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Abstract: A novel thermooptic (TO) polymer switch based on directional coupler structure is
proposed for the first time. The key element of the proposed switch is a buried square core polymer
waveguides which has been designed for optimum mode matching and coupling with the single mode
optical fiber configuration and have large effective index difference by the thermooptic effects. At a
wavelength of 1.55 um with the index contrast of 0.005 between the core and the cladding, the
crosstalk of -40 dB and -37 dB for the cross-state and the bar-state of TO switch is demonstrated,

respectively.
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INTRODUCTION

There is an increasing need for optical switch
matrices for routing, switching, protection switching,
cross connection and add-drop multiplexing. The recent
progress in wavelength division multiplex (WDM)
lightwave communication system will further increase
the necessity of optical switch modules. Several optical
switch architectures have been proposed and
implemented in silica on silicon or glass''!, Ti-
LiNbO;™, semiconductors” and polymers. Polymeric
materials are particularly attractive in integrated optics
because of their ability to be processed rapidly, cost-
effectively and with high yields' such as demonstrated
in the development of high-speed Mach-Zehnder (MZ)
modulator'® and polarization control devices'”. Classes
of polymers used in integrated optics include acrylates,
polyimides, polycarbonates and olefin (e.g.,
cyclobutene). Ironically, the 2x2 polymeric switches
have not been intensively investigated up to now and
there are only a few reports on the devices based on the
directional couplers (DC) and the balanced bridge MZ
interferometer switch incorporating 3-dB couplers'®’.

In this paper, a novel development of 2x2 directional
coupler thermooptic polymer switch (DCTOPS),
specifically using of all thermooptic (TO) polymer
material is presented. The ultraviolet (UV) curable
acrylate adhesive polymers have been chosen as the
switch material due to advantages such as ease of
fabrication, integration feasibility and suitable for mass-

production. The advantage of investigating a 2x2
DCTOPS is that it can perform a number of useful
functions in thin film devices. Additionally, the
DCTOPS uses less switching power and small in size,
which implies low propagation loss and insertion loss,
which is suitable for large switching matrices devices

for optical cross connect (OXC) applications'.

SWITCH STRUCTURE AND PRINCIPLE

The directional coupler consists of two monomodal
waveguide channels with identical width and effective
index, running parallel to each other in a central
section. In this central section, the structure has mirror
symmetry with respect to the axis a-b. In that way
symmetric and asymmetric field are obtained as shown
in Fig. 11",

symmetric asymmetric

A
Y

z
Z)

Fig. 1: Structure consisting of two three-layer sections
and one symmetrical five-layer sections
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At z = z, the power of the incoming channel mode
is divided equally between both system modes. Note
that in the middle section z = z; all power is in the
upper channel and no power in the lower one. This can
be seen directly by adding the fields, taking into
account that the phase differences between both modes
are still zero. During propagation this phase difference
will change however because the modes have different
propagation constants By, and B, respectively. After
a distance

A= )

(Buym —Buym)

the phase difference between the modes is equal to 7.
By adding again the modal and taking into account this
T phase difference, it can be directly seen that now all
power is in the lower channel and no power left in the
upper one. This specific length is called the coupling
length, L. and in this specific system, this coupling
length is given by

I
L= 2
(B =PBusn) ®

Eq. (2) can be written in the form of the two lowest
order modes as symmetric and asymmetric with the
effective indices Ny, and N, respectively.

L= ©)

where A is the optical wavelength in free space.

Figure 2 shows a vertical cross section of 2x2
DCTOPS with the design parameters shown. The
structure consists of two symmetric waveguides with
the dimension wxt, that are close together but separated
by a waveguide spacing of g. D is the heater electrode
thickness, B is the heater width and d is the center-to-
center distance between the core and the heater
electrode. The thickness of the upper cladding and the
lower cladding are limited by mode attenuation due to
the metal heater electrode and the substrate
respectively. The thickness of the upper cladding is
bound to attenuation into the heater electrode while the
lower cladding is bound to attenuation into the
substrate!"”. To avoid this attenuation, the cladding has
been taken rather thick and therefore the substrate layer
does not have to be included in the optical simulation.
Bend waveguides with curvature radius of R, are

connected to both the input and output ports to form the
2x2 DCTOPS for practical implementation with single
mode optical fiber.

THERMAL ANALYSIS AND
TEMPERATURE PROFILE

In general we can distinguish three different types
of heat transport mechanism namely convection,
radiation and conduction. However, due to negligible
contribution of  radiation and convection
mechanisms”“, heat conduction is the only considered
mechanism, which will be accounted on the influence
of temperature profiles in the optical waveguides, for
which Wang et al.,'"* and Kokkas''" also used this
approach. Mathematically the heat equation can be
stated as'"*:

1T Q
VT-——=-—2
o ot k “)

where T is the temperature, Q,, is the power generated
per unit volume, k is the thermal conductivity of the
material and o is the thermal diffusivity. In this
problem we will seek solutions for the temperature
profile in two-dimensional region of Fig. 2 with
specified boundary conditions. This can be done as the
dimension of the heater in the direction of propagation
is in the order of millimeters and the other dimensions
are in the order of microns. Considering the steady state
heat conduction, Eq. 4 can be deduced to
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Fig. 2: Vertical cross-section of 2x2 DCTOPS. Material
thermal conductivities, k; (Si) = 150, k,
(Polymers) = 0.2 and k3 (air) = 2.6x102 W/m° C.
All dimensions are in um
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Fig. 3: Induced temperature profile across the structure
shown in Fig. 1 with the total thickness, t = 27
pm, B =7 pm and P/L = 20 mW/mm
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Fig. 4: Temperature profile in the waveguide for
varying distance under the heater electrode of
Ay=2pmand L =1 mm

the induced temperature distributions across the buried
square core (BSC) waveguides cross-section, induced
by 7 um wide thin film heater with the total thickness
of the structure of 27 wm is shown in Fig. 3.

The core and the cladding layers are assumed to
have the same thermal conductivity. As previously
mentioned, the substrate can be considered as a perfect
heat sink. The maximum temperature at the metallic
thin film heater and the cladding top surface interface is
around 65°C. It can be seen that the lateral width of
temperature profile distribution at the top cladding
surface is smaller than the bottom surface. This
indicates that we can control the temperature profile so
as the resulting phase shift of TO induce waveguide by
properly choosing the upper cladding thickness for BSC
waveguide. The temperature profile in the waveguide
for varying distance under the thin film heater has been
plotted as shown in Fig. 4.
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Fig. 5: Refractive index change in TO waveguide as a
function of temperature change due to thermal
induced temperature in the thin film heater

As shown in the Fig. 4 was 14 values of lateral
temperature profile for Ay =2 pm (y = 0, y = t). From
this figure, it can be concluded the temperature profile
meets the boundary conditions of the given structure.
The numerical results have been checked with a simple
analytical solution'” and the results are in good
agreement with each other. These also show that the
temperature distribution when the thin film heater is
positioned asymmetrically from the first waveguide to
be heated, thermal coupling will decreases
tremendously to the second adjacent waveguide. With d
=5 um, that is the spacing of thin film heater to the first
waveguide to be heated, the resulting phase shift or
refractive index change has been calculated based on
the induced temperature distribution shown in Fig. 4 is
given in Fig. 5.

RESULTS AND DISCUSSION

The symmetric, N, and asymmetric, Ny, modes
have to be determined to calculate the coupling length
L. of two identical waveguides close to each other. At
larger distance the two system modes that can
propagate in the couple waveguides structure will have
the same propagation constant because the fundamental
system mode is split into two fundamental channel
modes. The simulation has been performed to calculate
the two lowest order system modes while varying the
waveguides spacing, g. The result obtained is shown in
Fig. 6.

Figure 6 shows the effective indices of these modes
Ngym and Ny, as a function of waveguides spacing. It
can be seen after the waveguides spacing, g = 12 um,
the two lowest order modes have the same effective
index. The coupling length is then calculated as shown
in Fig. 7.

From the graph with the waveguide spacing of 5
um, it can be shown that the corresponding coupling
length is about 2500 pm.
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Fig. 6: Effective indices, N¢gras a function of waveguide
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Fig. 7: Coupling length, L. as a function of waveguide
gap
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Figure 8: Mode effective indices as a function of the
curvature radius, R,

For the bend waveguide the simulation has been
performed wusing three dimensional scalar finite
difference and transverse electric polarization. The
graph has been plotted for the modal indices, N of the
upper bound refractive index of the core as a function
of curvature radius R, as shown in Fig. 8.

25 4

20 H

y (1m)
o

X (WLm) o 10 20 30 40
X (um)

(a) R.= 8000 um

25 H

a 10

(b) R, = 25000 pm

20 30 40
X (Lm)

Fig. 9: Examples of three dimensional and contour plot
of light intensity distribution for bend
waveguides of curvature radius (a) R, = 8000
um and (b) R. = 25000 pm, respectively. z-axis
is arbitrary unit

As can be seen from the graph, as the curvature
radius increases the modal indices of the bend
waveguide decreases to the lower bound of the vicinity
of the cladding refractive index. The examples of three
dimensional and contour plot of light intensity
distribution within the BSC bend waveguide structure
are shown in Fig. 9 for radius of curvature (a) R, =
8000 um and (b) 25000 um, respectively.

For the device length, the values of the offset have
been chosen as 119 and 200 um for practical design of
the directional coupler and the radius of the bend has
been varied from 1 to 30 mm. This function has been
plotted as shown in Fig. 10.

As expected it can be seen that the smaller the bend
radius and the offset the shorter the device length will
be. However, for the design of the S-bend, the radius of
curvature greater than 20 mm so that the loss of the
bend waveguides is negligible and the device length of
3 mm, had been chosen.

Finally the normalized power as a function of
distance for 2x2 DCTOPS has been simulated. The
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Fig. 10: Device length, L as a function of bend radius,
R, for an Offset, O = 119 um and 200 pm,

respectively
1.0 ~ ===smsgsssssnssssess ._.\ - -+
0.8 A\
5 A
z %
2067 X
¥ p
3 A\
g — \
5 0.4 X ——=— upper input S-bent waveguide
2 ] » ——*—upper coupler
0.2 \-\ lower output S-bent waveguide
| N
0.0 vvvvvevvvvvvvevvvvey " p
T T T T T T 1
0 2 8 10

4
Distance (mm)

Fig. 11: Normalized power as a function of distance for
2x2  DCTOPS  (cross-state)  with  the
waveguides separation of the input and output
end of 250 pm and the O = 119 pym

meant value of refractive index change was taken to be
0.0027 due to the induced temperature change in TO
waveguide of 15 °C. The waveguides end separation of
250 pm and the offset of 119 um had been taken for
practical implementation. The results obtained are
shown in Fig. 11 for the cross-state while Fig. 12 for
the bar-state.

From these data the crosstalk in dB for the two
states, which are the cross-state and the bar-state have
been calculated. The crosstalk in 2x2 DCTOPS is
defined as the ratio of light power in the undesired
output port to the power in the desired output port.
From Fig. 11, the crosstalk value is -40 dB for the
cross-state had been achieved. From Fig. 12, there was
ripple in the lower and upper couplers for the bar state.
This could be expected due to the effect of refractive
index change as a result of induced temperature change.
Based on the calculation, the crosstalk value is -37 dB
which is slightly higher than in the cross-state.
However, this value could be increased, once the
fabricated switch is realized since at the bar-state the
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Fig. 12: Normalized power as a function of distance for
2x2 DCTOPS (bar-state) with the waveguides
separation of the input and output end of 250
pm and the O = 119 pm

induced temperature change can be controlled.
Therefore the crosstalk value less than -40 dB could be
expected.

CONCLUSIONS

The design to optical switch presented in this paper
shows that a directional coupler based of BSC
waveguide in polymer materials appears feasible. The
coupling length of 2500 um, waveguide spacing of 5
pum and the geometry of the cross section of the
structure given above can be used as a design parameter
for fabrication of TO optical switch. The thermal
analysis of the temperature distribution in the BSC
polymer waveguides was calculated and the model
showed good agreement with other researcher. At a
wavelength of 1.55 um with the index contrast of 0.005
between the core and the cladding, the crosstalk of -40
dB and -37 dB for the cross-state and the bar-state of
TO switch is possible, respectively.
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