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Abstract: We simulate and demonstrate experimentally an inner-wall grating double slot
micro ring resonator (IG-DSMRR) with a center slot ring radius of only 6.72 µm based on
the silicon-on-insulator platform. This novel photonic-integrated sensor for optical label-free
biochemical analysis boosts the measured refractive index (RI) sensitivity in glucose solutions to
563 nm/RIU with the limit of detection value being 3.7× 10−6 RIU (refractive index units). The
concentration sensitivity for sodium chloride solutions can reach 981 pm/%, with a minimum
concentration detection limit of 0.02%. Using the combination of DSMRR and IG, the detection
range is enlarged significantly to 72.62 nm, three times the free spectral range of conventional slot
micro ring resonators. The measured Q-factor is 1.6× 104, and the straight strip and double slot
waveguide transmission losses are 0.9 dB/cm and 20.2 dB/cm, respectively. This IG-DSMRR
combines the advantages of a micro ring resonator, slot waveguide, and angular grating and is
highly desirable for biochemical sensing in liquids and gases offering an ultra-high sensitivity and
ultra-large measurement range. This is the first report of a fabricated and measured double-slot
micro ring resonator with an inner sidewall grating structure.
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1. Introduction

Biomedical detection sensors have wide applications in areas such as biomedical research, medical
diagnostics, healthcare, and environmental monitoring. Label-free optical sensing is widely used
as it is a relatively simple and low-cost approach compared with traditional label-based detection
strategies [1].

In photonic integrated circuits (PICs), silicon-on-insulator (SOI) platforms have been rec-
ognized as favorable candidates due to their compatibility with well-established metal-oxide-
semiconductor (CMOS) fabrication technologies. SOI structures have a high refractive index
(RI) contrast, with strong optical mode field confinement enabling tight bending designs (down
to a 1.5 µm bend radius, close to the theoretical limit) [2]. Label-free optical sensing devices
based on the SOI platform have been widely studied, including Mach–Zehnder interferometer
sensors [3], Fabry–Perot resonance sensors [4], microring/microdisk resonator sensors [5,6,7,8],
and grating sensors [7,8,9].

SOI-based micro ring resonator (MRR) structures have previously been combined with
waveguide grating elements to create filters [10], single wavelength micro ring mirrors [11],
single mode lasers [12], optical vortex beam emitters [13], and nonlinear sensing devices [14].
For MRR sensors, two typical interrogation approaches, intensity interrogation, and wavelength
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interrogation have been utilized [15]. The former suffers from a narrow detection range and
unstable accuracy. Wavelength interrogation has therefore become a popular detection method,
meeting the requirements of a large detection range and easy-to-identify sensing.

Specifically, for MRR sensing using the wavelength shift, if the refractive index change is
sufficiently large, the resonant wavelength can be shifted over the entire free spectral range (FSR)
of the MRR device. The measurement range of a wavelength shift-dependent MRR device is
therefore limited by its FSR. Schemes such as Mach–Zehnder interferential coupled micro rings
[16], serially coupled double MRRs [17], grating-coupled silicon MRRs [18], and angular grating
(AG) MRRs [19] have been proposed to enlarge the FSR. Although these schemes can enlarge
the FSR, their sensitivities are lower than those of multi-slot micro ring resonator (SMRR)
schemes. Traditional single-strip waveguide MRR bulk sensitivity is around 70 nm/RIU [20].
Even using a specially designed quasi-TM MRR, the maximum bulk sensitivity of a traditional
strip waveguide MRR sensor based on wavelength shifting is only 270 nm/RIU [21], while
SMRR sensing structures on SOI can enhance the light–analyte interaction with experimentally
demonstrated sensitivities up to 298 nm/RIU (5 µm bend radius) [22], and 476 nm/RIU (30 µm
bend radius) [23].

In this paper, we present a compact label-free optical sensor with a combination of an inner
sidewall grating and a double slot micro ring resonator (IG-DSMRR). An MRR design using
angular grating and one slot waveguide with a large measurement range (84.5 nm) and high
bulk sensitivity (559.5 nm/RIU) has previously been reported but the results were simulations
[24]. Furthermore, the design had no input and output grating couplers, so it would not be
suitable for practical sensing. Our simulation and experiment results show that, based on the
SOI platform, a DSMRR combined with a Bragg angular grating structure can have a detection
range more than three times that of a conventional MRR combined with a sensitivity which is
more than that of an SMRR. Lumerical FDTD solutions are utilized to simulate and optimize
the structural parameters to enhance the sensing performance of the device. The measured
refractive index (RI) sensitivity can reach 563 nm/RIU with a Limit of Detection (LOD) value of
3.7 × 10−6 RIU. The concentration sensitivities of sodium chloride could reach 981 pm/% with a
minimum concentration detection limit of 0.02%, and a large measurement range of 72.62 nm.
The IG-DSMRR device has a high Q-factor of 1.6 × 104, a straight strip waveguide transmission
loss of only 0.9 dB/cm and a double slot waveguide transmission loss of 20.2 dB/cm. This is
the first demonstration of a fabricated IG-DSMRR based on the SOI platform offering a large
detection range with high sensitivity.

2. Structure design and operation principle

2.1. Structure design

The SOI wafer epilayer and the three-dimensional (3D) schematic of the proposed sensing device
are illustrated in Fig. 1(a), and the detailed design parameters of the IG-DSMRR are shown
in Fig. 1(b). The SOI wafer has a 220 nm top silicon layer and a 2 µm buried oxide (BOX)
layer on a 675 µm thick silicon substrate. The structure contains focused grating couplers at
the ends of the waveguides to couple the device optically to cleaved single mode fibers (SMF),
and an optimized “W” shaped branch tapered coupler is used to couple light between the strip
waveguides and slot waveguides. The inner wall of the MRR has a grating structure to enable
sensing with high sensitivity over a large detection range. Homogeneous sensing is implemented
in this sensing structure, so the IG-DSMRR part of the device is immersed in aqueous solutions
in both simulation and experiment. Pure water was chosen as the top cladding in the process
of determining the geometric parameters of waveguides. This homogeneous sensing case can
be easily extended to surface sensing applications by modeling the device with a thin adsorbed
analyte for the top cladding. The bend radius (R) of the DSMRR is the distance between the
center of the rings and the inner wall of the middle ring, which is designed to be 6.72 µm. The
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gap width between the bus and the ring waveguide is denoted as Wgap (200 nm) and the ring and
bus waveguide have the same slot width named Wslot. The strip waveguide width Wstrip is 630 nm
and the bus and ring width W and the slot width Wslot are set to 210 nm and 100 nm respectively,
which results in a high mode confinement factor and extremely strong electric field enhancement
in the slots. The etched IG has an azimuthal period (Λ) of 1.199 µm and duty cycle, or filling
factor (FF) (ratio of silicon block lg to the period Λ) of 96%, and the corrugation depth of the
grating Hg is 24 nm. The propagation of the optical fields in the bus and ring slots is shown in
Fig. 1(c). Here E+1 , E+2 , E+3 and E+4 represent the input and the output optical field amplitudes
with respect to the ring coupling point in bus double slots and ring double slots, and E−

1 , E−
2 , E−

3
and E−

4 represent the reflected optical field amplitudes in the corresponding positions.

                           (a)

   

(b)                                                                      (c)                     

            

Fig. 1. (a) Schematic structure of the IG-DSMRR. (b) Design parameters of the IG-DSMRR
structure. (c) Propagating optical fields in the bus and bent double slots.

2.2. Operation principle

The resonance equation of the DSMRR can be expressed as:

Lneff = mλres, m = 1, 2, 3 . . . (1)

where L = 2πR is the perimeter of the ring, neff is the effective refractive index of the DSMRR
waveguide, m (positive integer) is the azimuthal resonant order, and λres is the resonant wavelength.

The input and output ports of the IG-DSMRR device are symmetric, so the optical path is
reversible. The transmission matrix of incident and reflected optical fields between the bus
waveguide and ring waveguide is expressed separately as:
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where, κ and τ are the amplitude coupling and transmission coefficients. When coupling loss can
be ignored, the relation between them is described as:

κ2 + τ2 = 1 (4)
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The transmission matrix of the IG [25] is written as:
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where S is the scattering matrix of the IG, and α and β are the transmission loss coefficient and
propagation constant, respectively. When the transmission loss α is negligible (α = 0). The r
and t, in the S matrix, are the reflection and transmission coefficients of the IG which satisfy:

r2 + t2 = 1 (6)

Combining Eq. (2)-(6), and setting E−
2=0 (no reflected signal from the output port), the transfer

function of IG-DSMRR is derived as:

A =
|︁|︁|︁|︁E+2E+1

|︁|︁|︁|︁2 = [t(1 + τ2) − 2τ cos(βL + ϕ)]2

(1 − t2)[(1 + τ2)
2
− 4τ2] + [t(1 + τ2) − 2τ cos(βL + ϕ)]2

(7)

Here A is the intensity transmission, which is usually expressed in the logarithmic form:

T(λ) = 10log10(A) (8)

To decide the wavelength selectivity, we calculate the fundamental mode in an angular grating
using the mode analysis, the effective indices (navr) of the fundamental modes and reflection
condition of Bragg grating are calculated as below [19]:

n2
avr = FF · n2

eff 1 + (1 − FF) · n2
eff 2 (9)

2λB = 2navrΛ (10)

where neff 1 and neff 2 are the wavelength-dependent effective indices of the ring waveguide at
section with and without inner wall grating, FF is the filling factor of the IG as denoted above,
and λB is the Bragg wavelength. The operating principle of the designed sensor is demonstrated
in Fig. 2, in which the spectral responses of the DSMRR, IG, and IG-DSMRR are described. The
optical transmission can be regarded as two filtering processes. The light in the bus waveguide
is first filtered by DSMRR, and then the resonant light is filtered by the IG. The DSMRR
and IG have the same resonant wavelength (near 1550 nm) as the main resonant peak of the
IG-DSMRR, and other resonances of the DSMRR are filtered by the IG. The IG-DSMRR with the
wavelength-selective characteristic is not restricted by the FSR of DSMRR. In the second filtering
stage, certain side modes can be effectively suppressed by optimizing the corrugation depth of
the IG. The side-mode suppression ratio (SMSR) is used to describe the level of suppression.

Fig. 2. Demonstration of the operating principle of the IG-DSMRR.
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3. Simulation

3.1. Modeling considerations

The simulation of this IG-DSMRR sensor was conducted and optimized using Finite Difference
Time Division (FDTD) and MODE solutions software of Lumerical Inc. (Vancouver, BC,
Canada) [26]. Under the effective indices simulation of DSMRR and IG, an operation wavelength
is preferable to be fixed near 1550 nm. The grating couplers were simulated using Lumerical
2D Finite Difference Eigenmode (FDE) to optimize the grating pitch, duty cycle, and fiber
coupling position. Then using 3D FDTD methods to optimize the final fiber position based on
3D simulation to achieve the highest coupling efficiency. The ‘‘W’’ shape strip-to-slot waveguide
coupler is also simulated using the 3D FDTD method. The IG-DSMRR structure was simulated
using a variational FDTD simulation approach to calculate the transmission spectral responses of
the sensor. A tunable laser of TE-like (the fundamental mode TE0) was injected into the double
slot bus waveguide. The mode field distribution was calculated by using a Finite Difference
Eigenmode (FDE) solver. In the process of the structure parameter optimization, pure water is
chosen as the top cladding. The Q-factor (Q) can be calculated as the ratio of the resonance
wavelength (λres) and full width at half maximum (FWHM) of the transmission spectrum as the
expression:

Q =
λres

FWHM
(11)

The concentration sensitivity [27] of the optical sensor can be defined as:

SC = ∆λres/∆C (12)

where ∆C and ∆λres are the variations in the sample (gas or liquid) concentration and resonant
wavelength, respectively. This concentration sensitivity means the resonant wavelength shift
induced by 1% mass concentration change.

For comparative purposes, the universal RI sensitivity can be written as:

SV = ∆λres/∆n (13)

where ∆n is the RI variation of the aqueous solution. This sensitivity, with the unit of nm/RIU,
means the resonant wavelength shift induced by unit change in the RI.

The surface RI sensitivity (Ss) is a measure of the wavelength shift per unit change in refractive
index within the first few tens of nanometers (adlayer thickness) above the waveguide and is
important in biosensing applications [28]:

SS =
∆λres

∆tad
=
λres

ng

(︃
∂neff

∂tad

)︃
(14)

where ng is the group index, tad is the uniform thickness of the adsorbed molecule layer with
refractive index nad. For most proteins, the refractive index is about nad = 1.48 [28].

The limit of detection (LOD) is another widely used parameter to evaluate the sensing capability
of a device, and is defined as the resonance wavelength resolution 3σ divided by the sensitivity
(SC or SV ), where σ is the standard deviation of the resulting spectral variation and can be
calculated using the method in [29]:

LOD = 3σ/SC or LOD = 3σ/SV (15)

To demonstrate the bulk sensing characteristics of the IG-DSMRR, sodium chloride (NaCl)
and D-glucose (C6H12O6) were used as samples. Concentrations changes (mass%) of sodium
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chloride and glucose results in the RI changes are calculated using a third-order polynomial fit as
[30,31]:

n = Aw3 + Bw2 + Cw + D (16)

where w is the weight fraction, A, B, C and D are the parameters of a polynomial fit, with the
values for glucose and sodium chloride solutions listed in Table 1.

Table 1. Parameters for refractive indexes of solutions

NaCl Glucose

w 0-0.25 0-0.80

A -0.0800 0.0330

B 0.0740 0.0456

C 0.1620 0.1416

D 1.3162 1.3166

3.2. Simulation results

Introducing slots into a common bus waveguide can lead to strong confinement of the quasi-TE
mode in the slot regions. This strong confinement can enhance light-matter interaction and
potentially improve the sensitivity of the sensor. The width of the slot must be designed carefully
since too wide a slot will weaken the electrical strength in the slot region while too narrow a slot
will prevent biological molecules from entering the slot region. Here, the width of the slot region
is selected to be 100 nm. The mode field distribution of a straight double slot waveguide and of
the bent double slot waveguide in the ring are shown in Fig. 3(a) and Fig. 3(b) respectively. The
straight double slot waveguide has relatively symmetric electric field patterns in the two slots,
while the bent double slot waveguide has an asymmetric distribution with the inner slot having a
higher electric field strength than the outer one. High confinement of the TE mode in the slots
37.2% and 37.8% for the straight waveguide and 38.7% and 41.2% for the bent slot waveguide
and an intensified electric field were realized within the slot region for the applied geometry in
both bus and bent waveguide. On the other hand, the strong E-field confinements in the slots
also cause more losses due to more sidewall scattering and water absorptions as compared with
conventional strip waveguides. In the non-sensing state, the measured propagation loss of a
straight single strip waveguide in air is 0.9 dB/cm, close to the result in [32] which used similar
fabrication processes and same waveguide width. The measured propagation loss of a straight
double slot waveguide in air (including sidewall scattering loss) is 20.2 dB/cm (see Section 4.3.
Experimental results below). The water absorption loss is 47.5 dB/cm at a wavelength of 1.55
µm [33]. In the sensing state, the estimated propagation loss of the double slot waveguide is
therefore about 20.2 dB/cm+ (0.372+ 0.378)× 47.5 dB/cm= 55.8 dB/cm.

(a)                                                             (b)

                
Fig. 3. (a) Electric field distribution of the bus double slot waveguide. (b) Electric field
distribution of the bent double slot waveguide.
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An optical label-free sensor must have a high sensitivity to be of practical use. The extinction
ratio (ER), defined as the ratio between on-resonance and off-resonance transmission, and the
Q-factor of the IG-DSMRR are also two key parameters. To increase the Q-factor, it is important
to reduce the resonator losses. The losses of the IG-DSMRR mainly arise from the intrinsic
propagation loss in the silicon straight slot waveguide, the bus-ring coupling loss, the bending
loss, and scattering loss. The scattering loss is mainly caused by the IG and waveguide sidewall
roughness arising from the fabrication process. So in the IG-DSMRR, the coupling loss, bending
loss, and scattering loss of IG and the smoothness of the waveguide sidewall in fabrication
dominate the total loss, and a small bus to ring waveguide coupling distance can effectively
decrease the coupling loss. Taking into account the trade-off between the coupling efficiency
from the double slot straight waveguide to the double slot ring resonator and the reactive ion
etching (RIE) lag effect in fabrication, the coupling distance Wgap between the bus waveguide
and ring waveguide was chosen to be 200 nm. The focused SOI grating coupler was optimized
for use with a cleaved SMF angled at 10° from vertical. The optimized grating pitch P is 671 nm,
the duty cycle is 39.9%, and the grating height he is 100 nm for operation at a central wavelength
of 1550 nm.

The simulation of the IG-DSMRR is based on the parameters presented in Fig. 1(b) which were
chosen to optimize the sensing performance. The electric field distribution of the IG-DSMRR
structure is shown in Fig. 4(a). The simulated transmission spectra of the designed IG-DSMRR
and fabricated IG-DSMRR are shown in Fig. 4(b). The relatively low ER (<9 dB) may be due to
the coupling efficiency κ between the bus and the ring waveguide being only 1.40% (see Section
4.3. Experimental results below), and the increased sidewall scattering losses of the double-slot
ridge waveguides and the IG structure. However, there is a trade-off between the Q-factor and the
ER because a low value of κ corresponds to a high Q-factor and lower ER [34]. The resonant
peak of the designed IG-DSMRR is at 1545 nm, and the resonant peak for the structure with
the fabricated parameters is slightly blue shifted to 1543 nm because the grating height of the
fabricated inner wall is around 210 nm, smaller than the designed value of 220 nm. When the
hydrogen silsesquioxane (HSQ) resist mask is removed following the etch to define the ridge
waveguide and IGs, the remaining (unetched) 10 nm thick layer of Si can be used as a wet etch
stop layer (see device fabrication in below section 4.1).

    (a)                                                          (b)
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Fig. 4. (a) The electric field distribution of the IG-DSMRR. (b) The simulated transmission
spectrum of the IG- DSMRR for the designed IG height of 220 nm (black curve) and the
fabricated IG height of 210 nm (red curve).

An optimized “W” shaped branch tapered coupler was used to couple light between the strip
waveguide and the slot waveguide also enhance the transmission intensity to increase ER [35].
The design and parameters of the “W” shaped branch tapered coupler are shown in Fig. 5(a), and
the electric field distribution associated with the coupler is shown in Fig. 5(b).
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Fig. 5. (a) The “W” shaped branch tapered coupler design. (b) The electric field distribution
in the “W” shaped branch tapered coupler. The coupling efficiency as a function of (c) strip
waveguide length, (d) taper waveguide length, (e) slot waveguide length, and (f) h value.

The optimization of the “W” shaped branch tapered coupler is based on the following parameters:
the strip waveguide length Lstrip, the taper waveguide length Ltaper, the slot waveguide length Lslot,
the h value arising from limits in the fabrication resolution. The simulated coupling efficiencies
of structures with different Lstrip, Ltaper, Lslot, and h values are shown in Fig. 5(c), (d), (e), and (f),
respectively. The coupling efficiency decreases for longer Lstrip and larger h values, and fluctuates
as Ltaper and Lslot are increased. Based on these simulation curves, the optimized parameters
were selected as Lstrip = 30 µm, Ltaper = 4 µm, Lslot = 16 µm, and h = 20 nm. The coupling
efficiency of the optimized coupler can reach 96%.

After adding this optimized “W” shaped branch tapered coupler to the IG-DSMRR, the
simulation was performed again to confirm the sensing performance. The transmission spectra
with and without the taper coupler are shown in Fig. 6(a). There is a measured principal resonant
peak at 1543 nm. The transmission intensity in the spectrum is slightly enhanced which brings a
higher ER and confirms the optimized taper coupler will not affect the transmission spectrum of
the IG-DSMRR. The simulated transmission spectra for different concentrations of glucose and
sodium chloride as the top cladding mediums are shown in Fig. 6(b) and Fig. 6(c), respectively.
The RI of the cladding solution on the top of the sensor influences the field of the optical mode,
which results in a change in the effective index and a shift in the resonant frequencies of the
MRR. Here, the strong resonant optical field inside the slots plays a crucial role in the sensing
process. The simulated surface sensitivity Ss is 0.219 nm/nm as shown in Fig. 6(d).
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Fig. 6. (a) Simulated transmission spectra of IG-DSMRR without (black curve) and with
tapered coupler (red curve). (b) Simulated transmission spectra for different concentrations
of glucose solutions. (c) Simulated transmission spectra for different concentrations of
sodium chloride solutions. (d) Simulated surface sensitivity Ss.

4. Experiment

4.1. Device fabrication

The SOI wafer structure was shown in Fig. 1(a). The fabrication process consisted of 5 main
steps, as shown in Fig. 7.

Fig. 7. Fabrication steps of the device.

The fabrication process uses three etching steps to create the waveguides and ring resonators,
the grating couplers, and the sensing windows. First, the SOI substrates were cleaned by
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(a)                                                                 (b)
  

(c)                                                                 (d)

Fig. 8. SEM images of (a) the IG-DSMRR. (b) zoomed bus, ring waveguides, and the inner
sidewall grating. (c) the grating coupler, and the inset shows the grating period of 672 nm
and dry etched grating height of around 110 nm. (d) the dry-etched open window for a series
IG-DSMRRs.

submerging in acetone, isopropanol (IPA) and RO water. Second, an electron beam lithography
(EBL) resist 1:3 HSQ: MIBK film was spin-coated and baked at 90 ◦C. After that, EBL (Raith
EBPG 5200) was used to define all the waveguides and the IGs. Then, the exposed samples
were developed with 25% tetramethylammonium hydroxide (TMAH). After that, the topsilicon
patterns of the ridge waveguides and IGs were dry etched using an inductively coupled plasma
(ICP) STS 100 tool with a gas flow of SF6/C4F8 (30:90 sccm). Third, another EBL resist layer,
of polymethyl methacrylate (PMMA, AR-P 642 200 k Anisole 12% PMMA), was spin-coated
and the samples were baked using a hotplate at 180 ◦C. Then, EBL was carried out to the
input and output grating couplers, and the exposed samples were developed with an IPA/MIBK
(2.5:1) solution. Then, the silicon layer of the grating coupler was dry etched using an ICP STS
100 system with flow rates of SF6/C4F8 (30:90 sccm). Fourth, a 1 µm silicon oxide layer was
deposited on the whole sample using plasma-enhanced chemical vapor deposition (PECVD) to
form a cladding layer to increase the coupling efficiency of the grating coupler with a SMF. Fifth,
a 1-µm-thick SiO2 window over the ring resonator section was opened by using three PMMA
(AR-P 642 200 k Anisole 15% PMMA) resist layers and dry-etching in CHF3/Ar (25/18 sccm).
Here we note that the EBL resist thicknesses, EBL doses and beam step size (BSS) had been
optimized previously. The top view scanning electron microscope (SEM) picture of the fabricated
IG-DSMRR device is shown in Fig. 8(a) and (a) zoomed SEM picture of the inner sidewall
grating is shown in Fig. 8(b). The fabricated grating coupler is shown in Fig. 8(c), from which
the period and duty cycle are 672 nm and 39.9% with an etch depth of 110 nm. These parameters
are close to the designed period and duty cycle (671 nm and 39.9%), the differences being due to
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  (a)                                                 (b)

Fig. 9. (a) Experimental setup for measuring IG-DSMRR. (b) Photograph of the measure-
ment setup, in which there is an SLD, OSA, input and output SMFs, alignment stage, and
two displays.

the fabrication errors which result from proximity effects in EBL and side wall etching during
the ICP-RIE process [36]. The open window on the ring resonator for high-sensitivity sensing is
shown in Fig. 8(d).

4.2. Measurement setup

In the experimental setup, a Super Luminescent Diode (SLD, THORLABS S5FC1005P - PM
Benchtop SLD Source), with a central wavelength of 1550 nm, maximum output power of
22 mW, and a 3 dB bandwidth of 50 nm was used as the light source to measure the spectral
response. The experimental setup is shown in Fig. 9(a) and Fig. 9(b). The input and output
beams in TE mode were connected to the IG-DSMRR sensors via a 10 µm core cleaved SMF
with 10° input and output angles through the grating couplers (GCs). An optical spectrum
analyzer (OSA) with a resolution bandwidth of 0.06 nm was connected to the output SMF to
measure the transmission spectrum of the IG-DSMRR. To measure the sensitivity of the sensor
to different RIs, sample liquids were dropped on the sensing part as shown in Fig. 9(a). To obtain
measurement data swiftly, particularly important for fast evaporation solvents such as acetone, an
automated measurement system using LabVIEW software based on the general purpose interface
bus (GPIB) connection was employed.

4.3. Experimental results

In the experiments, the coupling efficiency of the grating coupler, the transmission loss of
the straight SOI waveguide, and the transmission spectra of the IG-DSMRR with different
concentrations of glucose and sodium chloride solutions were measured. The simulated and
measured coupling efficiencies as a function of wavelength of the output grating coupler are
shown in Fig. 10(a). The central wavelength and coupling efficiency of the simulated grating
coupler based on the fabricated parameters are 1548 nm and 38% respectively. For the real
measured grating coupler, the central wavelength and coupling efficiency are 1540 nm and 34%
respectively. The differences in the central wavelength and coupling efficiency may be due to
deviations in the tilt angle of the output SMF. The transmission spectra of the simulated and
measured IG-DSMRR are shown in Fig. 10(b). There is a measured principal resonant peak at
1547.76 nm, which can be tuned from 1450 nm to 1650 nm. Nearly 5-nm redshift in the resonant
peak compared with the simulation result in Fig. 6(a) may be due to the fabrication errors of the
IG period and FF. The distance between the main resonant peak and its right-third subsidiary
peak is denoted as the quasi-FSR. In the spectrum, the quasi-FSR of the IG-DSMRR is 72.62 nm,
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Fig. 10. (a) Coupling efficiency of the simulated (black line) and fabricated (red line)
focused grating coupler. (b) Transmission spectra of the simulated (black line) and measured
(red line) IG-DSMRR. (c) Coupling power of the strip and double slot SOI waveguide vs
waveguide length. (d) Measured transmission spectra for different concentrations of glucose
solution.

compared to the FSR of a conventional SMRR of 20.44 nm. This magnification of the detection
wavelength range can be defined using Eq. (17) to give a measure of the degree of broadening of
the detection range:

AEF =
quasi − FSR

FSR
(17)

The calculated enlargement factor of this device is up to 3.55, hence the operating range of the
proposed IG-DSMRR is expanded significantly. The large FSR of the IG-DSMRR also brings
advantages. Conventional MRRs can only detect glucose concentrations below 20% [34], while
the large quasi-FSR of the IG-DSMRR allows higher concentrations to be measured without
ambiguity. The Q-factor can be calculated from Eq. (11): from the transmission spectrum the
resonant wavelength is 1547.76 nm and the FWHM is 0.098 nm, giving the Q-factor as 1.6 × 104.
The measured coupling efficiency κ between the bus and the ring waveguide is about 1.40%. The
measured transmission losses of the straight strip and double slot SOI waveguides are shown in
Fig. 10(c) and are calculated from the coupled output power using different lengths of waveguides.
The transmission loss is 0.9 dB/cm for the straight strip SOI waveguide, and 20.2 dB/cm for
the straight double slot waveguide with air cladding. Under sensing condition, the calculated
propagation loss of straight double slot waveguide is 55.8 dB/cm as noted above.
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Fig. 11. (a) The RI sensitivity of IG-DSMRR of simulation (square black line) and
experiment (red dot line) (glucose). (b) measured transmission spectrum of different
concentrations of NaCl solution. (c) The RI sensitivity of IG-DSMRR of simulation (square
black line) and experiment (red dot line) (NaCl). (d) The simulation and experiment
concentration sensitivity of IG-DSMRR for glucose and NaCl solutions respectively.

The transmission spectra for different concentrations of glucose and sodium chloride are
shown in Fig. 10(d) and Fig. 11(b) respectively. Samples with different concentrations of glucose
and sodium chloride were dropped onto the ring resonator. The resonant peak starts at 1547.76
nm and as the concentration of solute is increased, the waveguide effective index increases and
the resonant peak in the spectrum is red shifted. The wavelength sensitivity can be calculated
from the changes in the resonance and in the refractive index. The simulated and measured
sensitivities of the device to glucose and sodium chloride concentration are shown in Fig. 11(a)
and Fig. 11(c) respectively. The simulated bulk sensitivities to glucose and sodium chloride
are both 576 nm/RIU, while the measured structure bulk sensitivities are 552 nm/RIU and 563
nm/RIU respectively. The achieved bulk sensitivity is more than two times that of optimized
designed single strip SOI-based quasi-TM MRRs [21]. It is also higher than that of reported
SMRRs [22,23]. The measured LOD values related to these sensitivities are 3.6 × 10−6 RIU
and 3.7 × 10−6 RIU respectively. The concentration sensitivities are also shown in Fig. 11(d),
where the simulated concentration sensitivities are 1015 pm/% and 1004 pm/% for glucose and
sodium chloride solutions respectively, with the experiment concentration sensitivities being 975
pm/% and 981 pm/% respectively. The corresponding measured concentration LOD values are
both 0.02%. Experimentally, the central coupling wavelength of the grating couplers and the



Research Article Vol. 31, No. 12 / 5 Jun 2023 / Optics Express 20047

transmission peak of the IG-DSMRR were 10 nm blue shifted and 5 nm red shifted respectively
compared with the simulation results, which may be because of fabrication errors and the analytes
RIs fluctuations between the reference and the experiment.

It should be noted that due to the lack of an accurate tool to measure the protein layer thickness
tad, the measured surface sensitivity Ss could not be determined. However, we estimate that
the experimental Ss value should be close to the simulated value of 0.219 nm/nm because the
measured bulk sensitivity is nearly the same as that of the simulation.

5. Conclusions

In conclusion, compact and highly sensitive IG-DSMRR sensors were developed. This sensor
is a combination of a double slot micro ring resonator and inner sidewall angular grating. In
contrast to previous work reporting a similar double slot waveguide configuration, this structure
with inner wall grating is designed to have only one resonant peak with other peaks suppressed.
As a result, the new design offers the combination of high sensitivity and large detection range in
a compact size as 6.72 µm center radius non-suspended ring resonator structure. After designing
and modeling, devices were fabricated using high-precision EBL and dry etching to realize a
slot waveguide ring resonator with microns scale radius and nanometer scale IG. As a result, a
record high-sensitivity of 563 nm/RIU with a minimum LOD of 3.7 × 10−6 RIU were realized.
Concentration sensitivities can reach 981 pm/%, with a minimum concentration detection limit
of less than 0.02%. A high resonator Q-factor of 1.6 × 104 accompanied by a low straight single
strip waveguide propagation loss of 0.9 dB/cm in the air and 20.2 dB/cm propagation loss of the
double slot straight waveguide in the air were achieved in this sensing structure. In comparison
to the single strip SOI-based ring resonator sensors reported so far, the sensitivity was more
than 2 times that of the specially designed MRRs and the detection range was 3 times larger
than that of traditional slot MRRs. Moreover, this is the first fabricated sensor that combines
an ultra-compact footprint, ultra-high sensitivity, and ultra-large detection range at the same
time. Although the IG-DSMRR was fabricated using EBL, it could also be fabricated using mass
production CMOS processes. The IG-DSMRR based on the SOI platform reported here can be
applied in numerous chemical, biomedical and environmental applications.
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