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Abstract

A model of an integrated photonic device based on an O-ring resonator and loop waveguide reflector operated at telecom
wavelength (1550 nm) was developed. A well-studied model of the O-ring resonator was used, and added a waveguide loop mirror
to reflect radiation to input. The loop design was altered by varying the distance between the loop and the ring resonator. The
obtained results can be used for gas-sensing aims if a device is coupled only with one optical fiber, both an input and an output.
Such a device can be used in hard-to-reach places where the presence of a person is not desirable or may be even dangerous.
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1. Introduction

Photonic integrated circuits are currently under
active research (Dong et al., 2010). The application of
such circuits in gas-sensing is of special interest
(Green et al., 2019). Several studies have been carried
out on how various nanophotonic devices can be used
to determine the change in the refractive index of the
environment (Sharma et al., 2020). Different platforms
are studied for these purposes, such as silicon on
insulator, lithium niobate on insulator, A;Bs;, Al,O;,
different  polymeric  materials  (Staline &
Shanmuganantham, 2014, Udrea & Gardner, 2002, Liet
al,, 2016, Clevenson et al., 2013). Due to the wide
spectral range of operation, including the visible and
infrared range, and the CMOS compatible fabrication
process, silicon nitride as a waveguide material is very
prospective (Mufioz et al., 2017). Numerous photonic

integrated devices have already been developed for this
platform, such as O-ring resonators with different
parameters (Koushik & Malathi, 2019), Bragg
waveguides, spiral resonators (Kohler et al., 2020),
Mach-Zehnder interferometers (Antonacci et al,
2020).

The present work was held based on already carried
out experiments with silicon nitride O-ring resonator
for gas-sensing applications (Elmanova et al., 2020),
where sensitivity has been demonstrated to gases
having both higher and lower refractive indices than
air. But to make a finished device, it must be strictly
coupled with optical fiber. Working with
nanophotonics integrated circuits needs the precise
imposition of the optical fiber array with integrated
photonic devices (Bernabé et al., 2012). To solve the
problem, usually, the expensive piezo-motors are used
(Brahim, 2017). Another possible solution to the
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problem is to use a micromechanical system to impose
a separate optical fiber with a single photonic device
(Bogucki et al., 2018, Wan et al., 2019). Whichever
method of alignment is used, the possibility of using
only one optical fiber would lead to a reduction in the
cost and simplification of the gas sensing circuit using
the most sensitive element of an O-ring resonator with
a high Q-factor. In this case, developing such a device
will present not the transmission spectra but the
reflection. A spattered golden mirror can be used
(Manolis et al., 2019). These mirrors were presented to
be used as parts of interferometers without
implementation to any sensing device. But if a decision
is made to use golden mirrors in optical circuits, this
adds another step to the technological route,
complicating the fabrication of such a photonic circuit.
However, the presence of a loop waveguide mirror
increases the sensitivity of the device, which also
corresponds to gas-sensing aims (Kou, Xu & Lu, 2012).

We decided to study a device consisting of a waveguide
reflector and an O-ring resonator as a gas-sensor. The
dependences of the main parameters of a sensor, such
as full width at half maximum (FWHM) and free
spectral range (FSR) from the design of the waveguide
loop and its position relative to the O-ring resonator
were studied. The designed devices were investigated
for different refractive indices of the surroundings. As
a result, the design for such a device that can be used
for gas-sensing applications with a combined optical
input and output was obtained.

2. State-of-the-art

The use of ring resonators as gas sensors is ubiquitous
and has been developing especially actively recently.
Ring resonator gas sensor has been introduced as
widely applicable devices. They are common for both
organic and inorganic compound detection (Luan et al.,
2018). Refractive index sensing is important nowadays
and a common way to develop different integrated
photonic chemical sensors (Passaro et al., 2012). It
occurs throughout evanescent electric field mode, as
the waveguide mode is not sensible to the changes in
the refractive indices of the surroundings. Therefore,
studying ring resonators as refractive index sensors is
an important problem in integrated photonics. The
sensitivity of the ring resonator devices can be up to
200 ppm (Sun & Fan, 2008). The most important
features of the ring resonators are their high
performance, easy fabrication with a low percentage of
inaccuracies, and the possibility to highly vary their
properties by changing radii and gap (Lydiate, 2017). As
far as the devices are common, their simulation is also
a subject of fluent studies (Barrios, 2009). There are
different ways to simulate transmission in a ring
resonator and its applicability for gas-sensing aims.
The first approach to determining the ring resonator
parameters usesgeneral equations for the electric field
propagation (de Leonardis et al., 2017). The formula
can simplify the picture and introduce the radius, the
gap, and the width of the resonator for a peculiar case.

Then the parameters of the devices can be introduced
more accurately throughout performing mathematical
simulations. There are two main approaches to the
problem, and some authors prefer FEM computations
(Haas et al, 2019) while others prefer FDTD
(Niegemann et al., 2009). In general, both approaches
are adequate, even though FDTD is more applicable for
complicated circuits.

Loop waveguide mirrors are prospective devices for
photonic applications. They are not very common.
Usually, there are golden mirrors in different
interferometer circuits (Sulaiman et al.,, 2020). An
interesting application of the device is opened
whenever one considers its resonant
properties(Mitarai et al., 2019). Optical loop mirrors
may be processed on a silicon nitride platform (Wang et
al., 2018and can be integrated with other elements of
photonic circuits. The loop waveguide mirror is an
important device whenever one needs to obtain the
transmission and the reflection picture. This can
happen in the case of combined input and output of the
circuit. An interesting attempt to integrate the loop
mirror with a ring resonator was performed on the
silicon-on-insulator platform (Mitarai et al., 2020).
The authors claim that the devices make a better
resolution than the ordinary ring resonator. The device
was developed for work on the 1550 nm wavelength. But
the authors use separated input and output and the loop
mirror only as a kind of a filter.

One of the important properties of a loop waveguide
mirror is its ability, as for almost any resonant cavity,
to sense changes in the refractive index of the
surroundings throughout the evanescent field mode
(Kou et al., 2012). The sensitivity of a slot loop
waveguide introduced in the paper is up to 6 x 103 nm
per refractive index unit (RIU), making the device
significantly applicable for chemical sensing aims. The
finite element method (FEM) for numerical
simulations was taken to verify the loop mirror sensing
properties. Here, the reflection of the device on one
single wavelength is mostly studied, which is much
more convenient to be held via the FEM method.

The novelty of the presented paper lies in the fact
that there were no circuits introduced with coupled ring
resonators and waveguide loop mirrors on silicon
nitride platform for operation in the telecom
wavelength range with combined input and output
port. The studied device may introduce novel paths in
refractive index sensing. Both devices included in the
circuit are simple in fabrication, and their properties
can be easily varied throughout their geometrical
parameters.

3. Materials and Methods

A device with a golden mirror at the end of the
rectilinear waveguide was examined, and its behavior
was compared with the waveguide ending with a loop
reflector. The reflectance spectra for both were used,



and they were found out to be similar. In the
numerically studied model, the parameters of the
commercially available silicon nitride wafers with
thermal silicon oxide Si0,=2.6 pm and half-etched
silicon nitride Si;N,=450 nm layers atop were used. The
final device consisted of a rectilinear waveguide with a
loop waveguide mirror at the end.

The reflection port was studied for the carried
simulations. TheFEM in COMSOL Multiphysics and
finite difference time domain method (FDTD) (Taflove
& Hagness, 2005), implemented in an open-source
package MEEP (Oskooi et al., 2010) were used to
develop the O-ring resonator and the loop waveguide
mirror first separately, then as a combined photonic
circuit. The applications of the methods deeply varied
depending on the devices simulated. In general, the
FDTD method is more convenient for complicated
photonic circuits simulations, especially when
considering a wide wavelength range. On the other
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hand, computation of the reflectance for a simple
device on one wavelength is much easy using the FEM
method. Therefore, the perfect golden mirror and the
loop waveguide reflectance (Figure 1a), the electric
field propagation picture (Figure 1b, c), and the single-
mode electric field distribution were calculated based
on FEM. All the waveguides were set to 1 pm width for
the linear parts and 1.6 yum for the ring. This width for
the ring resonator, together with its radius being
63.728 pm and the gap between the rectilinear
waveguide and the ring equal to 1.4 pm, were already
described in Elmanova et al.,, 2020 and proven
experimentally to give sensitivity up to 2.23 x 105 ppm
for Helium. The reflected light intensity of the loop
waveguide is comparable, and the overall losses are
negligible compared to the golden ring with linear sizes
of 20 pm. The finished device with the loop waveguide
mirror, and ring resonator was simulated using the
FDTD method.
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Figure 1. a) Comparison of reflective characteristics, obtained using COMSOL, for a golden mirror and a loop waveguide of radius 30 um and
length 60 um. Both plots are close to the unit, which shows good properties for a reflector. b) Electric field propagation in the waveguide Loop
mirror simulated by FEM. c) Electric field propagation up to the square golden mirror simulated by FEM.

4. Simulation

In the first step, the radiation propagation through the
rectilinear waveguide with a loop waveguide mirror
was studied and, separately, through a waveguide with
a golden reflector

(Figure 1c) using the FEM method in COMSOL
Multiphysics. Corresponding two-dimensional models
of the simplest square gold mirror with a linear size of
20 pm and a loop waveguide were developed. This
device is a straight-line waveguide ending with a Y-

splitter with a division ratio of 50/50. After the splitter,
there is a rectilinear waveguide section of length L. The
two waveguides are closed by a ring of radius R. Thus,
two main parameters of the loop waveguide are
introduced. The results obtained indicate that the
radiation almost totally reflects in both cases (in the
range of 96-99.6%). Also, the design of the loop was
varied so that the reflection spectrum was lesser
deviated from unity. To perform simulations in
COMSOL and MEEP, the effective refractive indices
method was used to perform two-dimensional
computations (Chiang, 1991). As the Radius of the Loop
and its length were altered in a range from 5 to 35 um,
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and the reflectance on the wavelength 1550 nm was
obtained (Figure 2a). The loop with a high radius, more
than 30 um (Figure 2b), shows a poor performance due
to the long pathway and, therefore, losses increase. A
too-small radius (Figure 2c), on the other hand, does
not allow enough radiation to come back to the linear
waveguide, and the performance is high only in a
narrow range of the loop lengths. The condition for
high reflectance was found to be the radius of the loop
between 15 and 25 um while the loop length should be
between 10 and 30 pm.

In the second step, the parameters for the O-ring
resonator were determined, and the two elements were
combined. For the device, the simulations were held for
two different refractive indices with a difference of
0.001 to determine the possible application as a
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refractive index sensor. The obtained reflectance plots
present that the device is sensitive to the changes in the
refractive index. Therefore, it can be used as a gas
sensor. The curve obtained had a noticeable difference
in the behavior of different resonant peaks. Therefore,
these plots were compared with the reflectance of the
loop separated and the transmission of the ring
separated. Furthermore, their behavior was studied
independently. Such parameters as the full width at
half maximum (FWHM), free spectral range (FSR),
finesse, and quality factor (Q-factor) were taken for the
loop curve and the ring curve. These values were
compared, and their dependences on the distance
between the beginning of the loop (the starting point of
the Y-splitter) and the central ring resonator point
were plotted (Figure 3d). The losses are low enough for
the device to be applied for sensing aims.
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Figure 2. a) Color contour map for the relative reflection of the Loop dependence on the radius of the loop and its length for an array of 8x8
points. The profile curves are also depicted for some specific values. The reflection higher than 0.9 is separated with a dashed line. b) Transition
of an electric field from a linear waveguide to a loop throughout a Y-coupler when the radius of the loop is higher than 15 nm simulated with
COMSOL Multiphysics. ¢) Transition of an electric field from a linear waveguide to a loop throughout a Y-coupler when the radius of the loop is

less than 5 pm simulated with COMSOL Multiphysics.

5. Results and Discussion

Using the numerical FEM and FDTD methods, the
dependences of the reflectance from the device on
different parameters were simulated. The radius of
curvature and the length of the loop were varied to get
abetter reflection. The best performance was shown for
the loop with a curvature radius of 30 pm, length of the
loop 85 pm. For the O-ring resonator (apart from the
whole device), the gap between the ring and the bus
waveguide was varied, considering the radius of 100
pm. The obtained gap for the best performance was
found to be 0.3 um (Figure 3b). The distance between
the loop and the ring was swept for the whole device,

and the optimal distance through the Lorentz fit of the
reflectance curves was found to be more than 60 pm
(Figure 3d). The waveguide width for the resonator was
1.8 pm, and for the waveguide structures, 1 pm. Some of
the obtained resonance peaks appeared due to the
operation of the ring resonator, and some were due to
the addition to the system of the loop waveguide
(Figure 3c). The dependence of the parameters of the
device on the distance between the loop and the ring L
(which was varied from 40 to 90 pym) showed a stable
picture when the distance is higher than 50-60 pm.
This also coincides with theory, as the ring resonator
has alower influence on the loop and vice versa. The Q-
factor and finesse (Fig. 3d) for the system without loop
mirror and its addition are stable and high enough for



studies. Even though a low contrast in refractive
indices, the device has proven itself to have low optical
losses. The loop reflectance was shown higher than 0.9
from the input radiation, and for the resultant device,
the reflection was shown to be up to 0.8, which is also a
reasonable result. The resonant peaks for the ring
resonator had lower FWHM but higher finesse, Q-
factor, FSR, and sensitivity than the loop resonances,
which only outrange rings in the FWHM. Still, it is
important to use both devices. A full on-chip sensing
laboratory can be developed using ring resonators and
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loop waveguides of different parameters. A ring
resonator and a loop waveguide mirror system showed
the appearance of the new resonant peaks, which are
more sensitive to changes in the refractive index. The
device has shown 140 nm/RIU sensitivity for the system
of the ring resonator with the loop mirror. The
separated ring resonator has the sensitivity of only 20
nm/RIU due to the resonant peak shift. Therefore, the
system of a ring resonator with a loop waveguide
mirror is seven times more sensible.
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Figure 3. a) General view of electric field (z-component) propagation in the device simulated using FEM. The blue arrows indicate the forward
path of optical radiation; the red ones show the backward path. The distance between loop and ring is denoted. b) Transition of an electric field
from a linear waveguide to a ring resonator by FEM. c) The normalized reflectance spectra obtained in MEEP for the device at different refractive
indices of the surroundings when the distance between the loop and the mirror equals 70 um. With capital «A» the resonant peak from the O-
Ring resonator is denoted, and the peak that appears when the loop is added to the ring resonator as «B». d) Different properties of the reflection
resonant curves for the ring resonator and for the system with both ring and loop depending on the linear distance between the loop and the

ring.

The parameters were derived so that at a wavelength
of about 1550 nm (exactly 1549.8 nm and 1550.3 nm),
there were two of the resonance peaks, and the Lorentz
fit gives the values of FWHM = 0.734 nm, FSR = 1.873
nm for n = 1.0003 and FSR = 1.85 nm for n = 1.0013.

6. Conclusions

A gas sensor based on a silicon nitride platform,
consisting of a waveguide loop mirror and an O-ring
resonator, was studied in this work. The work was
performed using FEM and FDTD numerical methods.

By varying parameters such as the gap between the
waveguide and the ring, the distance between the loop
and the ring, and the radius of the loop, the optimal
configuration of these parameters was found. Further
work will be devoted to the fabrication of the device and
its experimental study. The device is designed to be
fabricated and easily integrated with other different
photonic integrated circuits. It is important to develop
different integrated photonic circuits on silicon nitride
platforms as gas sensors as they are easily fabricated
and very sensitive to changes in the refractive indices
of the surroundings. The ring resonator integrated with
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the loop mirror showed high performance and needed
experimental verification.
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