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Abstract

A nanograting microring resonator is proposed for achieving concentric mode field profiles as the effect of guided-mode
resonance. Based on a numerical simulation of the 2D finite-difference time-domain method, we clarified that the microring
resonator with a combination of nanograting microring and sidewall blocks could generate two operating modes. The first
is the optical whispering gallery mode, by which the light was in resonance inside the microring by total internal reflection
and traveled in a circle around the microring. The second mode is guided-mode resonance, by which the light scattering
from the grating structures is in resonance to create concentric magnetic-field distributions. The characteristics of resonance
modes of the mode numbers, mode distribution, and Q factors are analyzed at the changes of the microring radius and the
nanograting structures. A design of a nanograting bus waveguide with the same grating period as the nanograting microring

is verified to achieve a high efficiency of the coupling ratio.

Keywords Nanograting - Resonance mode - Guided-mode resonance - Concentric field distribution

1 Introduction

Si-based microring resonator is one of the promising candi-
dates for resonance cavities for all-in-one on-chip integrated
photonic devices due to the advantages of simple structures
and multiple narrow resonance peaks [1—4]. Microring reso-
nator, which can support various resonances due to the light
traveling in a circular cavity, has been studied in applications
that need light generation in different wavelengths, such as
optical filters and label-free biosensors [4-8]. For example,
using a multi-radical microring design and side coupled to
a signal waveguide, a microring resonator provides a narrow
band and a large free spectral range dropping filter. Another
example is in biosensing applications, in which the reso-
nance wavelengths shift as a function of the refractive index
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of the attached biological analytes due to the interaction of
the evanescence field and the biomolecules. Our research
focuses on achieving high values of quality factors and mode
distributions to employ multiple resonant modes.

There are two commonly discussed resonant modes
in circular resonators: whispering gallery mode (WGM)
and guided mode resonance (GMR). WGM resonator
exhibits optical modes, in which the light is trapped in
microcavities in total internal reflection (TIR) and travels
in a circle without significant loss [9]. Several resonator
structures are based on this principle, including micro-
disks, microrings, microbubbles, microspheres, etc. [10].
We focus on developing microring resonators due to the
characteristics of easy fabrication on a planar substrate
and large mode volume on the microring. Hence, the light
travels inside the Si-microring waveguide and generates
a resonant mode. On the other hand, the GMR effect is
a resonance-coupled mode when an incident plane wave
interacts with leaky waves generated by a high-index grat-
ing film [11-13]. It has been applied in designing filters
and biosensors to achieve significant improvements [14,
15]. GMR effect is not only used in a flat surface but
also could be observed by a cylindrical resonator with a
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curved grating wall to achieve high Q factors at both low
and high modes, enhancing mode volume in the circular
cavity [16—18]. Much recent research focuses on mode
control for more applications [19-22].

This paper proposes a Si nanograting microring res-
onator that can generate two types of WGM and GMR
resonance modes by numerical calculation using finite-
difference time-domain (FDTD) simulation. The resona-
tor includes periodical-thinned waveguide-based micror-
ing and sidewall blocks. The light is confined by Fresnel
reflection inside the waveguide as a conventional micro-
ring resonator, known as the effect of WGM. Another
resonance mode comes from matching diffracted and
reflected light caused by the grating structures. The
guided light penetrates through the microring, and the
leak light, which is from the nanograting structures gen-
erated as the GMR effect, forms concentric field profiles
produced at the regions of the microring center. First, the
resonance modes and the Q factors at high-order modes
are demonstrated by optimizing the grating structures
of the microring and sidewall blocks. Second, we pro-
pose a nanograting bus waveguide for coupling with the
resonator, which can provide a high coupling ratio and
retain intrinsic mode profiles. For further application,
the research is driven by enhancing the field distribution
based on the control of the resonance modes. The bio-
sensing application is also discussed by controlling the
quality factor at resonant mode. The proposed structures
could improve the sensitivity for detecting the attached
objects on the grating microring by enhancing the sensing
surface [23]. Finally, we also discuss controlling the mode
resonances for biosensing applications.
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Fig. 1 Schematic of the nanograting microring resonator

2 Structure and simulation method

A schematic of the proposed nanograting microring reso-
nator is depicted in Fig. 1. A 220-nm-thick Si (ng; = 3.48)
nanograting microring is built on a SiO, substrate
(ngip, = 1.44), and an air layer (n,;, = 1) as a cladding layer.
The main grating microring, which is periodically side-
thinned, has a waveguide width w of 500 nm, with a corruga-
tion width Aw, and the grating length in the main microring
a. Sidewall blocks, placed in the sides of the thinned grating
microring, have a width (wgg4.) of 150 nm, a length of the
sidewall blocks b, and a gap (g4.) of 50 nm. Grating period
A is defined as the length from a grating structure of the
main grating microring to the next sidewall block. The duty
cycle of the grating (the ratio of the pillar and the grating
period) is 0.8.

For the study of the resonance mode characteristics,
the structure of the nanograting microring is simplified as
a two-dimensional (2D) subject for the using 2.5D FDTD
simulation (FullWAVE™ simulation tool; Synopsys), which
requires less memory and calculation time, but which pro-
vides reliable results [18]. The effective refractive index of
the nanograting structure microring was determined from a
3D-structured nanograting waveguide. The electromagnetic
fields were uniform in the y direction normal to the paper
plane. The calculation was considered in TM modes with
H,. The cavity was surrounded by an optimized perfectly
matched layer to absorb the outgoing energy without pro-
ducing reflections. In addition, the grid sizes were set with
0.01 um grid size to obtain a tradeoff for accuracy and cal-
culation time. Monitors of intensity calculations with FFT
were placed at the microring resonator and the through port
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of the bus waveguide to collect the transmission spectrum.
The simulation time was set at 15 fs to obtain a wavelength
resolution of 5 pm. A light source with impulse excitation
was used to excite a wide range of frequencies in calculating
the cavity resonances. Mode profiles were investigated using
the excited light waves with resonance wavelengths.

In this research, the mode characteristics of intrinsic cavi-
ties of nanograting microring resonators were studied first
to clarify the mechanism of the resonance modes. Features
of the resonance modes are studied in Sect. 4, according to
variation of center ring radius R, thinned width w;, .4, and
the layout of grating structures. Later, a bus waveguide to
couple the input light to the resonator would be optimized
to obtain a low mode loss by side coupling.
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3 Characteristics of resonance modes

Figure 2a presents the intensity spectrum of a nanograting
microring resonator with R of 4.75 pm, A of 300 nm, Wneq
of 200 nm, a =b=240 nm. An enlarged intensity spectrum
from the wavelength of 1.3947 ym to 1.3955 pm are illus-
trated in Fig. 2b. The resonance wavelengths were noticed as
the peak wavelength in the intensity spectrum. The resonance
wavelength appears as the exact mechanism of a conventional
microring resonator. When a light wave propagates through
the resonator, the light energy inside the ring is built up when
the resonance wavelength is satisfied
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Fig.2 Characteristics of nanograting  microring  resonator spectrum from A=1.3947 pm to A=1.3955 um. ¢ Resonance mode

(R=4.75 um, wy; =200 nm, A=300 nm): a Intensity spectrum
from 4=1.35 ym to A=1.75 pm. Azimuthal mode numbers a are
plotted on the upper side of the figure; b Enlarged view of intensity
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where m is an integer, n. is the effective index of the
nanograting microring, 4 is the resonance wavelength, and
R is the center radius. In this simulation, the material loss
was not considered, so the system loss is the result of bend-
ing loss and propagating loss of the nanograting micror-
ing. Figure 2c shows the mode field profiles at different
resonance wavelengths of 1.375 um, 1.395 um, 1.475 um,
and 1.615 pm. It is noteworthy that two patterns are formed
along the azimuthal direction and radial direction. We des-
ignated the azimuthal mode number « as that along the azi-
muthal direction and radial mode number y as that along the
resonator radius. The azimuthal mode numbers a were plot-
ted in Fig. 2a according to the increase of resonance wave-
lengths. The magnetic fields H,_, at resonant modes a can
be expressed under the a-th order of the Bessel function as

Hy_ o J,(Znr). @

where A, is the wavelength of the incident light at the reso-
nant mode a, #n; is the refractive index of the microring, and
r is the radius. Figure 2d also indicates the cross-sections
of magnetic intensity H, (dotted red lines) and the Bessel
functions for different mode numbers (solid blue lines). The
magnetic fields inside the cavity were fitted with the Bessel
functions at a low and high order of a. The values of y are
the numbers at which J, becomes 0.

The Q factors at modes are calculated from the intensity
spectrum by a function of A, /A,_pwea» in Which A, _ gy
is the wavelength difference of full width at half max. The
Q factors at resonance with =0, 1, 4, and 9 were, respec-
tively, 2x 10%, 3.5x10°, 5x 10* and 1.5 x 10°. The Q factor
of a microring resonator (MRR) with a radius of 4.75 um
and width of 500 nm was around 9 x 10° under the same
simulation conditions. Hence, the Q factors of nanograting
microring resonators are 1-2 orders of magnitudes higher
than the conventional microring resonator. The higher mag-
nitude could be attributed to the GMR effect, by which the
diffracted light from the leaked light from nanograting struc-
tures heads to the center of the microring, and the reflected
light from the cavity center returns to the microring. Under
several resonance wavelengths, when the reflected light and
the propagated light waves are in the same phase, standing
waves are formed as concentric light mode profiles, contrib-
uting a high Q factor.

4 Effect of nanograting structures
on resonance modes

The microring radius, grating width, and sidewall blocks are
the essential parameters to decide the matching of diffracted
light from the grating structures and reflected light in the
center microring and form the concentric resonance modes

for higher-Q-factors at high mode orders. This part demon-
strated the effect of ring radius, ring width, and side blocks.

Firstly, we compared the characteristics of the field modes
and Q factors at different positions of the radius r in Eq. (2).
The nanograting structures have the same parameters of A of
300 nm, Wpinneq Of 200 nm, a =b=240 nm. Figure 3 is the
0-th order Bessel function J,, along distance r (solid line),
and the cross-section of magnetic field distribution H_ at
the different center radius position (I), (II), and (III), which
(D) is the radius of 3.46 um, (I) is the radius of 3.68 um, and
(IIT) is the radius of 3.96 um. The field mode profiles for
these three different radii are the inset figures, depicted in
the same figure. The resonance wavelength of this nanograt-
ing microring resonator is 1375.5 nm. Q factors in the cases
of the center radius of 3.46 um, 3.68 um, and 3.96 um are,
respectively, 1.5 X 10°, 7x10%, and 1.8x 10°, respectively.
When the center radius is 3.46 pm or 3.96 pm, where J,
becomes valley or peak, the Q factors become high, and
a stronger magnetic intensity exists inside the center ring.
By contrast, when the center radius is 3.68 um, by which J,
becomes 0, the Q factor is low, and most of the resonance
happens inside the waveguide by Fresnel reflection. As a
result, the radius of nanograting microring could mostly
decide the occurrence of the GMR effect.

In the next step, the resonance modes were evaluated
by changing the microring grating width. The nanograt-
ing microring resonators have the same parameters of R of
4.75 pm, A of 300 nm, a=b =240 nm, and different thinned
widths wyineq Of 150 nm, 200 nm, 250 nm, and 300 nm. Fig-
ure 4 shows the Q factors according to the azimuthal modes
from O to 10, for different wy;,,.4- Accordingly, the ratio that
the Q factors become the largest value for the same « is much

Intensity (a.u.)

3 35 4 45

1.5 2 25
Radius (um)

Fig.3 H, distributions at azimuthal mode number of 0 for different
center radius position of (I), (II), and (III), which (I) is the radius
of 3.46 um, (II) is the radius of 3.68 um, and (III) is the radius of
3.96 um, and Bessel function (solid line) when the order a is 0. The
inset figures are the resonance mode profiles at different radii of (I),
(IT), and (III)
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the highest value of 5/11 when w4 1S 200 nm. When the
thinned width was 300 nm, the Q factor was from 10° to 10%,
which is near to the Q factor of the conventional MRR, indi-
cating that the strong resonance occurs in the waveguide as

WGM resonance. The achieved highest Q factor of 3.5 x 10°
occurred when wy,;,..q s 200 nm at « of 1. The figure inset in
Fig. 4 shows the shift of resonance wavelengths of different
thinned widths according to the azimuthal mode numbers. As
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the width changes, the propagation constant changes for the
light propagating inside microring and diffracted light from
nanograting structures. Therefore, the resonance wavelengths
will change together with the ring widths.

Finally, the resonance modes of nanograting resonators
with the same A of 300 nm, but different nanoblock struc-
tures were evaluated. Three structures include a symmetric
nanograting ring having sidewall nanoblocks (R of 4.75 um),
nanograting ring without sidewall nanoblocks (R of 4.75 pm),
and inner nanograting having the sidewall nanoblocks on the
interior side of microring (R of 4.82 um). Figure 5 presents
the wavelength shift with the azimuthal mode number and
the Q factors at resonance wavelengths for three different
nanoblock structures. Accordingly, the resonance wave-
lengths at =0 of structures of the symmetric grating and
the inner grating cavity are the same, while the wavelength
resonance at @ =0 of the no-sidewall-block shifted from

rectangular bus WG

1.37 pm to 0.86 um. This equality might be attributed to side-
wall blocks, which support controlling the resonance wave-
lengths and more high-Q modes. The sidewall blocks affect
the light direction and light intensity diffracted from the main
waveguide to the concentric resonance. In addition, a high
Q factor of 10° at a= 1 was achieved when the value of R of
the innergrating cavity was modified to 4.82 um. Therefore,
using the symmetric grating structure or inner grating cavity
with sidewall blocks can obtain high Q factors at high modes.

5 Structures of bus waveguide
for the coupling with the resonator
To generate the light penetrating to the nanograting microring

resonator, we simulated transmission characteristics and mode
profiles using two types of bus waveguides: a rectangular-type

nanograting bus WG
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Fig.6 Transmission spectrum of rectangular bus waveguide and nanograting bus waveguide
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bus waveguide and a nanograting bus waveguide. The rectan-
gular-type bus waveguide has a width of 500 nm, and the gap
between the bus waveguide and the resonator was 200 nm.
The nanograting bus waveguide has grating structures close
to the resonator, which has a main width (w) of 500 nm, a
Wihinned Of 200 nm, a grating period of 300 nm, and 6 pairs of
sidewall blocks. The nanograting microring resonator has a
center radius of 3.96 um. Power at the through port of the bus
waveguide was monitored to obtain the spectral responses, as
depicted in Fig. 6. The mode profiles at the azimuthal mode
number of 0 are presented in the same figure.

The coupling ratio was calculated using the ratio of the
optical power at the resonator and the input port. Results show
that, at both structures of the bus waveguide, the input light
was coupled with the resonator at the resonance wavelengths,
which was the same value as the intrinsic resonator. However,
the resonance using the nanograting bus waveguide is stronger
than that of the rectangular bus waveguide. The coupling ratio
of the rectangular waveguide and nanograting waveguide were
1.1% and 12%, respectively. In addition, whereas the Q factors
at azimuthal mode number of 0 using rectangular was 6000,
that of using the nanograting bus waveguide was 20,000.
Therefore, a much stronger concentric resonance mode exists
using the nanograting bus waveguide.

6 Application for biosensing using
the change of mode characteristics
When the electromagnetic field exists in the central region

of microring using the nanograting resonator, the transmis-
sion responses become sensitive to any attached substance

Before attached

on the resonator. The detection of a 1-um-radius object in
the central region of the resonator with a refractive index of
1.46 was simulated. Figure 7 indicates the mode profiles at
the azimuthal mode number of 0, before and after the object
had attached, using the nanograting microring resonator
together with the nanograting bus waveguide (R=3.96 um).
A stronger intensity of H, was apparent after the object had
attached. The Q factor changed from 1.9 X 10* to 6.7 x 103,
and the wavelength shifted from 1373 to 1370 nm. These
results indicate a sensing method for the attached object in
the center ring of the nanograting microring resonator based
on recognition of the change in mode characteristics of the
Q factor and the wavelength shift.

7 Conclusions

We have presented simulation results of resonance modes
of nanograting microring resonators. Light propagates
through the microring as the effect of WGM resonance as
conventional MRR. Because of the GMR effect for curved
waveguides, the leaked light from the grating structures can
formulate the concentric mode profiles. Structural parameter
effects on the resonance mode exerted by the nanograting
microring as ring radius, width, and sidewall blocks, on reso-
nance mode were clarified. The Q factors and the concentric
modes depend strongly on the position of the center radius
of the microring. Furthermore, we designed nanograting
bus waveguides that generated higher light coupling to the
nanograting resonator than the conventional rectangular bus
waveguide. Finally, we demonstrated a biosensing applica-
tion using the change of Q-factor and resonance wavelength

After attached
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Fig. 7 Biosensing application uses the change of Q factor of nanograting microring resonator when an object attached is in the center ring
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when the attached object is in the center ring of the resona-
tor. Hence, the proposed nanograting structure would be a
promising design for an ultra-sensitive microring resonator
biosensor.
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