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Abstract: To enhance the quality factor and sensitivity of refractive index sensors, a feedback waveguide slot grating micro-ring resonator
was proposed. An air-hole grating structure was introduced based on the slot micro-ring, utilizing the reflection of the grating to achieve the
electromagnetic-like induced transparency effect at different wavelengths. The high slope characteristics of the EIT -like effect enabled a
higher quality factor and sensitivity. The transmission principle of the structure was analyzed using the transmission matrix method, and the
transmission spectrum and mode field distribution were simulated using the finite-difference time-domain (FDTD) method, and the
device structure parameters were adjusted for optimization. Simulation results show that the proposed structure achieves an EIT -like effect
with a quality factor of 59 267.5. In the analysis of refractive index sensing characteristics, the structure exhibits a sensitivity of
408.57 nm/RIU and a detection limit of 6.23>X 107" RIU. Therefore, the proposed structure achieved both a high quality factor and

refractive index sensitivity, demonstrating excellent sensing performance for applications in environmental monitoring, biomedical fields,

and other areas with broad market potential.
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0 Introduction

With the rapid development of silicon-on-insulator
(SOI) technology, optical devices based on the SOI
platform attract widespread attention due to their fast
response speed, strong electromagnetic interference
resistance, and ease of integration'”. Researchers propose
many optical sensors based on the SOI platform, such as

=3 micro-ring/

one-dimensional photonic crystal sensors
micro-disk resonators™, surface plasmon sensors"’, and
sub-wavelength grating sensors®. Among various optical
sensors, the micro ring resonator (MRR) garners
significant attention due to its low insertion loss, high
quality (Q) factor, and compact structure'. It is widely

used in fields such as medical diagnosis"

, environmental
monitoring, and national security. However, the sensing
performance of traditional MRRs is often limited by the
symmetric Lorentzian line shape'”, resulting in lower
quality factors and sensitivities, which is challenging to
meet the demands of sensing applications.

To enhance the sensing performance of micro-ring
resonators, researchers have developed various innovative

structures. For instance, adding a U-shaped feedback

waveguide segment to a double-channel micro-ring
resonator (MRR) can introduce additional light fields,
resulting in Fano-type transmission spectra’”. Another
approach involves combining double-channel racetrack
MRRs with gratings to achieve high-slope Fano
resonance'". Inserting air holes in the straight waveguide at
the coupling position of the MRR was used to control the
transmission spectrum shape”. Additionally, integrating
MRRs with photonic crystal structures can produce EIT -
like effects (electromagnetically induced transparency) .
The groove micro-ring and slot phase-shifting Bragg
grating bus straight waveguide coupling structure'
demonstrated a device sensitivity of 297.13 nm/RIU, but
the quality factor was only 2 000, with a sensitivity
detection limit of 1.1X10* RIU. Another reported
structure'” had a quality factor as high as 1.9 10°, but the
sensitivity was only 86.371 4 nm/RIU. The compact inner-
wall grating micro-ring resonator boasted a refractive index
sensitivity of 559.5 nm/RIU", yet its quality factor was
merely 1 085. Therefore, for SOI-based refractive index
sensors, achieving both high quality factors and sensitivity
remains a significant research challenge.

We proposed a feedback waveguide slot grating micro-
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ring resonator (FWSGMRR) structure. It was based on the
U-shaped feedback waveguide slot micro-ring resonator
with embedded air holes to form a grating structure. The
grating reflected a part of the light, and the reflected light
and micro-ring resonant light propagated in opposite
directions, affecting each other and ultimately producing the
EIT-like effect. Adjusting the physical parameters of the
device achieved the EIT-like effect. The high slope
characteristic of the EIT-like effect achieved a higher

[17,18]

quality factor , resulting in a more obvious resonance

wavelength shift and achieving higher sensitivity.
1 Basic principle
1.1 Structure design

The three-dimensional and planar views of the
proposed structure are shown in Fig. 1(a) and 1(b).
Fig.1(c) shows a magnified view of the coupling region.
The structure is fabricated on an SOI platform, featuring
a 2 um thick SiO, substrate. The waveguide core layer is
composed of Si with a thickness of 220 nm.

(a) Three-dimensional structure

(b) Top view

(¢) Enlarged view of coupling zone
Fig. 1 FWSGMRR structure

The refractive indices are 1.444 for Si0, and 3.475 7
for Si. Fig.1(b) and 1(c) show the physical parameters

of the structure. The width of the straight waveguide
Width rect is 0.42 pm. The width of the ring waveguide
Width_ring is 0.24 pm. The straight waveguide length
L,1s17.2 ym. The coupling spacing w,, is 0.33 pm. The
length of the U-shaped feedback waveguide is L,. The
micro-ring has a radius of R, and the structure includes n
embedded air holes, each with a radius of r, and the
width of the slot is wy,. We analyzed the effect of the
above-mentioned  parameters on  the  sensing
performance of the proposed structure and optimized the

structural parameters.
1.2 Theoretical analysis

The theoretical model of the structure is shown in
Fig.2. The analysis of the transmission characteristics of
the structure used the transmission matrix method. The
Z, k represent the transmission coefficient and coupling
coefficient between the micro-ring and the straight
waveguide. The transmission coefficients and coupling
coefficients of the symmetrically coupled regions A and
B are equal, and they satisfy 7 + &= 1 when the loss is

Zero.

Fig.2 Theoretical modeling of structure

M,, M, are the transmission matrices between the
microloop and the straight waveguide in the two coupling
regions A and B, and M, is the transmission matrix
between the feedback waveguide and the microloop,
then there are

—t 1
M, =M,= ikl lk ’ &)
ik ik
1
0 T2
M=| d @)
(zzp) ' 0

where 7= exp(—al ) is the transmission coefficient of

the optical signal inside the micro-ring. L = 2=xR is the
of the

transmission loss coefficient. Here, p=exp(ip/2) is

circumference micro-ring, and a is the
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the phase factor of the optical signal when it is
half of the
circumference. ¢ = AL is the phase difference of the light

transmitted in the micro-ring for
transmitted along the micro-ring for a complete loop,
and 3 = 2xn./A is the propagation constant.

Let the number of embedded air holes be n and the
reflection coefficient of air holes be r,, then the

transmission matrix of the mth air holes is

1 _ _
M,,,=[ ! r] (3)
iJi—r2Lbr 1

where m=1,2,3,---,n.

It is also necessary to consider the effect produced by
the attenuation of the grating cavities. The perimeter of
the micro-ring is L. The number of air holes is 7. And
L,= L/n is the length of the grating cavities, then the

transmission matrix of the mth grating cavity"” is
exp (127mnL,/2) 0 @
m — . 4
0 exp (—i2mn.L,/A )

Then the total transmission matrix of the structure is

n M M
M=M1M1M2(HM,],D,“)=[M“ MJ (5)
21 22

m=1

E, o Eb
[EJ_ M[E} ()

where E,,E,, E., E, are the light intensities of the ports.
And the relationship between the light field E. and E,

18

Thus there 1s

E.=1,p E\, (7)
where 7, = exp (—aL, ) is the transmission coefficient of
the optical signals in the feedback waveguide of length
L,, and p, = exp (ip,) is the phase factor of the optical
signals when they are transmitted within the feedback
waveguide. ¢, = L, is the phase difference generated
by the transmission of the optical signals from one end of
the U-shaped feedback waveguide to the other end.
From Egs. (6) and (7) , we can get
e ),

M, — 7 ps ®)

Ed_(MZI -

When the structure has no feedback waveguide, the
amplitude of the light field at the output is

MllMZZ )Ea.

M. (€))

Eo(Mm -

Thus Eq. (8) can also be expressed as
—Tnp1 M M,
M12<M12 — TlPl)

Ed:E,,_'_ Eﬂ:E(,+E(, (10)

where E; is the additional optical field of the feedback
waveguide.
The spectral expression at the output is
E | |EJ+|E| +2|E,| E|cosd
— | = . , (1)

D:

where ¢ is the phase difference between E, and E'.

2 Device structure optimization

The three-dimensional finite-difference time-domain
method (3D-FDTD) was used to simulate the mode-field
distribution of the structure as well as the transmission
spectrum under different physical parameters. Four
parameters, such as R, n, r, and wy,, were optimized to
improve the sensing performance of the device.

Fig.3 illustrates the mode field distributions for both a
single waveguide and a slot waveguide of the same
dimensions. As shown in Fig.3(a), the optical field in
the slot structure is primarily concentrated within the
slot, which has a lower refractive index, resulting in
reduced optical dissipation. Consequently, the slot's
ability to confine the optical field extends the interaction
range between the optical field and the material being
measured, thereby enhancing the sensing sensitivity.

Normalized intensity

1.0

[08

—0.6

(a) Slot waveguide

Normalized intensity
1.0

k-

(b) Strip waveguide

Fig. 3 Mode field distribution of two waveguides with same
dimensions

The radius of the micro-ring waveguide significantly
influences the bending loss and transmission loss of the
resonator, necessitating its optimization to enhance the
device’s sensing performance. Fig.4 depicts the variation
in the quality factor as the radius R ranges from 4.5 to
5.2 um. As observed in Fig.4, the quality factor initially
increases with R, reaching a peak at 5 um, before declining.
This trend occurs because, as R increases, the expansion
of the effective coupling region allows more light to couple
into the micro-ring and reduces bending loss, collectively
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enhancing the quality factor. However, when R exceeds
5 pm, the quality factor diminishes. This decline is
primarily due to the longer transmission path of the resonant
light within the micro-ring, which increases transmission
loss and consequently reduces the quality factor®”.

2.0

1.8}

1.6+

141

Q/x10*

1.2}

1.0}

0.8+

15 46 47 48 49 50 51 52
R/pm
Fig.4 Quality factor at different R

The centers of the air holes are positioned on the inner
side of the outer micro-ring and arranged in a periodic
pattern. The number of holes affects the effective
refractive index of the reflecting surface, leading to
varying splitting effects and influencing the Q factor.
Fig.5 analyzes the impact of #n on both the Q factor and
the number (N) of EIT-like peaks. As observed in the
Fig. 5, the Q factor decreases as n increases. The

1.0+
0.8;
0.6¢

0.4}

Transmission

0.2¢ | ‘

1500 1520 1540 1560 1580 1600
Wavelength/nm

(a) n=3

0.8 )
0.6!

0.4;

Transmission

|

0
1500 1520 1540 1560 1580 1600
Wavelength/nm

(e)n=23

heightened scattering loss caused by the air hole grating
reduces the Q factor, which leads to this decline.

Q/x10°

0 3

5 7 9 11 13 1517 19 21 23 25

n
Fig.5 Effectofrn on Q and N

Fig.6 presents the transmission spectrum of the device
within the wavelength range of 1 500 to 1 600 nm for n =3,
13, 23, 25. Tt is evident that the device successfully
EIT-like

Concurrently, as the number of air holes increases, the

achieves the splitting of three peaks.

scattering loss also rises, leading to a reduction in the
device’ s transmittance. When 7 is 3 and 13, the
transmittance of the three resonance peaks remains above
0.9. The EIT-like spectral line is most pronounced when n
1s 13.
1.0
0.8
0.6

0.4

Transmission

0.2

1500 1520 1540 1560 1580 1600
Wavelength/nm

) n=13

0.8
0.6

0.4

Transmission

0.2

0
1500 1520 1540 1560 1580 1600
Wavelength/nm

() n=25

Fig. 6 Output spectrum with different number of n

Although the Q factor at that point is not optimal, it
could be enhanced by later adjusting the wy, and r

parameters. Therefore, n is selected as 13, and the
number of EIT-like peaks reaches the maximum value of
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3, with the transmittance being above 0.9.

The unsmoothing and strong electric field interaction
on the inner wall of the slot waveguide cause the slot
waveguide to have greater loss than the ordinary
waveguide. The lithography and etching process
determine the size of the loss. The radius of the air holes
located on the inner wall of the slot contributes to varying
degrees of loss, thereby impacting both the Q factor and
the extinction ratio (ER). The appropriate air holes
radius should be selected when setting the air holes,
otherwise the liquid to be tested will be difficult to enter
the air holes, which will lead to the detection error.
Under the premise that the liquid 1s sufficient to enter the
air holes, the influence of r on the transmission

spectrum, @, and ER is shown in Fig.7.

1.0
i e 7=0.022 um
0.8 t e r=0.024 1im
| l | ——r=0.026 um
o
S r=0.028 um
& e (, | [ e r=0.030 um
£ M | =0.032 um
o
£ 0.4 | j
= “ |
I 1
0.2 | H _'
{4 it
1546 1548 1550 1552
Wavelength/nm
(a) Spectral line variation
2.8 0 21
\ 20
19 o\
=
18 .2
=
17 ¢
2
16 £
15 &
14
13
0.022 0.024 0.026 0.028 0.030 0.032 0.034

r/pm
(b) Quality factor and extinetion ratio

Fig.7 Spectral changes of Q and ER at different r

Fig. 7 (a) illustrates the changes in the transmission
spectrum of the device for different values of . As r
increases, the peak of the transparent window in the
EIT-like line shifts upward,
window moves to the left. Fig.7 (b) shows the variation
of the Q factor and ER with respect to r. When r is
0.029 pm, the Q factor reaches its maximum value of
27 088, and the ER is 16.836 8 dB. However, when r
exceeds 0.029 pm, the Q factor decreases sharply. From

while the resonance

a fabrication standpoint, creating this slot Bragg grating
structure 1s more complex. Nevertheless, previous
research successfully designed and fabricated a compact
sensor based on an inner wall grating with a double
groove, achieving an inner wall grating with a depth of
0.024  pm
according to the current manufacturing process, the size

using  photolithography®’.  Therefore,
0f 0.029 pm mentioned in this paper can be achieved.

In optical refractive index sensors, the slot structure is
typically exposed to the external environment, and the
substance to be measured is completely covered and
filled in the slot. Therefore, the slot width affects the
action area of the light field and the substance to be

2.2 If the slot width is too narrow, the

measured'
substance to be measured is difficult to enter, which
affects the sensing measurement. Conversely, if the
width is too wide, the device’s ability to confine the light
field is diminished, leading to a reduced quality factor.

Fig.8 illustrates the variation of the quality factor and
sensitivity (S) with respect to the slot width wy,. Both
Q and S initially increase with wy, and then decrease.
This behavior occurs because, as the wy, Increases,
more energy is concentrated within the slot, leading to
an increase in Q.

However, when the slot width reaches a certain
point, some of the energy is scattered at the interface
between the waveguide and the cladding, causing a
decline in Q. When the wy, is 0.051 um, the Q and S
achieve the maximum value at the same time, with Q
being 59 267.5 and the sensitivity being 408.57 nm/RIU.

6 —=¢ {410
+S

s 1405
{400 £
4 =
X 1395 &
S E
3r =

4390

2r 1385

n 380
0.0460.0470.0480.0490.0500.051 0.0520.053 0.054

w&lo«/um
Fig.8 Effect of w,,,on Q and S

At present, the nanoscale fabrication process of

silicon-based materials still has much room for

improvement. However, during the fabrication of

devices with complex structures and nanoscale
dimensions, certain errors may occur, causing the final
results to deviate from expectations. To ensure the

feasibility of the structure, we conducted a tolerance
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analysis of » and w,,, based on the optimal conditions for
all parameters. The influence of the fabrication error of
and wy, on the device Q is analyzed with the fabrication
error of == 10 nm, as shown in Fig.9. It can be found that
the minimum Q corresponding to 7 in the error range is
25417.6, and the Q change is gentle in the range of 3 to
10 nm, showing good stability. The results presented in
Fig. 9 demonstrate that the proposed structure exhibits

excellent process tolerance.

7
—— Q) 16
6F = 0w
45
& st =
X 14 %
S 4r 13 :5
3 12
2t 11
-10 -5 0 5 10
Deviation/nm

Fig. 9 Variation of Q within & 10 nm of deviation for w, and r

3 Refractive index sensing characteristics

Sensing sensitivity (S) and limit of detection (LOD)
are important indicators for evaluating the performance

of the sensor, and their expressions are

S=Ad./An, (12)
LOD=/QS, (13)

where AA,, is the shift in resonant wavelength and An is
the change in refractive index.

Under optimal conditions for all parameters, the sensor
was placed in an environment where the refractive index
was varied for sensing characterization. The ambient
refractive index ranged from 1.333 2 to 1.339 2. This
variation in the ambient refractive index results in a change
in the device’ s effective refractive index, causing the
resonance wavelength to shift. This shift is used to measure
the refractive index sensitivity. Fig. 10 illustrates the
transmission spectra and the changes in resonance
wavelength at different refractive indices.

Fig. 10(a) shows the transmission spectra of the
device at different ambient refractive indices. It can be
found that the resonance wavelength is red-shifted to the
right as the refractive index increases. Fig. 10 (b) shows
the resonance wavelength of the device at different
refractive indices. It can be found that the resonance
wavelength and the refractive index have a good linear
relationship with a sensitivity of 408.57 nm/RIU, while

the fitting rate is more than 99%.

L0k
—a— n=1.3332
—e—n=1.3342
08 fo=a n=13352
—y— n=1.336 2
- ~—a— n=1.337 2
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Wavelength/nm

(a) Transmission spectra at different ambient refractive indices
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l 570.5 ' 1 1 ' 1 L 1
1.333 1.334 1.335 1.336 1.337 1.338 1.339 1.340

Refractive/RIU

(b) Curve of resonant wavelength versus ambient refractive index

Fig. 10 Refractive index sensing analysis

Table 1 shows the comparison between the FWSGMRR
structure and the MRR-based refractive index sensors
proposed in the related literatures with respect to several
parameters of Q, S, and LOD.

Table 1
with MRR based refractive index sensor

Comparison of performance of proposed structure

Refractive index sensor Q S/(m*RIU ')  LOD/RIU
Ref.[13] 516 538 —
Ref.[14] 2000 297.13 1.1x10*
Ref.[15] 190 000 86.371 4 -
Ref.[16] 1085 559.5 2.2X10°°
Ref.[23] 30 950 344 1.4x10°*

Proposed structure 59 267.5 408.57 6.23X10°

By comparing with other refractive index sensors, it
can be seen that the proposed structure has high quality
factor and sensitivity at the same time. In the sensing
application the sensitivity of this structure reaches
408.57 nm/RIU, with a detection limit of
6.23X 10 °RIU, and Q of 59 267.5 at the same time.
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This type of micro-ring resonator is versatile, finding
applications not only in refractive index sensing" but also
in temperature sensing and the medical field for detecting
changes in environmental temperature or hemoglobin
concentration. For example, in the industrial field, factories
will produce CO, emissions, and some factories will
produce clean energy such as H, that is easy to explode. In
such scenarios, sensor detection becomes crucial for
ensuring production safety and preventing environmental
pollution. A polymer micro-ring resonator array was
fabricated to simultaneously detect CO, and H,, helping to
assess whether a plant’ s gas emissions meet regulatory
standards™’. And it was small in size and easy to integrate.
Micro-ring sensors can be used not only for the detection of
inorganic substances, but also for the detection of volatile

[26]

organic compounds such as acetone™. Micro-ring sensors

is also used in the biomedical field to detect antigens and

antibodies™”

, such as using the reaction of anti-DNA and
miRNAs to detect miRNAs™, or to detect hemoglobin'’
in the blood or nucleocapsid protein of SARS-CoV-2. In
addition, micro-ring sensors are also used in agronomy,
such as the detection of beanpod mottle virus*" to prevent
soybean pests and diseases, thereby increasing soybean
yield. It can be seen that the micro-ring sensor is widely

used and has good development prospects™.

4 Conclusions

A feedback waveguide slot grating micro-ring
resonator was designed to realize the coupling structure
between the slot micro-ring and Bragg grating by
embedding air holes in the slot. Two different optical
modes of the slot micro-ring and Bragg grating interfered
in different optical paths, resulting in the EIT-like
effect. The parameters such as R, n, r, and w,, were
simulated and optimized using Lumerical software, and
a tolerance analysis of the structural parameters was
performed. The results showed that the proposed
structure was reliable and realizable. In refractive index
sensing, the sensitivity reaches 408.57 nm/RIU, with a
detection limit of 6.23>X107° RIU, and a quality factor
of 59 267.5. It showed that the proposed structure had
good performance and was easy to integrate, suitable for
application in sensing arrays, and had a great potential in

the field of optical sensing.
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