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Abstract. Increasing the size of the smallest features of Photonic Integrated Circuits (PICs) to
multi-micron dimensions can be advantageous to avoid expensive and complex lithographic
steps in the fabrication process. In applications where extremely reduced chip size is not a
requirement, the design of devices with multi-micron dimensions is potential interesting to avoid
the need for e-beam lithography. Another benefit is that making the dimensions larger reduces
the effect of lithographic imperfections such as waveguide surface roughness. However, the
benefits do not come without limitations. Coupling the light in and out of the circuit is more
challenging since diffraction gratings are not available when designing for such large
dimensions. Circuit bends must have a larger radius of curvature and the existence of multimode
propagation conditions can have detrimental impact in the performance of several devices, such
as interferometers. In this study we perform simulations of the coupling between a lensed
multimode optical fiber and a multi-micron a-SiN:H rib waveguide. Light coupling efficiency is
analyzed as a function of distance variations using the FDTD method and compared with
coupling to a strip waveguide. Moreover, we use numerical simulations to study the performance
of a Mach-Zehnder interferometer sensitive to refractive index variations. Both the
interferometer, splitters and combiners are designed with multi-micron dimensions.

Keywords: multi-micron, rib waveguides, interferometers, splitters, combiners

1. Introduction

Photonic devices with features above the micrometer have advantages over their sub-micrometer
counterparts. Notably, the less demanding optical lithographic process, based on ultraviolet wavelengths
is less expensive when compared with electron beam lithography. In addition multi-micron waveguides
can achieve much lower attenuation [1] and are less affected by side-wall roughness, as demonstrated
by Lee et al. [2].

There are several methods that can be applied to couple light into waveguides, being typically based
on vertical and horizontal tapers [3]-[5], wedges [6], prisms [7], [8], diffraction gratings [7], [9] and
end-fire coupling [7], [10]. To avoid the inclusion of complex structures, which require expensive and
high-resolution fabrication methods, end-fire coupling was the method selected in this study. Light is
coupled to the waveguide by means of an optical fiber terminated by a plano-convex lens.

In the context of this work rib waveguides are an attractive solution because single mode propagation
can be achieved for larger dimensions, when compared with strip waveguides. Some of the most
common beam splitting and combining devices/strategies rely on Y-junctions [11], [12], S-bends [12],
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coupled mode [12]-[14] or multi-mode interference (MMI) [12], [15]-[17]. Another technique often
applied in rib waveguides due to its compactness, is based on trenches filled with a dielectric medium
(e.g., air, SU-8), which act as mirrors and can find applications in light distribution, by employing a T-
shaped branch geometry [12], [18]. Due to its lower complexity and fabrication expenses, in this study
we devised a light distribution technique based on multi-mode interference, including tapered access
waveguides [19]. These devices are etched directly in the amorphous silicon nitride (a-SiN:H) layer,
avoiding the need for a supplementary lithographic mask, thus minimizing production costs.

Changing the beam propagation route is more challenging in rib waveguides, several techniques can
be applied to guide light in a different direction with minimal losses, like for example: a) circumference
arc-based curves, which typically have a very large radius on the mm range [20]-[23]; b) curves/bends
based on non-linear functions (e.g., spline) [24], [25], these can typically be made more compact than
arc-based curves; c) dielectric filled trenches (e.g. air or SU-8 trenches) [26], [27].

In this article we use numerical simulations to study the performance of a multi-micron Mach-
Zehnder interferometer sensitive to refractive index variations in the layer covering the test and reference
arms. The device is designed for an operation wavelength of 633 nm.

2. Design and Methods
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Figure 1 - Diagram showing the various components of the device.
Figure 1 presents a diagram of the device. The waveguide transversal section, as illustrated in

Figure 2, corresponds to the dimensions of the input, output, and interferometer segments. Large values for the
height (H=1.2 um) and width (w=2 pum) were defined but still within the single mode conditions for the rib
waveguide as proposed by Soref ef al. [28]. The waveguides are made of hydrogenated amorphous silicon

nitride (a-SiN:H), with refractive index n=1.92 and having a glass substrate with n=1.51 as depicted in

Figure 2. Adiabatic tappers of length 60 pm have been used at the input and output of the splitters
and combiners to improve their performance [19]. The wider end of the tappers was set to 6 um. Since
the light source and photodetector are in the horizontal plane, a 90° waveguide bend is required to
prevent direct illumination of the photodetector. Furthermore, the bend attenuates higher order modes
and prevents light leaked from the combiner to reach the photodetector, as described in the results
section.

Figure 2 - Transversal section of the proposed rib waveguide, showing design parameters (rib width w=2 pm,
slab height h=1 um and rib height H=1.2 um).

In order to emulate the input light beam the launch field was defined as the fundamental mode of an
optical fiber with diameter 19.4 um fitted with an output lens. The lens center thickness is 1.55 um and
the diameter the same as the fiber. Light propagates through the lens and on a short free space region
before reaching the input waveguide as displayed in Figure 3. Simulations were performed in 3-D using
the Finite Difference Time Domain (FDTD) method and assuming quasi-TM polarization (major
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electric field in vertical y direction). This polarization has the interesting property of potentially being
able to excite surface plasmon polaritons, if the sensing region is covered with metal, which is a common
approach in biosensing applications.

T Plano-convex Lens

'S
Y] Red Light Beam
\

/ SM Rib Waveguide

Figure 3 - Light coupling scheme employing a lensed optical fiber, terminated by a plano-convex lens. The
Euclidean space axis (X, Y, Z), the rotation and elevation angles of the optical fiber (¢ and @, respectively) are
represented. For better visualization the figure is not up to scale.

The splitter and combiner are 24 pm wide and 868 um long. The length was optimized by numerical
simulations using the Fully Vectorial Beam Propagation Method (FV-BPM), as implemented in the
software package Rsoft (Synopsys Inc.).

The sensing region consist of two arms where the samples are placed. One of the arms contains the
reference sample, water, and the other a test sample, e.g. glycerol. The length of the sensing region,
Liner, 1s set to achieve phase opposition for a specific target sample.

Linter = ZAfl—fo’ Eq. 1
where 10=633 nm is the free space wavelength (um) and An.y is the effective refractive index difference
of the modes propagating on the reference and testing arms. Numerical Simulations using the Finite
Element Approach (FemSIM, Rsoft, Synopsys Inc.) were used to calculate the effective indexes. As an
example, for this study, we obtained Liner = 860 pm when using glycerol as the target analyte and water
as the reference sample.

3. Results

The overlap between the fundamental quasi-TM mode of the waveguide and the input light beam is
presented in Figure 4a. We observe that the coupling efficiency is dependent on the distance between
the lensed fiber and the input waveguide, as expected, achieving a minimum coupling loss of 3.2 dB at
a distance of 33.45 um. For comparison, we made the same study with a single mode strip waveguide
0.4 um wide and 0.2um thick. Results of the study are presented in Figure 4b, the coupling loss is
approximately 7.9 dB for the optimized distance, about 4.7 dB higher than the loss achievable with the
rib waveguide geometry.
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Figure 4 - Fundamental quasi-TM mode overlap as a function of distance between lensed optical fiber and the
waveguide’s input. Subfigure (a) presents coupling to a single mode rib waveguide and (b) to a single mode strip
waveguide.

Power overlaps consists in the fraction of power carried in the fundamental rib waveguide mode
normalized to the input power. In what concerns the splitter, overlap in each output is -3.2 dB, which is
near the ideal -3 dB for the 1x2 splitter. The intensity of the Ey field is displayed in Figure 5a showing
the expected pattern with two strong peaks at the top of the figure, corresponding to the two output rib
waveguides. A combiner, having the same dimensions as the splitter, only with inverse topology (2x1),
combines the light from the two arms of the interferometer. Simulations in FV-BPM show that with in-
phase inputs, the output overlap is -0.2 dB. Accordingly, Figure 5b shows a strong peak in the top center
corresponding to the region of the output waveguide. With inputs in phase opposition the output overlap
is -99 dB. In agreement, Figure 5c displays a dark region in the top central region, corresponding to a
strong attenuation in this region.
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Figure 5 Intensity of the major Ey field in the Multi-Mode Interference devices. The input is located at the
bottom in all subfigures: (a) 1x2 splitter; (b) 2x1 combiner with in-phase inputs; (c) 2x1 combiner with phase
opposition inputs.
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The waveguide bend attenuates higher order modes, directing only the signal in the combiner’s
output waveguide to the photodetector. Simulations with SV-BPM were performed for a 3 mm curvature
radius.

Table 1 — Power attenuation after the 90° bend

Field before 90° Bend Power
Attenuation
after 90° Bend

Quasi TMO00 (fundamental mode) 0.1dB

Quasi TMO1 (higher order mode) 20.3 dB

Quasi TMO02 (higher order mode) 32.0dB

In Table 1 we can see the results from simulations. The fundamental mode is only slightly attenuated by
the 90° bend, 0.1dB, whereas higher order modes experience attenuations of over 20 dB. In other words,
non-ideal effects caused by the eventual presence of higher order modes are minimized by the bend.

The overlap is not the most adequate parameter to evaluate performance since light leakage from the
combiner is very significant as can be noticed in Figure 5c. To overcome this issue the power transmitted
following the 90° bend was determined which is directly related to the power received by the
photodetector. When considering the combiner plus the 90° bend we obtained over 16 dB difference in
transmitted power between in-phase and out of phase signals originated in the interferometer.

The length of the interferometer was adjusted to obtain maximum sensitivity when sampling glycerol
(n=1.47), as previously described. At this index of refraction, we obtained a sensitivity of 355 dB/RIU
from numerical simulations. The limit of detection is dependent on the noise of the optoelectronic
system, if the system can measure changes in optical power of 0.01 dB, variations in the refractive index
as small as 2.8x107° RIU can be detected. However special attention should be given to the effect of
temperature when targeting small limits of detection. The thermo-optic coefficient of silicon nitride is
dependent on temperature, wavelength, and silicon content of the film produced [29]. At room
temperature and wavelengths 600-800 nm, thermo-optic coefficients have been reported in the range
1073 to 10 K™ [30]. In addition, the reference sample may also display refractive index variation with
temperature, for example the thermo-optic coefficient of water is of the order 107* K™ at 25 °C [31].
Hence, when constant temperature measurements are not possible it is necessary to perform a more in-
depth study of thermo-optic factors to determine the limit of detection.

4. Conclusions

Multi-micron a-SiN:H interferometers for refractive index sensing were designed based on rib
waveguides with lithographic features no smaller than 2 um. As proof-of-concept numerical simulations
with glycerol and water as the target and reference samples, respectively, show that by setting the length
of the arms appropriately, a target sample can produce a power attenuation of more than 16 dB relative
to the reference sample. This approach could be of interest to design low-cost refractive index sensors.
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