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An embedded microring resonator model using PtS, as the core layer was designed and optimized
for sensing. The inner layer is made of PtS,, and SiO, and Si;N, are used as cladding. The overall
structure is Si3N,-Si0,-PtS,-Si0,-Si3N,. Field strength distribution of longitudinal section of
single straight waveguide and the longitudinal section of coupling part of straight and annular
waveguides are simulated according to the coupled-mode theory. The transfer matrix method is
used to analyze characteristics between the length of the U-shaped feedback waveguide and the
circumference of microring and the change of attenuation factor and coupling coefficient on the
output spectrum. The simulation results showed that the embedded microring resonator with PtS,
as the core presents excellent optical properties. The resonance depth is more than —50 dB, and the
sensitivity can reach 1806.61 dB/RIU. When the resonance wavelength is 1550.86 nm and the self
-coupling coefficient is 0.9849. The corresponding detection limit is about 1.66056x 10”7 dB/RIU,
and the quality factor is 2.8848 x 10~ under the measurement system with a signal-to-noise ratio
of 30 dB. Compared with the traditional single microring structure, the proposed microring pre-
sents a higher free spectral range and more suitable for the fabrication of high-sensitivity, low-de-
tection limit, and large-measurement range sensors.

Keywords: embedded, microring resonator, U-shaped feedback waveguide, PtS, core layer.

1. Introduction

Noble transition metal dichalcogenides (TMDCs) are new 2D layered materials after
graphene which have recently attracted considerable research attention in the devel-
opment of optoelectronics. TMDCs are composed of two chalcogenide atoms sand-
wiched outside the transition metal atoms, with the band gap widening with the
decrease of material thickness. TMDCs are widely used in photoelectric detectors, la-
sers, label-free sensors, and other fields because of their unique optical and electronic
properties, such as high carrier mobility [1], high refractive index [2], and tunable band
gap [3]. These characteristics are widely used in photoelectric detectors [4,5], lasers [6],
label-free sensors [7] and other fields. PtS, is a typical representative of two-dimen-
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sional transition metal chalcogenides that demonstrates a narrow band gap, requires
minimal energy for electron transition and exhibits high refractive index and excellent
switching ratio at room temperature. Compared with graphene with zero band gap,
PtS, with band gap is an ideal material for nanophotonic applications because it shows
excellent electrical conductivity and high air stability. Moreover, PtS, demonstrates
excellent application prospects in photoelectric sensors, photoelectric modulators and
other fields [8,9].

Microring resonators are widely used in filtering [ 10], sensing [ 11], optical switch [12],
optical modulator [ 13] and other fields due to their advantages of high-quality factors,
compact structure and high integration. Many microring resonators have been designed
with various structures and materials. Typical structures include series, parallel, and run-
way. The embedded microring structure coupled with single microring and U-shaped
waveguide has been continuously optimized in recent years because it shows satisfac-
tory filtering characteristics, such as high Q factor and extinction ratio. However, its
application in the sensing field is rare [14, 15]. Reference [16] proved that the sensi-
tivity of the embedded microring structure filter can reach 0.22 dB/mW using exper-
iments. Graphene, diamond, silicon nitride and other materials have been applied to
the design of microring resonators. However, studies on the application of PtS, mate-
rials with high refractive index characteristics to microring resonators are limited. If
the embedded microring resonator structure is combined with TMDCs materials with
excellent performance, then the structure’s performance will be further improved.

We present a single-ring embedded microring resonator based on the Si;N,4-SiO,
-PtS,-S10,-Si5N, waveguide structure in this paper. The high refractive index PtS, is
utilized as the core layer to form a considerable refractive index difference with the
cladding, reduce transmission loss, gather light in the core layer, and improve device
performance. COMSOL Multiphysics is used to explore the electromagnetic field dis-
tribution of longitudinal and transverse sections of the structure under resonant and
nonresonant conditions as well as symmetric and asymmetric modes. Transmission
matrix theory is applied to investigate the influence of the coupling coefficient, trans-
mission coefficient, quality factor and other related parameters on resonant character-
istics of the structure under a resonant wavelength of 1.550 um. The sensitivity and
detection limit under optimized parameters are calculated. The results showed that the
embedded microring resonant structure with PtS, as the core material presents an ex-
tensive free spectral range, high-quality factor and high design freedom. Moreover, this
structure sensor’s sensitivity, detection limit, detection range, and other sensing char-
acteristics are better than those of the traditional single-loop resonator.

2. Model and theoretical analysis

The PtS,-based structure of the embedded microring resonator composed of a U-shaped
feedback waveguide and a ring resonator is shown in Fig. 1. Coupling regions of the
ring cavity and the U-shaped waveguide are denoted I and II, respectively; R is the
radius of the ring resonator; L, is the length of the U-shaped feedback waveguide;
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Fig. 1. Embedded microring resonator.

E,, E,, E5and E, are the optical field intensity of each point. We assume that amplitude
coupling and self-coupling coefficients of the two coupling parts are k and ¢, respec-
tively [17], when light field coupling occurs at the tangential point of the ring cavity
and the condition k2 + #2 = 1 is satisfied without coupling loss for the convenience of
calculation. According to the coupled-mode theory, the mathematical model of the em-
bedded structure can be established using the transfer matrix method [18].

Figure 1 shows that the transmission matrices of coupling regions I and II are
M, and M,, respectively; the transmission matrix between microrings is M, and the
total matrix of microring transmission is

M, M
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In Eq. (4), 7 = exp(—al) is the transmission coefficient of light in the microring,
L =2nR, a is the transmission loss coefficient, p = exp(ip/2) is the phase factor of
light transmission in the microring for half a week, ¢ = L is the phase difference
generated by the transmission of light signal around the microring for one circle, and
B =2nng /A is the transmission constant. From the transfer matrix method,

E E
| = m| (5)
E, E,
The relationship between light fields E5 and E, is

Ey=1pE) (6)

The formula of output port light intensity can be derived from the transfer matrix and
Egs. (4) and (5),

_ My, - My,
E, = My - ————|E, (7
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If a feedback waveguide is absent, then the output light field is
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Hence, the output port light intensity can also be expressed as, where E is an ad-
ditional light field,

g =g MM (9)
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The normalized function of the output port derived from the transfer matrix is:

E, —k*e p+ it p—TpiT p
I = - . (10)
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The output expression of out port can be expressed as:
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The denominator of the normalized function formula at the output end contains
k%72 p 7, p,, which is k?exp[-a(L/2 + L)+ if(L/2+ L,)]. The output light intensity
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is significant when L, is an integer multiple of L/2. This situation is primarily discussed
in this study. Essential indicators for measuring the sensing performance are sensitivity,
detection limit and Q factor. The sensing sensitivity represents the slope of the spectral
line of the output light intensity, that is, the output light intensity variation versus the
refractive index variation [19]. The sensing sensitivity is expressed as

Al,
An

S =

(12)

The detection limit represents the minimum information change that the sensor can
measure. According to the ratio of the limit of the light intensity measuring instrument
to the sensitivity of the sensor, the value of the measurement limit of 0.003 under the
signal-to-noise ratio of 30 dB is discussed in this work. The detection limit can be ex-
pressed as follows:

o1

on = = (13)

3. Model parameter design

Figure 2 shows the longitudinal section structure of the ridge waveguide. The wave-
guide width w is 500 nm, waveguide height is 650 nm, and distance s between the two
waveguides is 15 nm. The thickness of the outer cladding Si;N, is 400 nm, the middle
cladding is silica, and the height is 30 nm; m is the height of the PtS, core layer.
The thickness of the core PtS, is 7 nm, and its refractive index is 3.5 at wavelength of
1.55 pm [20]. The structure is simulated using CMOSOL Multiphysics. The simulation
results of the field distribution of the light wave in the longitudinal section of the
waveguide are presented in Fig. 3. The high energy region of the electric field is mainly
distributed around the core of PtS,. The weak electric field intensity of the outer layer
decreases with the increase of distance from the core. The refractive index difference
between outer and central claddings can appropriately gather light in the core.
Figures 4(a) and (b) illustrate the field intensity distributions of the longitudinal section
of the coupling region between straight and annular waveguides in symmetric and

S

Fig. 2. Schematic diagram of waveguide longitudinal section structure.
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Fig. 3. Field intensity distribution in longitudinal section of a single waveguide.
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Fig. 4. Field intensity distribution in the longitudinal section of the coupling area between straight and
acircular waveguides. (a) Asymmetric mode, and (b) symmetrical mode.

asymmetric modes, respectively. The two modes are essential indicators in the simu-
lation design that affect the length of the coupling region, The light in the upper straight
and annular waveguides can be coupled properly when the distance between the two
waveguides is 15 nm.

The electric field distribution of the embedded microring resonator when the con-
tinuous wave is the input is shown in Fig. 5. Figure 5(a) presents the electric field dis-
tribution of the nonresonant state of the embedded microring resonator, where the
incident light is not coupled into the ring cavity and transmitted directly to the exit
port along the U-shaped feedback waveguide. Figure 5(b) illustrates the electric field
distribution of the microring in the resonant state. Most of the light wave enters the
ring cavity through the coupling zone I after the light wave is injected into the straight
waveguide through the incident port through E,. The interference-enhanced light wave
in the microring is in the resonant state, forms a stable and regular standing wave and
is outputted by the £, port after recoupling. The diagram demonstrated that the signal
is nearly completely concentrated in the annular waveguide at this moment. An inev-
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(a) (b)

Fig. 5. Electric field distribution of embedded microring resonator. (a) Non-resonant condition, and
(b) resonance condition.

itable energy loss occurs in the annular waveguide due to bending. This loss can be
compensated by increasing the radius of the microring or changing the material to set
a high electric field limit.

Figure 6 depicts the distribution of the electric field in the ring cavity and the
U-shaped feedback waveguide of the embedded microring resonator in the form of
the electric field height diagram. The transmission light field of the embedded structure
consists of two parts: the internal field of the resonator recoupled into the excitation
waveguide and U-shaped excitation waveguide. The destructive coherence between
the two parts of the light field forms a concave transmission spectrum at the resonance.
The light gathers in the annular cavity, and the field height is high. The electric field
height in the U-shaped feedback waveguide is low in the microring.

2

Fig. 6. Electric field height diagram of embedded microring resonator.

Model parameters in this study are designed as follows: working wavelength
A=1.55086 um, n g = 3.5, R =100 um, the length of U-shaped waveguide L, is equal
to the perimeter of the microring, that is, L; = L. The combined Eq. (11) out port output
is simulated using on MATLAB software. The output spectrum of the embedded
microring resonant filter, at a wavelength range of 1544—1556 nm is shown in Fig. 7.
The output spectrum is periodically distributed, and the top of the passband is flat.
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Fig. 7. Output spectra of different refractive indices.
The peak will produce significant displacement, and the intensity can reach a minimum
of =50 dB when the refractive index of PtS, changes to 0.03. According to the dis-

placement of the resonant wavelength peak, the external environment change can be
measured to make different sensors.

4. Analysis of main influence parameters

4.1. Length of U-shape feedback waveguide

The relationship between the length of the U-shaped feedback waveguide and the
microring is also an essential factor affecting structural performance. The resonance
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Fig. 8. Output spectra of feedback waveguides with circular waveguides of different ratios.
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remains regular when the length of the U-shaped waveguide L, is an integer multiple
of L/2. Here we analyze it in several different multiples. The self-coupling coefficient
t =10.9849, the transmission coefficient 7; = exp(—a L), the transmission phase factor
p =exp(ip), the phase change after the transmission of the U-type feedback waveguide
@ = L,. The spectrum output diagram when the length of the U-type feedback wave-
guide is different times of the microring perimeter is shown in Fig. 8, respectively,
showing the output spectrum when the length of the U-type feedback waveguide is one
time, two times, 2.5 times and three times of the ring waveguide length. The FSR changes
when the length of the U-type feedback waveguide is different. The resonance peak
is prominent and sharp when L, = L. Hence, this state is chosen for the design with
a large FSR and light intensity.

4.2. Self-coupling coefficient ¢

Figure 9 shows that n = 3.5 um and R = 100 um in the wavelength range of 1542
—1556 nm when the feedback waveguide length is the circumference of the ring wave-
guide and the self-coupling coefficient of the waveguide changes when the normalized
output light intensity changes. We assume that # values are 0.2466, 0.6530, 0.9849, and
0.946 respectively for simulation. The analysis of the output light intensity diagram
showed that the extinction of the output spectrum is poor when the ¢ value is small.
The flatness of the output spectrum reaches the maximum and the output light intensity
is the maximum when ¢ = 0.9849. Figure 10 presents the accurate analysis of spectrum
with self-coupling coefficient approximate range, specifically in the wavelength range
of 1550.83—-1550.88 nm, near ¢t = 0.9849; ¢ takes values 0.9840, 0.9846, 0.9849,
0.9870, 0.9880. The resonant wavelength notch depth increases gradually and the out-
put spectrum becomes sharp and steep when the self-coupling coefficient is 0.9849.
The resonance intensity will weaken when other values are taken. The production pro-
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Fig. 9. Output spectral shape with different ¢ values.
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Fig. 10. Accurate analysis of spectrum with self-coupling coefficient.

cess in practical applications should be improved to suppress the loss of the microring
resonator as extensively as possible and ensure the transmittance at the central reso-
nance peak.

4.3. Amplitude attenuation coefficient a

Figure 11 illustrates the transmittance characteristics of the passband in the wavelength
range of 1550.6-1551.1 nm when different loss values are used in the embedded
microring resonator under the ideal coupling condition. The transmission coefficient
7= exp(—al), when the radius of the ring cavity is 100 um and the value of different
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Fig. 11. Output spectrum affected by amplitude attenuation factor.
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amplitude attenuation coefficients a will affect the notch depth of the output spectrum.
The output of four kinds of amplitude attenuation coefficients is discussed in detail.
Values of aare 0.6x1077,0.8x 1077, 1.0x1077 and. 1.2x107". The corresponding z were
0.9391,0.9510, 0.9630, and 0.9274. The channel widens, the resonance peak intensity
will gradually decrease, and the band edge tends to be gentle when the loss becomes
increasingly large. At this time, values of « and 7 are set to 1.0x 1077 and 0.9630.

4.4. Quality factor Q

The quality factor is used to measure the storage energy of the resonant cavity, which
is the ratio of stored energy to dissipation energy. The quality factor is the ratio of peak
wavelength to peak half-width expressed as follows:

o
¢~ Twam (14)

The embedded microring resonator presents a high Q factor under the condition
that other parameters are optimized. The relationship between the self-coupling coef-
ficient and the Q factor is illustrated in Fig. 12. The quality factor of the resonant struc-
ture increases with the increase of the radius. The increase of the self-coupling
coefficient also increases the slope of the O factor curve. However, the radius of the
U-shaped feedback waveguide will increase, the loss will also increase, and the output
strength will change accordingly when the radius of the microring in the proposed
structure is increased. The ideal condition should be selected according to the situation.
A large radius should be selected to realize the optimal result of the O factor when the
self-coupling coefficient and attenuation factor have been determined.
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Fig. 12. Relationship between self-coupling factor and quality factor under different microring radius.
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4.5. Model sensitivity and detection limit analysis

COMSOL Multiphysics is used to simulate the relevant parameters of the resonator
many times, to determine the optimized parameters. The loss coefficient & = 1 x 1077,
the self-coupling coefficient =0.9849, and the radius of the ring resonator R =100 pum.
Figure 13 shows the output light intensity spectrum of the optimized structure. The res-
onant wavelength output of the embedded microring resonator is large, and the resonant
peak is sharp. The effective refractive index change An ~ 4.8x 107>, the normalized
output light intensity change A/, = 0.8671, the calculation shows that the sensing sen-
sitivity of the structure is 1806.61 dB/RIU, and the extinction ratio is 55.9560 dB.
The corresponding detection limit is 1.66056x 10”7 dB/RIU in the measurement sys-
tem with a signal-to-noise ratio of 30 dB.
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Fig. 13. The relationship between the optimized refractive index and the output light intensity.

5. Conclusions

An embedded microring resonator with PtS, material as the core layer and SiO, and
Si;N, as the cladding was proposed in this study. The device demonstrated robust
optical localization and high quality when a high refractive index material layer was
introduced. COMSOL Multiphysics was used to investigate the field strength distri-
bution of the longitudinal section of the microring at a resonant wavelength of
1.55086 um. Parameters, such as self-coupling and loss coefficients affecting spectral
output characteristics, were analyzed. The results showed that the free spectral range
can be doubled when the radius of the microring is 100 um, and the length of the
U-shaped feedback waveguide L, is equal to the perimeter L of the microring. The struc-
tural sensitivity is 1806.61 dB/RIU, and the Q factor is 2.8848 x 10°. The detection limit
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is about 1.66056 x 10”7 dB/RIU, and the extinction ratio is 55.9560 dB in the measure-
ment system with a signal-to-noise ratio of 30 dB, thereby indicating satisfactory sens-
ing characteristics. The findings reported in this study provides new insights into the
application of graphene-like materials in the optical field and a reference for the fab-
rication of high-sensing characteristic microring sensors with an extensive measure-
ment range and low detection limit based on two-dimensional materials.
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