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Abstract

:

In this paper, a slot microring with an asymmetric grating structure is proposed. Through the coupling between the grating and the slot microring, a high free spectral range or EIT-like effects with a high quality factor can be achieved in the same device. The grating is designed as an asymmetric structure to realize the modulation of the optical signal and the control of the resonance peak by changing the grid number, and the effect of different grating periods on the output spectrum is explored. The results show that changing the grating on slot sidewalls can increase or decrease the number of resonant peaks. By selecting a specific period of the gratings on both sides of the slot, the distance between adjacent resonance peaks can be increased to achieve modulation of the free spectral range. In this paper, depending on the grating period, we obtain a quality factor of 5016 and an FSR of 137 nm, or a quality factor of 10,730 and an FSR of 92 nm. The refractive index sensing simulation is carried out for one of the periods, which can achieve a sensitivity of 370 nm/RIU. Therefore, the proposed new structure has certain advantages in different sensing applications.
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1. Introduction


Silicon-on-insulator (SOI)-based photonic devices have become the focus of many researchers due to their low cost, high compatibility and excellent sensing performance. In particular, the high integration and high quality factor (Q) of microring resonators make them an important part of integrated photonic devices. By measuring the spectral shift caused by different parameters, such as refractive index, temperature and pressure [1,2], the sensitivity of the device regarding this parameter can be obtained, and the sensing function can be realized. At present, the optical sensor devices based on microring resonators have been extensively investigated. Different structures or new materials have been adopted in microring devices, including cascaded microring resonator [3,4], Fabry–Perot cavity composite racetracks [5], cascaded SLR Fabry–Perot cavities on both sides [6], concentric triple microring [7], three-ring structure cascading [8], the use of chalcogenide glasses [9] and lithium tantalate materials [10], or achieving different output effects, such as flat bandwidth [11], high ER [12,13] and small linewidth [14,15,16], by which a certain device performance is improved, but there is an incompatibility between sensitivity and the measurement range.



Considering that the grating is a special structure, which can better realize the interaction between light and matter, the grating can therefore be coupled with other structures to obtain excellent transmission effects [17,18,19]. In recent years, many grating–microring composite structures can be directly used as sensing and detection to obtain high Q value or detection sensitivity [20,21,22], such as cantilever-based fiber Bragg grating sensor [23], microring coupled phase-shift Bragg grating structures [24] and functionalized etched fiber Bragg grating sensors [25]. In addition to gratings, there are also structures that couple photonic crystals with microrings [26,27], which operate based on the slow light effect and achieve extremely high quality factors, but the measurement range is limited due to low FSR. The above solutions only focus on improving a certain parameter of the sensing characteristics. We also proposed a high-sensitivity double-slot microring resonator structure with unlimited FSR in our previous work [28], but its Q value is relatively low, and the structure is a bit complicated. Therefore, how to improve the comprehensive performance has been an important issue in the SOI-based refractive index sensor while ensuring a small volume and a simple structure.



In this paper, a new type of microring structure realized by asymmetric sidewall modulation grating of silicon-based waveguide (ASGMRR) is proposed. The theoretical analysis is carried out first, and then, the scanning optimization is carried out according to the transmission result. The transmission characteristics will also change according to the grating period. Finally, the grating period with larger FSR is selected, and its sensing performance is evaluated by detecting the aqueous solution with the refractive index of 1.3332 to 1.3382. ASGMRR can reflect multiple wavelengths at the same time without using cascade gratings in a limited space, which increases the FSR and reduces the complexity of the device. The device has a high Q value and sensitivity, which is beneficial for refractive index sensing.




2. Structure Design and Theoretical Analysis


2.1. Structure Design


As shown in Figure 1a, ASGMRR is designed on an SOI platform with 2 μm SiO2 substrate, which consists of a straight busbar waveguide and a slot microring, and the silicon layer height is 220 nm. Two grating structures with different periods are embedded in the inner wall of the slot, which expands the interaction area between the microring and the external environment while reflecting light of different wavelengths, thereby obtaining different FSRs and sensitivities. As shown in Figure 1b,c, the radius from the center of the microring to the center of the slot is defined as R, and its size is 3.5 μm. Define the distance between the microring and the busbar waveguide as a gap, and its size is 0.2 μm. Define the thickness of the busbar waveguide as W, and its size is 4 μm. Define the microring thickness as W_out, and its size is 2.2 μm. Define the slot width as S_in, and its size is 0.04 μm. Define the grating etching depth as hg, and its size is 0.028 μm. Define the duty cycle of the outer and inner gratings as n, and their sizes are both 0.9.



A TE-like mode source with adjustable wavelength is added to one end of the busbar waveguide, and evanescent waves will be generated around the busbar waveguide during transmission. The light with a wavelength that satisfies the resonance equation of the microring will be coupled into the microring. The grating will reflect light at some wavelengths, and the reflected light interacts with the forward transmitted light, which can suppress part of the resonant light and can also form an EIT-like effect. In the absorption spectrum of the EIT-like effect, there is a very broad absorption peak, and there is a relatively narrow depression in the middle of the absorption peak. The resonance frequency is the lowest point of the depression, and the absorption is extremely low, that is, the substance is transparent to the detection light. If multiple wavelengths need to be reflected at the same time, gratings with different periods are usually cascaded, which will cause the device to take up too much space. In our structure, two gratings with different periods can be added in the same slot to achieve the same function as the cascaded gratings and greatly reduce the occupied space. Waveform modulation of the output spectrum can be achieved by changing the grating period on both sides of the slot. The EIT-like line type can be achieved at different wavelengths, or the FSR can be enlarged by suppressing part of the resonance peaks. In this paper, although we only consider the spectral changes in the wavelength range from 1550 nm to 1700 nm, by changing the parameters of the grating, spectral modulation can also be performed over a wider range to detect liquids of different compositions and refractive indices.




2.2. Theoretical Analysis


The coupling coefficient of the grating can be defined as


  κ =    κ 0    2  n  e f f         ∫    ∫  Δ  n 2   (  x , y  )         E 2   (  x , y  )  d x d y     ∫   E 2   (  x , y  )  d x d y       



(1)




where ∆n is the amount of change in the refractive index of the grating with distance. From the results of subsequent simulation, this formula is still applicable to gratings with different periods. We will analyze its theory in future studies because theoretical studies on asymmetric grating structures are valuable.



The change of the coupling rate will cause the change of the reflection bandwidth of the grating (∆λ), which is another important parameter in the grating structure, and ∆λ can be written as


  Δ λ =    λ B    2    π  n g       κ 2  +    (  π / L  )   2     



(2)




where λB is the Bragg wavelength, ng is the group refractive index, L is the total length of the grating, and k is the coupling rate of the grating structure. By setting the parameters, such as the length of the grating and the coupling rate, the modulation of the reflection bandwidth of the grating can be realized, and the expansion of the FSR can be realized.



As shown in Figure 2, a beam of light enters the busbar waveguide; when it passes through the coupling area with the microring, some resonant light will be coupled into the microring, which is determined by the transmission coefficient t and the coupling coefficient k. Assuming negligible losses and setting the number of grating teeth to h, the transmission of resonant light in the microring can be modeled as


   (     E  o u t        E  t 1      )  =  (     t    i k       i k    t     )   (     E  i n        E  t h      )   



(3)







Equation (3) represents the transmission between the busbar waveguide and the microring, where Eout and Ein are the intensities of the output light and input light, respectively; Et1 is the transmitted light intensity when the resonant light passes through the first grating tooth; and Eth is the resonant light transmission intensity after passing through the last grating tooth.



Considering only the transmission of light in the first and second grating teeth, the transmission matrix can be written as


   (     E  t 1        E  r 2      )  =  (     s   r     r   s     )   (     E  t 2        E  r 1      )   



(4)







In Equation (4), s and r represent the transmission coefficient and reflection coefficient, respectively; Et2 is the transmitted light intensity of the second grating tooth; Er1 and Er2 are the reflected light intensity of the first grating tooth and the second grating tooth, respectively.



Since the number of grating teeth is large, and the distance is short, the attenuation can be ignored, so the matrix of a single grating tooth can be applied to the entire grating, as shown in Equation (5):


   (     E  t 1        E  r h      )  =  (     S   R     R   S     )   (     E  t h        E  r 1      )   



(5)




where Erh represents the reflection of the last grating tooth light intensity; S and R represent the matrix parameters after analyzing all grating teeth in pairs.



Combining Equations (3) and (5), the relationship between input light and output light can be obtained:


   (     E  o u t        E  r 1      )  =  (     u   v     x   y     )   (     E  i n        E  r h      )   



(6)







In Equation (6), u, v, x and y are determined by physical parameters, such as effective refractive index, the angle between adjacent grating teeth and microring center, the number of grating teeth and duty cycle, and these parameters determine the final transmission effect. The above analysis only applies to the approximate relationship between the input light and the output light in a set of gratings. In our structure, there are two sets of gratings with different periods inside and outside, which can be analyzed separately, and then, the output results can be superimposed [29].



In particular, the position of the output resonance peak can be determined by


  π  R  n e f f   = m   f  n 2     e f f 1   +  (  1 − n  )   n 2     e f f 2     Λ  



(7)




where Λ is the gratings period; neff1 and neff2 represent the effective refractive index of the concave and convex parts of the gratings, respectively; and n is the duty cycle of the gratings.



The ideal transmission result of ASGMRR is shown in Figure 3b. The black line in the figure represents the transmission spectrum under ideal conditions, while the red line represents the filtering effect of ASGMRR on the wavelength. Compared with the transmission spectrum of the grating-free microring structure in Figure 3a, ASGMRR selectively filters out part of the resonant light and makes the FSR extension three times the original, which provides a new idea for obtaining high sensitivity and measurement range at the same time.





3. Structural Optimization


ASGMRR was modeled and the transmission spectrum was simulated by Lumerical MODE Solution, an FDTD software of Lumerical Inc. The version of the software is 2020 R2.



The cross-section of light traveling in the microring slot is shown in Figure 4. It can be seen that the slot structure can better confine the light to the central area, reduce the energy scattered into the air and provide lower light dissipation. When performing refractive index sensing, the detection object will be completely filled in the slot structure and fully contacted with the structure to enhance the influence of the refractive index of the object to be detected on the light transmission in the slot, thereby greatly improving the sensitivity of the device.



The top view of the mode field when light is transmitted in the device is shown in Figure 5. It shows the energy field distribution in ASGMRR. When the light is transmitted in the slot, part of the light will be reflected by the gratings on both sides of the slot. The reflected light will interact with the forward propagating light, thereby suppressing the light at this resonant wavelength. When light travels in a waveguide, some of the light is scattered into the air. If the slot structure is used, a small part of the light will be scattered into the waveguide and then scattered into the air, which will cause less loss. The asymmetrical grating in the slot will cause a certain propagation loss, and its magnitude is linear with the grating length, about 30 dB/m, which can be ignored in ASGMRR. The bending of the microring will also cause a certain loss. Due to the high refractive index contrast of the SOI waveguide, the bending loss of the microring resonator can be ignored when R > 3 μm [30], but too large radius will make the optical path longer and the scattering loss greater. Methods such as thermal oxidation and annealing can be used to reduce sidewall roughness during actual device fabrication. In addition, it should be noted that when the light enters the ASGMRR, there will be an insertion loss of about 0.5 dB, and when the light is coupled from the busbar waveguide into the microring, there will also be some loss. Selecting the appropriate coupling spacing and radius can better confine the light in the slot and reduce the transmission loss.



3.1. Microring Radius


The change of the microring radius will cause the optical path length to change, and the grating length L will also increase with the increase in the microring radius, which will ultimately affect the reflection bandwidth of the output spectrum, and the FSR of adjacent resonance peaks will change. The FSR is a parameter used in microring resonators to define the wavelength difference between two adjacent resonance peaks in a continuous spectrum. The FSR meets the following conditions:


   FSR =     λ 2    2 π  n g  R    



(8)







The dependence of FSR on the radius is shown in Figure 6. It can be seen that the FSR decreases with the increase in the radius. The variation trend of FSR changes when the radius is 4.5 μm, which may be caused by the interaction of several possible reasons not considered here, such as the change of the coupling state between the grating and the microring due to the change of the radius of the microring. In the subsequent optimization, the Q value and extinction ratio are optimized, and by changing the parameters of the grating, some resonance peaks are suppressed to achieve the purpose of increasing the FSR.




3.2. Grating Depth


We consider modulations that include gratings along the two sidewalls. The output spectrum varies with the grating etch depth hg. The range of hg is selected from 0.01 μm to 0.04 μm, and the change of output light transmittance with hg is shown in Figure 7. When hg is higher than 0.02 μm, higher transmittance can be obtained, but the suppression of secondary resonance peaks is weakened when hg exceeds 0.03 μm. This is because the reflection of the resonant light in the grating is weakened with the increase in the grating depth when the width of the slot, excluding the grating, remains unchanged, and the selection effect of the grating on specific wavelengths will be reduced. When the grating depth increases to more than 0.02 μm, the increase trend of the transmittance of the output light slows down because the ability of the grating to reflect light reaches the upper limit, and the benefit of increasing the grating depth to the transmittance decreases. When the grating depth exceeds 0.03 μm, the reason for the fluctuation of the transmittance may be that the increase in the grating depth leads to the change of the overall radius of the microring, which changes the selectivity of the resonant light and changes the intensity of the resonant light. When we take the grating depth as 0.028 μm, the influence on the output is small within a certain range of depth variation, so there is a manufacturing tolerance. Therefore, the grating depth of 0.028 μm is a suitable value, and the output light intensity is 14.7 dB at this time. The runway MRR based on gratings has been proposed and fabricated [19], whose grating depth is only 15 nm. Therefore, our device with 28 nm grating depth can be completely realized under the current processing and preparation conditions. In addition, an excessively wide slot also reduces the output light intensity, which may be due to the fact that the excessive slot width will reduce the coupling coefficient, thereby weakening reflections at the interface between the waveguide slot and the grating.




3.3. Grating Duty Cycle


The proportion of silicon material in a grating grid is the duty cycle of the grating, which is an important factor affecting the position and intensity of the resonance wavelength of the output spectrum. If the duty cycle is too small, the resonant light will be cut off, and if the duty cycle is too large, the selection effect on the resonant light will be weakened. Therefore, the duty cycle is usually between 0.7 and 0.9. In all our subsequent simulations, the wavelength resolution of the output spectrogram obtained by the monitor is 20 points/nm. Figure 8 shows the influence of different duty cycles on the output spectra. As the duty cycle changes from 0.7 to 0.9, the resonance wavelength gradually undergoes a red shift, and the intensity gradually increases. When the duty cycle of the grating is varied in the range of 0.82 to 0.9, its resonant peak intensity is slightly affected, so there is a large tolerance for the insertion loss of the grating in the manufacturing. This somewhat reduces the effect of changes in grating parameters caused by stitching errors made by EBL on the results. The smaller the duty cycle is, the more light is coupled into the grating, and the optical path will also increase, which is equivalent to increasing the radius of the microring, resulting in an increase in the resonance wavelength and loss. As can be seen from the figure, when the duty cycle is 0.9, the suppression of the secondary resonance peak is the strongest, and the intensity of the main resonance peak is higher.




3.4. Grid Number/Period


We first simulate the transmission characteristics with only single-sided grating, and the length—that is, the period—is set according to the number of gratings in one cycle. Figure 9 shows the transmission characteristics when the number of inner and outer grating cells is 50, respectively. It can be seen from Figure 9 that the coupling of the microring and the grating leads to changes in the ER of the resonance peaks at different wavelengths, and there are splits at some of the peaks. Different position of the grating will also cause the resonance peak to change.



The Q factor is determined by the slope of the envelope at the resonant frequency, which is given by Equation (9):


  Q =   − 2 π  f R    log   10   ( e )   2 m    



(9)




where fR is the resonant frequency of the mode, and m is the slope at the resonant frequency. After calculation, the Q values of the output spectra of the structures including only the inner wall grating and only the outer wall grating are 6461 and 6905, respectively, and their FSRs are only 47 nm.



Then, gratings are added to both sidewalls of the slot at the same time, allowing the period of each sidewall to vary independently. Theoretically, the spectral properties of multiple gratings can be considered as the superposition of spectral properties of more than two basic gratings [29]. Only modulations along the two sidewalls of the microring are included in our proposed structure. The output spectra under different grating periods on both sides of the slot are shown in Figure 10. It can be seen that the output spectrum has a small amplitude shift compared with the spectrum shown in Figure 9 with gratings on one side only. When the periods of the gratings on both sides of the slot are 70 and 50, respectively, the resonance peaks at 1598 nm and 1646 nm are suppressed because the gratings on both sides of the slot reflect the light at this wavelength at the same time, while at other resonant wavelengths, at least one side of the grating can pass the light at that wavelength. Therefore, in the proposed new structure, by selecting a suitable grating period, the FSR can reach 137 nm on the premise of ensuring a high Q value (5016).



When the grating periods of the inner and outer walls of the slot are 70 and 90, respectively, due to the selectivity of the grating, a transmission spectrum with EIT-like line type on both sides can be achieved, as shown in Figure 11. Although the FSR is 45 nm lower than the value obtained when the periods of the gratings on both sides of the slot are 70 and 50, respectively, a higher Q value of 10,730 can be obtained due to the EIT-like line type.



The Q factor and FSR in both cases are calculated by Equations (8) and (9). The simulation results by FDTD are roughly the same as the calculated results. In addition, according to the different periods on both sides of the inner wall of the slot, there can be more transmission spectra with different effects. At a certain value, sensing effects, such as higher transmittance and lower detection limit, can be obtained, and there are more different periods awaiting exploration. By setting different periods, we will achieve a more excellent transmission effect.





4. Results and Discussion


In this section, based on the optimal device parameters obtained above, the refractive index sensing performance of ASGMRR will be further studied; the transmission spectra under different ambient refractive indices are shown in Figure 12a. In the simulation, the ambient refractive index variation ranges from 1.3332 to 1.3382. As the concentration of the aqueous solution changes, the effective refractive index of the waveguide surface changes, and the output resonance wavelength shifts. The function curve between the ambient refractive index and resonant wavelength is shown in Figure 12b. The change of the output wavelength with the refractive index is a straight line, indicating that the sensing effect of the device is stable. As the refractive index difference between the analyte and ASGMRR gradually decreases, the coupling mode will also change accordingly, and its extinction ratio will fluctuate accordingly. In addition, according to the different refractive index of the object to be tested, the refractive index detection in different wavelength ranges can be realized by changing the structural parameters of ASGMRR. The light transmittance of the proposed structure varies greatly with the refractive index of the object to be tested, that is, the sensitivity is high. This is because the structure of the slot waveguide is adopted, the slot is filled with the liquid to be tested, and the liquid to be tested can fully contact the device, so that the effective refractive index of the surface of the device changes. The calculation formula of sensitivity S can be given by Equation (10):


  S =   Δ  λ  r e s     Δ n    



(10)




where ∆λres is the variation of resonant wavelength, and ∆n is the refractive index variation of the liquid.



Compared to the structures in other papers in Table 1, the performance parameters of our structure are relatively improved to some extent. In particular, the Q value of ASGMRR with grating periods of 70 and 50 is higher because of the high slope of the EIT-like line type. Because of the high slope of the EIT-like line type, the Q value of ASGMRR is high. Compared with a slot microring resonator sensor based on chalcogenide glasses, the FSR of ASGMRR is greatly improved due to the wavelength selection effect of the grating, although there is some reduction in the sensitivity. In addition, our proposed structure is simple, and the grating period can be modulated according to the demand, so it has great application potential.




5. Conclusions


In this paper, a refractive index sensor is designed by coupling an asymmetric grating with a microring. The asymmetric grating can suppress the resonant light at different wavelengths and achieve effects such as the expansion of the FSR. The slot structure can increase the contact area between the substance and the device and improve the sensitivity. EIT-like line patterns with high Q value can also be achieved by setting different grating periods. Parameter optimization and refractive index sensing tests were carried out, and the results showed that the structure had good transmission performance. At a specific period, the sensitivity is 370 nm/RIU, the quality factor is 5016, and the FSR is 137 nm. Compared with different cascading structures, our structure occupies a smaller area and is easy to integrate. When the grating periods on both sides of the slot are different, different transmission effects can be obtained, and the grating period can be set according to actual needs. The proposed slot microring with an asymmetric grating structure has broad application prospects in sensing, filtering, etc.
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Figure 1. Structure diagram of ASGMRR. (a) Three-dimensional structure; (b) Top view; (c) Slot enlarged view. 
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Figure 2. Transmission schematic diagram. 
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Figure 3. (a) The spectral responses of the grating−free microring. (b) The spectral response of the ASGMRR. 
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Figure 4. Mode field distribution of slot waveguide section. 
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Figure 5. Mode field distribution of ASGMRR as a whole. 
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Figure 6. FSR under different radius. 
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Figure 7. Transmission under different grating depths. 
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Figure 8. Output spectra under different duty cycles. 
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Figure 9. Output spectrum with only one side grating (a) inside only (b) outside only. 
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Figure 10. The output spectrum of grating with periods of 70 and 50 on both sides of the slot. 
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Figure 11. The output spectrum of grating with periods of 70 and 90 on both sides of the slot. 
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Figure 12. (a) Transmission spectra under different environmental refractive indices (b) Curve of wavelength changing with environmental refractive index. 
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Table 1. Comparison of three parameters of refractive index sensor.
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	Refractive Index Sensor
	Q
	S (nm/RIU)
	FSR (nm)





	Serially cascaded microring resonator [3] (simulation results)
	-
	232
	160



	Microring racetrack resonator with an integrated Fabry–Perot cavity [5] (simulation results)
	-
	185
	150



	Compact SOI optimized slot microring coupled phase-shifted Bragg grating [24] (simulation results)
	2000
	297.13
	30



	Slot microring resonator sensor based on chalcogenide glasses [9] (experimental results)
	10,000
	471
	2.2



	Integrated waveguide coupled Si3N4 resonators [15]

(experimental results)
	8 × 107
	-
	0.03



	Air-mode photonic crystal ring resonator [26]

(experimental results)
	14,600
	-
	3.38



	Ultra-high Q grating-assisted ring resonators [27]

(simulation results)
	1010
	-
	10−3



	ASGMRR with grating periods of 70 and 90 (simulation results)
	5016
	370
	137



	ASGMRR with grating periods of 70 and 50 (simulation results)
	10,730
	370
	92
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