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The effect of the wall tilt on the performance of directional couplers has been studied. Results
show that there is a significant reduction of the coupling length as the tilt decreases when non-
vertical walls, which are inherent in nearly all Clean Room waveguide fabrication processes, are
considered. Comparing coupling lengths of 90° and 45°, it has been observed how there nearly
exists a 2 factor between them. Experimental data obtained with ARROW-B directional couplers
confirm that tilt effects should be considered in any device with large core thickness. © 2001

Optical Society of America
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Introduction



Directional couplers are used in a wide variety of applications, such as filters, WDM and
polarisation splitters' . A directional coupler normally consists on two identical single-mode
waveguides placed in close proximity so as to allow coupling between the evanescent fields.
Using Coupled-Mode Theory?, the coupling length can be defined as the distance required for
maximum energy transference, and can be written as L. =n/(Bs-Ba), where Bs and B, are the
propagation constants of the symmetric and antisymmetric modes of the parallel coupled
structure.

Simulations of integrated optical devices are commonly done assuming 90° tilt (vertical)
waveguide walls. Although this approximation generally gives good results, when considering
directional couplers there exists a mismatch between simulation and experimental data. The tilt
on the waveguide walls is inherent on every etching process: wet etching provide, for an
amorphous material, 45° tilt walls, which significantly reduce the light confinement and increase
its attenuation as compared to 90° tilt walls. It is feasible to obtain higher tilts using dry etching
processes. Depending on the etching conditions, the tilt could vary from the same values of the
wet etching to 90° tilt. It has to be noted, however, that the etching conditions for this latter tilt
value are extremely aggressive and the layers frequently suffer an overetching or a non-uniform
etching during this process. In our case, using Reactive Ion Etching (RIE) with the working
conditions optimised, it was possible to obtain 80° tilt walls on silicon oxide, with low
roughness, as shown in fig. 1.

The wall tilt in integrated optics devices should be taken into account if large core thicknesses
are considered, since its optical properties could be significantly distorted from the ideal case of
vertical walls. As an example of large core thickness device, the effects of the non-vertical walls

have been studied for an ARROW-B directional coupler. It has to be noted, however, that the



effects of the wall tilt not only are restricted to ARROW configuration but also are present in any
device based on Total Internal Reflection with small refractive index difference between the core
and the surrounding layers.

Antiresonant Reflecting Optical Waveguides (ARROW) have recently received much attention
due to their interesting properties3’4: optical confinement in the orthogonal direction of the layers
is obtained via the very high reflectivity of a Fabry-Perot structure placed beneath the core. This
interference cladding provides its single-mode behaviour at the working wavelength for a given
core thickness. The whole structure can also be designed to be polarisation-selective or non-
selective, being the latter called ARROW-B°. The ARROW-B refractive index profile and the
directional coupler structure can be seen in fig.2. The guiding properties as function of the 1* and
2" cladding (d; and d,) have previously been analysed by other authors®. Minimum attenuation
losses are obtained when the second cladding is half of the core. It also has been shown’ that
ARROW-B, due to its layer configuration, are less polarisation dependent as compared to other
types of ARROW structures.

In all the following discussion, the axis will be as shown in fig. 2: x and y will be the horizontal
and vertical cross-section coordinates, respectively, and z will stand for the longitudinal (or
propagation) axis.

In order to introduce the effect of non-vertical walls in the simulations, the commercially
available finite-element ANSYS® 5.7 in University version has been used. The evolution of the
intensity profile with z has been done using home-made computational program based on Non-
Uniform Finite Difference Method (NU-FDM)* and the Beam Propagation Method (BPM)’,

together with the Effective Index Method (EIM)', to reduce the dimensions of the structure.

Fabrication



10 ARROW-B directional couplers were fabricated using fully compatible silicon CMOS
process, each one with different L,, ranging from 1 to 10 mm. All ARROW-B layers where
obtained by deposition of non-stoichiometric silicon oxide (SiOy) using a parallel plate
PLASMALAB 80+ Plasma Enhanced Chemical Vapour Deposition (PECVD) system, working
at 300°C, 200mTorr and 30Watt. Layers deposited by PECVD using pure silane (SiHs) and
nitrous oxide (N,O) as precursors are suggested to have different stoichiometries depending on
the gas flow ratio, which modifies the refractive index of the layer between 1.46 and 1.9, as
previously described''.

The ARROW multilayer devices were obtained by deposition onto the P-doped (100) silicon
wafer substrate (refractive index n=3.85+0.021 at 633nm). Three layers compose this structure:
Second cladding layer: 2um silicon oxide (n,=1.54)

First cladding layer: 0.3um silicon oxide (n;=1.46)

Core: 4um silicon oxide (n.=1.54)

In order to obtain horizontal directional couplers, the core was 1.5um etched by RIE.
Simulations with w=5pum and dy=2pm provided good light confinement and a relative short

coupling length when considering the case of 90° wall tilt.

Results

The symmetric and antisymmetric mode profiles of the ARROW-B directional coupler were
studied, together with its dependence on the tilt angle. As can be seen in fig 3, the decrease in the
tilt angle causes a modification of the first directional coupler modes: The broadening of the
symmetrical mode and the slight separation of the lobes of the antisymmetrical mode. This
variation can be clearly understood if the AA’ cut is done on the contour plots and the coupling

length as function of the tilt angle is studied, as is shown in figures 4 and 5. At high tilts, the



waveguides have a strong confinement factor. Hence, the evanescent field is the lowest and, as a
consequence, the coupling length has a maximum value. As the tilt decreases, the field adapts its
profile to the waveguide morphology and the modes are not so strong confined, increasing the
overlap between the evanescent field of the waveguides. The increasing difference between the
effective index of the symmetric and antisymmetric mode causes an increase of the coupling
constant (k) and thus, the coupling length decreases with the wall tilt, as also shown in fig. 5. It
can be observed how there nearly exists a 100% difference in the coupling length of two
identical directional couplers if their wall tilt differ 45°.

Measures of the directional couplers were done using a standard end-fire coupling system using a
He-Ne laser working at A=632.8 nm. As can be seen in fig.6, when vertical walls (90° tilt) are
considered, experimental and simulation results do not match, since the coupling length has a
higher value than predicted. When the technological results are considered, that is, if the 80° wall
tilt is introduced into simulations instead of perfectly vertical walls, a better matching is
achieved, confirming that the deviations of the experimental results as compared to simulations

were produced during the rib definition.

Conclusions

The response of the directional coupler as function of the propagation distance (z) has a
periodical behaviour, as predicted both in theory and simulations. However, a significant
mismatch between experimental and simulated value of the coupling length is obtained when
perfect vertical walls are considered. This fact can be explained considering that the etching
processes generally do not give perfectly vertical walls, but a certain tilt is always obtained. This
tilt is responsible of the degree of the confinement in the waveguide. It also has been observed

how the coupling length significantly depends on the wall tilt, since the decrease in the



confinement causes an enhancement of the coupling constant, which reduces the coupling length
for 45° tilt walls, as compared to 90° walls, by a factor of 2. Results provided by the ARROW-B
directional couplers confirms that if the integrated devices have a large core thickness, wall tilt

should always be considered when studying its behaviour.
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FIGURE 4
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FIGURE 5
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FIGURE 6

Fig. 1: SEM microphotograph of the core of a 2um-width, 3.5pm-rib waveguide, where the wall
tilt due to RIE process can be observed.

Fig. 2: Fundamental structure and refractive index profile of ARROW-B directional couplers.
Fig. 3: Electric Field profile of the symmetric and antisymmetric modes in an ARROW-B
directional coupler, for 3 different wall tilt. Lateral-size-ef-waveguideshasbeen—cut-in-orderto
show better the effect at the walls.

Fig. 4: AA’ cut of the symmetric and antisymmetric modes of fig, 3, where the increasing
evanescent field overlap of the symmetric mode can be observed, together with the lobe
separation of the antisymmetric mode.

Fig. 5: Coupling length and effective index difference as function of the tilt angle
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fig. 6: Power interchange between ARROW-B waveguides of the Directional Coupler as
function of the distance: Experimental, Simulation with vertical rib and Simulation with 80°

tilted rib.
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