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Integrated microring resonator structures based on silicon-
on-insulator (SOI) platforms are promising candidates for
high-performance on-chip sensing. In this work, a novel side-
wall grating slot microring resonator (SG-SMRR) with a
compact size (5 pm center radius) based on the SOI plat-
form is proposed and demonstrated experimentally. The
experiment results show that the refractive index (RI) sen-
sitivity and the limit of detection value are 620 nm/RIU and
1.4 x 10~ RIU, respectively. The concentration sensitivity
and minimum concentration detection limit are 1120 pm/%
and 0.05%, respectively. Moreover, the sidewall grating
structure makes this sensor free of free spectral range (FSR)
limitation. The detection range is significantly enlarged
to 84.5nm in lab measurement, four times that of the
FSR of conventional SMRRs. The measured Q-factor is
3.1x 10, and the straight slot waveguide transmission loss
is 24.2 dB/cm under sensing conditions. These results com-
bined with the small form factor associated with a silicon
photonics sensor open up applications where high sensitiv-
ity and large measurement range are essential.
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Introduction. Label-free optical sensors are attractive in fields
such as biomedical research, disease diagnosis, healthcare, and
environment monitoring due to their simplicity and low cost
compared with label-based detection strategies [1]. Silicon-on-
insulator (SOI) platforms are favored candidates for photonic
integrated circuits (PICs) because they are compatible with
well-established metal-oxide-semiconductor (CMOS) fabrica-
tion technologies. Also, the high refractive index (RI) contrast
in SOI wafers provides strong optical mode field confinement
and enables tight bending designs [2]. Structures for label-free
optical sensing based on the SOI platform have been widely
investigated, including Mach—Zehnder interferometer sensors,
microring resonator (MRR) sensors, and grating sensors [3-5].

For MRR sensors, wavelength interrogation is more con-
ducive to meeting the requirements of a large detection
range and easy identification compared to traditional intensity
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interrogation [6]. When testing high concentrations of analytes
using wavelength interrogation, the resonant wavelength will
move across the entire free spectral range (FSR) of an MRR
with high refractive index (RI) sensitivity. Therefore, schemes
such as Mach—Zehnder interferential coupled microrings [7],
serially coupled double MRRs [8], and grating-coupled silicon
MRRs [9] have been proposed to mitigate the FSR limitation
and enlarge the detection range.

For sensor performance improvement, many schemes have
been proposed to improve the sensitivity. The traditional bulk
sensitivity of a strip waveguide MRR is around 70 nm/RIU, and
270 nm/RIU can be achieved using a special quasi-TM design
[10,11]. The slot MRR (SMRR) structures are investigated since
they could enhance the light—analyte interaction, with experi-
mentally demonstrated sensitivities of up to 298 nm/RIU (5 um
radius) and 476 nm/RIU (30 um radius) [12,13].

In this paper, we propose and experimentally demonstrate
a compact label-free optical sensor using a combination of
sidewall grating and slot microring resonator (SG-SMRR) struc-
tures. This sensor offers an FSR-free large detection range
(84.5 nm in lab measurement), four times that of a conventional
MRR, and a high measured bulk sensitivity (620 nm/RIU) with
a limit of detection (LOD) value of 1.4 x 10~* RIU. The con-
centration sensitivity for a sodium chloride solution was as high
as 1120 pm/% with a minimum concentration detection limit
of 0.05%. The measured slot waveguide transmission loss is
5.2dB/cm with air cladding, and the Q-factor of the sensor is
3.1 x 10°. This is the first demonstration of a fabricated SG-
SMRR based on the SOI platform offering both an FSR-free
large detection range and high sensitivity.

Device design and fabrication. The SG-SMRR sensor was
designed based on the standard SOI wafer structure consisting
of a 220 nm top silicon layer and a 2 um buried oxide (BOX)
layer on a 675 pm-thick silicon substrate. A three-dimensional
(3D) schematic of the proposed sensing device with detailed
parameters is illustrated in Fig. 1. The structure parameters
were calculated and optimized using the 2D and 3D finite-
difference time-domain (FDTD) and MODE solutions software
from Lumerical Inc. (Vancouver, BC, Canada) [14]. The grating
couplers were simulated to optimize the grating pitch, duty cycle,
and fiber coupling position to achieve the highest coupling effi-
ciency of 44%. The effective indices of the SMRR and SG were
designed to achieve an operation wavelength near 1550 nm. The
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Fig. 1. Schematic of the SG-SMRR device.

SG-SMRR structure was simulated using the finite-difference
eigenmode (FDE) solver and variational FDTD to calculate the
transmission spectral responses and mode field distribution. A
tunable laser of TE polarization (to match the TEO fundamental
mode of the waveguide) was injected into the strip bus wave-
guide, and pure water was chosen as the cladding material for
the structural parameters optimization. The structure contains
focused grating couplers at the ends of the bus waveguides to
couple the device optically to cleaved single mode fibers (SMF).
The SMRR with sidewall grating enables sensing with high sen-
sitivity over a large detection range. Homogeneous sensing was
achieved by immersing this sensor device in aqueous solutions
in both simulation and experiment. This sensing investigation
can easily be extended to surface sensing applications by mod-
eling the device with a thin adsorbed analyte layer covering the
SG-SMRR.

The bend radius (R) of the SG-SMRR is the distance between
the center of the rings and the center of the slot, which was
designed to be 5 um. The gap width between the bus and the
outer ring waveguide is denoted as g, (240nm), and the slot
width between the two ring waveguides is g, (100nm). The
bus waveguide width W, and the slot waveguide width W, are
both set to 200 nm, which results in a high mode confinement
factor and extremely strong electric field enhancement in the
slot. The etched SGs on the inner and outer slot waveguides have
azimuthal periods of A; (345 nm) and A, (368 nm), respectively.
The duty cycle, or the filling factor (FF, ratio of the silicon
grating length to the period), is 85%, and the corrugation depth
of the grating H, is 10 nm. The bus and slot waveguide are both
single transverse mode configurations.

The theory of the double-peak transmission spectrum gener-
ated by this sensing structure is mainly based on the electro-
magnetically induced transparency (EIT)-like effect. Part of the
injected light field propagates through the coupling region of
the bus and microring waveguide in a clockwise direction, and
a part of the field is reflected counterclockwise by the gratings.
The interactions between the two different propagating modes
in the MRR produce the EIT-like effect. As is well known,
a uniform Bragg grating is a partially reflective element. After
optimization, the grating reflection spectrum stop band was cen-
tered at a specified resonant peak of the transmission spectrum
of the MRR, and these double peaks then dominate and the
others are suppressed. With the help of the reflection spectrum,
only one EIT-like spectrum is retained over a relatively wide
wavelength range. Thus, the EIT-like effect can be generated by
the interaction between slot waveguide microring and sidewall
gratings.

The fabrication process consisted of four main steps, as shown
in Fig. 2(a). The steps are similar to those illustrated in [15]
except the fourth step, a 1 um polymethyl methacrylate (AR-P
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Fig. 2. (a) Fabrication steps of the device. (b) SEM image of the
SG-SMRR sensor. (c) Zoom image of bus waveguide, SMRR, and
SG.

642 200k Anisole 12% PMMA) resist layer was spun, exposed,
and developed to create an open window on the ring resonator
part for sensing. The electron-beam lithography (EBL) resist
thicknesses, EBL doses, and beam step size (BSS) were opti-
mized to give a high-resolution sidewall grating and a smooth
sidewall waveguide. A top-view scanning electron microscope
(SEM) picture of a fabricated SG-SMRR device is shown in
Figs. 2(a) and 2(b), and the zoomed SEM picture of the SG-
SMRR and its dimensions is shown in Fig. 2(c). Compared
with the designed dimensions, the maximum deviation is within
2nm. The measured period and duty cycle of the fabricated
grating coupler are 672nm and 39.9% with an etch depth of
100 nm (close to the designed period of 671 nm and duty cycle
of 39.9%). The differences are due to proximity effects during
the EBL writing and sidewall etching errors during the induc-
tively coupled plasma (ICP)-reactive ion etching (RIE) process
[16].

Device measurements. In the experimental setup, a super
luminescent diode (SLD, THORLABS S5FC1005P-PM Bench-
top SLD Source), with a central wavelength of 1550 nm and
maximum output power of 22 mW was used as the light source
to measure the spectral response. The experimental setup is
shown in Fig. 3. The TE-polarized input and output beams were
coupled into and out of the SG-SMRR sensor via 10 um core-
cleaved SMFs with 10° input and output angles through the
grating couplers (GCs). An optical spectrum analyzer (OSA)
with a resolution bandwidth (RBW) of 0.06 nm was connected
to the output SMF to measure the transmission spectrum of
the sensor. For sensitivity measurement and calculation, dif-
ferent concentrations of solutions and analytes are dropped
on the sensing MRR part as shown in Fig. 3. An automated
measurement system using LABVIEW software based on the
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Fig. 3. Schematic of the measurement setup.
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Fig. 4. (a) Coupling efficiency of the simulated (black line) and
measured (red line) focused grating coupler. (b) Transmission spec-
tra of the simulated (black line) and measured (red line) SG-SMRR
with water cladding layer.

general-purpose interface bus (GPIB) connection was employed
for swift data acquisition, especially important for quickly
evaporating solvents.

The simulated and measured coupling efficiencies as a func-
tion of the wavelength of the output grating coupler are shown
in Fig. 4(a). In measurement, the central wavelength and cou-
pling efficiency of the fabricated grating coupler are 1555 nm
and 41%, respectively (the simulated central wavelength and
coupling efficiency are 1556 nm and 44%, respectively). The
difference in central wavelength and coupling efficiency may be
due to deviations in the coupling tilt angle of the SMFs. The
transmission spectra of the simulated and measured SG-SMRR
with water cladding layer are shown in Fig. 4(b). The measured
principal resonant double peaks are at 1555.5 and 1557.6 nm,
respectively, and can be tuned from 1555.5 to 1650 nm with
different RI solutions as cladding layers (the simulated resonant
double peaks are at 1554.2 and 1556.6 nm, respectively). The
small 1 nm redshift of the measured resonant peak compared
with the simulation result is due to fabrication errors in the
SG period and FF. The distance between the first main peak
and the maximum measurement range that could be achieved
in the experiment is defined as the quasi-FSR. In theory and
simulation, this proposed sensor is free from the FSR limitation
and the detection range is unbounded. Due to the wavelength
range limit of the SLD broadband light source and the OSA
used in lab measurement, the practical measurement limit of
the quasi-FSR is 84.5nm, 4.2 times that of the FSR of the
conventional SMRR (20.4 nm). Hence the operating range of
the proposed SG-SMRR is expanded significantly. This wide
operating range brings the advantage of wide dynamic range
(in terms of analyte concentration) and enabling measurement
of high-concentration solutions. The Q-factor can be calculated
as the resonant wavelength (1555.5 nm) divided by the FWHM
(0.5 nm) of the measured transmission spectrum. The calculated
Q-factor is 3.1 x 10%, which is two times that of the SMRR with
a grating structure reported in [17]. The transmission loss of the
slot SOI waveguides is measured from the coupled output power
using different lengths of waveguide. The transmission loss is
5.2 dB/cm for the straight slot SOI waveguide with air cladding.
The water absorption loss is 47.5 dB/cm at a wavelength of 1.55
um [ 18], and the optical confinement factor in the slot is 0.4. Thus
under sensing conditions, the propagation loss of the straight
slot waveguide is 5.2dB/cm+ 0.4 x47.5 dB/cm =24.2 dB/cm,
and the estimated bending loss is around 86 dB/cm.

In the bulk and concentration sensitivity measurement,
different concentrations of sodium chloride (NaCl) and D-
glucose (C¢H;,0¢) were used as analytes and dropped onto the
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Fig. 5. (a) Simulated and (b) measured transmission spectra for
different concentrations of glucose solutions. (c¢) Simulated and (d)
measured transmission spectra of different concentrations of NaCl
solutions.
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Fig. 6. (a) Simulation and experimental RI sensitivities of
SG-SMRR for glucose and NaCl solutions. (b) Simulation and
experimental concentration sensitivities of SG-SMRR for glucose
and NaCl solutions.

SG-SMRR. Concentration changes (mass%) of sodium chloride
and glucose result in the RI changes, which can be derived using
a third-order polynomial fit described in [15]. The simulated
and measured transmission spectra for different concentrations
of glucose and sodium chloride are shown in Figs. 5(a) and
5(c) and Figs. 5(b) and 5(d), respectively. The resonant double
peaks initially start at 1555.5 and 1557.6 nm, respectively, and
are redshifted when the concentration of solution is increased.
The simulated and measured RI and concentration sensitivi-
ties of the device to glucose and sodium chloride concentration
are shown in Figs. 6(a) and 6(b), respectively. The simulated
and measured RI sensitivities (Sg;) for sodium chloride are
650 and 620 nm/RIU, respectively, and for glucose are 646 and
616 nm/RIU, respectively. The derivation of the two measured
sensitivities is limited by RBW of the OSA. The measured RI
sensitivity is more than two times that of optimized designed
single-strip SOI-based quasi-TM MRRs and higher than that of
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Table 1. Comparison of Key Features of SOl MRR Sen-
sors

Sk Q ER FSR

(nm/RIU) (dB) (nm)
Optimized 403 1.2 x 10° 14 23
SMRR [19]
Grating 433 4.3 x10° 10 Free
DSMRR [20]
IG-SMRR [17] 643 1.4 % 10° 11
This work 650/620 3.1x10° 15 Free

previously reported SMRRs in [12,13]. The related RI LOD
value is 1.4 x 10 RIU. The measured concentration sensi-
tivities (S.) are 1120 and 1095 pm/% for NaCl and glucose
solutions, respectively, and the corresponding simulation values
are 1156 and 1139 pm/%. The corresponding measured concen-
tration LOD values for NaCl is 0.05%. It should be noted that
the surface sensitivity (S;) could not be determined experimen-
tally due to the lack of an accurate molecule binding and protein
layer thickness measurement tool. However, we estimate that the
experimental S, value should be close to the simulated value of
5.2 nm/nm based on the RI and concentration sensitivity results.

A comparison of the performance of different sensors is shown
in Table 1. Our sensor shows advantages in terms of its sim-
ple structure (single bus waveguide), FSR free detection range,
higher Q-factor and extinction ratio (ER), and high sensitivity
verified experimentally. The Sk, in [17] is comparable to ours
but is based only on simulation results.

Conclusion. A novel and compact SG-SMRR sensing struc-
ture (5 pm radius) based on the SOI platform has been proposed
and demonstrated experimentally. The measured bulk sensitivity
and LOD values are 620 nm/RIU and 1.4 x 10~* RIU, respec-
tively. The concentration sensitivity and minimum concentration
detection limit are 1120 pm/% and 0.05%. Moreover, the the-
oretical detection range is unbounded, and the experimental
detection range measured here is 84.5 nm, four times that of the
free spectral range of conventional slot MRRs. Under sensing
conditions, the measured Q-factor is 3.1 x 10° and the straight
slot waveguide transmission loss is 24.2 dB/cm.
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