M-l » .
h (%L ym)= Z(-l)‘+ eih ()= h (= 0) for Ly =(2g+1)3L, (5)
i=0
(=17 +1 i(=1)7 -1 1
j(+hx (»0)+ j(+hx(_ ¥0) Ly = (CI + E}La

The even and odd symmetry of the modes can be used to rewrite
the previous results in terms of the total lateral field profile at the input.
These results show that:
when L,,..,=(2¢)3L, the field at the entrance is reproduced at the end
of the MMI section (self-imaging effect) and the router is in the bar
state;
when Ly, =(2¢g+ 1)3L, the field at the end of the MMI section is an x
z plane mirror image of the field at the entrance, and the router is in the
cross state;
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when L= q+% L, the field at the end of the MMI section is a

linear combination of the original field at the entrance and its xz plane

mirror image with a relative phase of m/2. So a two-fold image is
obtained.

STRUCTURE, WORKING PRINCIPLE OF DEVICE AND
NUMERICAL REULTS

The router is composed by: a single mode input optical channel (rib)
waveguide; a bimodal active region, having a liquid crystal as over-
layer; an output Y branch, to separate the two output channels. In figure
1 the structure of our router is reported.

ITO Electrodes

Output Y-branch
~

Guiding film Mode-mixing region

' Input waveguide
Glass substrate .
Liquid crystal

Glass superstrate

FIGURE 1 Schematic top view of the device.
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The device may be built in silica-titania glass, by using a sol gel
deposition, on a glass substrate covered with an indium tin oxide (ITO)
layer. The refractive index of the glass substrate is ng,=1.516. The
thickness of the ITO layer and its refractive index are: tj;o=20 nm;
nro=1.9. The thickness of the ITO layer has been chosen n order to
have negligible effects on the modal behavior [6,8]. The guiding film,
having the refractive index num = 1.670 at the wavelength A=1.55 um,
may be built by sol-gel technique [28, 29].

In order to obtain the single mode input waveguide, a 3 pm
wide and 12 pm etched rib waveguide may be built in a planar
waveguide, having the thickness: t=3 um. Using SELENE [B0], for the
calculation of the two-dimensional field profile in cross-section of the
waveguide, a clear single mode behavior has been obtained. In the
active region, a good confinement of both the fundamental mode (quasi
TE,) and the first higher mode (quasi TE,;) has to be guaranteed. On
this account the width of the waveguide is doubled, thus obtaining a 6
um x 3 ym rib waveguide. On the surface of the active region a thick
layer of smetic A* liquid crystal (thickness > 5 um) is placed. This
latter is covered by a glass substrate, coated with ITO layer (see fig. 1).
The two ITO layers constitute the electrodes to apply the electric field.

In chiral orthogonal smectic A (A") the optic axis lies in the
direction of the smectic layer normal in the field-free state and, by
applying an electric field £, the optic axis is forced to tilt out of this
state by an angle @Q(E) in a plane perpendicular to the field itself
(electroclinic effecty [17-21]. Achievable tilt values are about 10
degrees and in about half of this range @ can be considered linear in the
field. The deflection of the optic axis occurs in the opposite direction
when we reverse the sign of the field. The most striking properties of
the electroclinic effect are: its linearity versus the applied field; its very
fast response time (sub-microsecond range), which is independent of
the applied field. These appealing features of electroclinic effect are
counterbalanced by strong temperature dependence. In order to obtain
the best performance of devices based on this effect a constant
temperature must be imposed. This limitation can be easily overcome
utilizing, for example, thermoelectric module based on Peltier effect.

Finally, the output Y-branch is realized by two S-bend
waveguides, which are able to select one of the two output states of the
active region. Both the waveguides of the branch are designed to
sustain only the fundamental mode. Thus, these S-bend waveguides are
3 um x 3 wm rib waveguides with a lateral etching of 1.2 pm, a radius
of about 10 cm, do=0.3° and an offset of 20 um (see fig. 1).
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Working principle of device

How we can see from figure 1, he input waveguide is asymmetrically
coupled to the active region. In this way, the fundamental (the quasi
TEyy) mode coming from the input waveguide can excite both the
fundamental mode and the first higher order mode in the active region,
namely the quasi TEqg and TE,; modes, respectively. These two modes
spatially interfere upon propagation in the active region, leading to a
localized output power emerging on one of the two output sides. The
length of the active region is designed to ensure that an additional &
phase shift, between the two propagating modes in the active region,
allows steering the light on the other side of the output.

The desired phase shift is reached by means the molecular
reorientation of liquid crystals over-layer, induced by an electrical field.
The change in the refractive index of the liquid crystal implies a change
of the propagating characteristics (effective refractive indices) both of
the fundamental mode and of first higher mode traveling in the active
region. So the light can be steer between the two output sides of the Y-
branch, simply switching the sign of electrical field applied on the
liquid crystal

In order to determine the length of the active region, the
following equations system has to be solved:

©

koAn,, L=g0
kyAnge L=(q+1)d

where An, and An, are the difference between the effective

indices of the two propagating modes in the cross state and in the bar
state, respectively; L is the length of the active region and 4is an

integer. The shortest value of 7., solving the system (6), is:

1 g -

L =—_ = —
ky Angg o =Aheg, . 2 ANcrosspar

(7)

where k,=2g/) is the vacuum propagation vector, A=1.55 ym is the

working wavelength and A n., ¢q »,» = An rs — Mo
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X
’ Smectic layer normal

FIGURE 2 Operating principle of the LC/router.

For the configuration of our electro-optical router a planar
alignment with the smectic normal layer tilted of an angle equal to 6,
with respect to z direction (free state in fig. 2) has been supposed. By
applying an electric field, the LC molecules tilt in the plane of
waveguide (the y-z plane as depicted in Fig.2) letting the angle between
the average molecular optic axis and the incident beam direction 9 to
change. In such a way, being the molecules aligned parallel to the
confining glass waveguide and referring to a TE mode as input field,
the electro-optic effect turns into a modulation of the LC extraordinary
refractive index and the output polarization is still lincar.

The well-known extraordinary refractive index dependence on
the angle ¢ between the optic axis and the incident beam direction is
given by:

n, () = n, n, (8)
e \/nfsinz(l‘})+nfcos2(19)

where n, is the ordinary refractive index and n. is the extraordinary one.
In particular, by applying the following voltage values: V., and -V ..,
tilt angle +Byax and -By, arc achicved. As a consequence the following



Downloaded by [University of Haifa Library] at 09:08 14 August 2012

OPTICAL MULTIMODE INTERFERENCE ROUTER... 115

values for the refractive index of the liquid crystal over-layer,
according to eq. (8), are obtained : ny(=0)=n, or 1.3 =26ma)
depending on the device working condition (the cross and the bar state
respectively).

Simulation rcsults
In order to simulate the router working, a commercially available
smectic A* liquid crystal (BDH764E [from BDH catalog]) has been
considered as cover of the active region This liquid crystal presents, at
wavelength A=1.55 pm, an ordinary and an extraordinary refractive
index equal to 7,=1.50 and #.=1.65, respectively, and a maximum value
of the tilt angle equal to 8,,,,=10° [22].

As evident from (7), in order to obtain a short optoelectronic
device, a maximization of the difference
has to be achieved By means of

Ancross-par ™ Bleg, — Ay
SELENE software, simulations for the calculation of the two-
dimensional field profile in cross-sections of the active region have
been carried out. In the cross state, according to realized alignment, the
supported modes of the active region (TE,, and TE,,) experience the
ordinary refractive index of liquid crystal over-layer, so a
Aneffcmss=8. 19.10° has been obtained.

In order to determine the length L of the active region, the A4
for the bar state relative to a tilt angle of 2-6,,, has to be evaluated.
According to cquation (8), the refractive index of the cover of active
region is n.=1.5154 at tilt angle of 20°. The consequent variation on the
propagating  characteristic of the active region involves a
A, -8.0810%,  which  established a  Anqppepe=l-1107%
Consequently, the length L needed to guarantee the additional rr shift,
in order to steer the light on the other side of the output Y-branch, is of
about 7200 pm. In fig. 3 the spatially interference upon propagation in
the active region is shown in both cross and bar states.
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Length [mm)

BAK state

* jm]

FIGURE 3 Beam propagation inside the device in cross and bar state.

In fig. 4, the ficld distribution presents on the two output
waveguides is reported in both states [30]. For the proposed
configuration an overall crosstalk (calculated as the average crosstalk
between the cross and the bar state) of 6 dB is estimated. In order to
increase the crosstalk an optimization both of the output Y-branch and
of the coupling between the input waveguide and one bimodal, has to
be sought. From fig4 a good symmetric behavior of the router, when it
switches between the CROSS and the BAR state, can be noted.
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FIGURE 4 Field distribution on the output waveguides in cross state
(dashed line) and in bar state (solid line).

CONCLUSIONS

In this paper, for the first time, we have proposed and analyzed an
electro-optical router, based on self-imaging principle, in sol-gel
channel waveguide with a liquid crystal overlayer. The electro-optic
effect of smectic A* liquid crystals allows steering the spatially
interfere between the two modes supported by the active region,
leading to a localized output optical power maximum on one side (bar
state) or the other (cross state) of the channel end-facet, depending on
their relative phase. Numerical simulations have shown that the router
exhibits satisfactory performances. The principal advantages of such
device include fast tuning speed, low power consumption and low cost.

A further investigation is in progress in order to study the
possibility of obtaining a tunable power splitting ratio utilizing the
continuous effect of smectic A* liquid crystals.
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