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Abstract

:

Design optimization of the coupling region is conducted in order to solve the difficulty of achieving a higher quality factor (Q) for large size resonators based on silicon-on-insulator (SOI). Relations among coupling length, coupling ratio and quality factor of the optical cavities are theoretically analyzed. Resonators (R = 100 μm) with different coupling styles, concentric, straight, and butterfly, are prepared by the micro-electro-mechanical-systems (MEMS) process. Coupling experimental results show that micro-cavity of butterfly-coupled style obtains the narrowest (3 dB) bandwidth, and the quality factor has been greatly improved. The results provide the foundation for realization of a large size, high-Q resonator, and its development and application in the integrated optical gyroscopes, filters, sensors, and other related fields.
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1. Introduction


For the development of navigation technology, the requirements of integrated optical gyros [1,2,3] will continue to increase, and some development routs now proposed take into account miniaturization, low cost, low power consumption, mass production, and gyro accuracy. As the core component of an integrated optical gyroscope, an optical micro-cavity realizes the measurement of the rotational angular velocity through the principle of resonance and Sagnac effect. Waveguide resonators based on silicon-on-insulator (SOI) have been of interest in optical gyros, particularly optical waveguide gyros, due to the advantages in their simple structure, high integration and high sensitivity. Optical cavities with large-size and higher quality factor (Q) value become the key components in optical waveguide gyroscopes for the detection limit to be further improved. However, due to the current level of technology, the larger size of optical cavities leads to greater transmission loss, which is not conducive to improvement of the quality factor.



Some scholars start researching from a surface-smoothing process to reduce the transmission loss [4,5] in order to achieve high-Q values, but the amount of research completed is low and has not had a significant effect. Here, we pay attention to the optimal design in the coupling region of the large-size ring resonator, and theoretically analyze the relationships between the coupling length, coupling coefficient and quality factor. Through the coupling experiments of three kinds of coupling in SOI ring resonators (R = 100 μm), we obtain a new type of butterfly-coupled structure. Thus, the larger sized optical cavity (R = 642 μm) and higher-Q value (up to five times the power) is produced without any surface treatment. This study is helpful for the achievement of optical cavities with a large size and high-Q value, which not only provides an important basis for the research of integrated optical gyroscopes, but is also propitious to their applications in the filters [6,7,8], modulators [9], biological sensing detection [10,11] and other related fields.




2. Transmission Characteristics in Micro-Cavity


A typical optical field transmission of ring resonator is shown in Figure 1, where k(k1,k2) and t(t1,t2) are amplitude coupling ratios, and transmission ratios in coupling regions as shown in virtual boxes, a(a1,a2,a3,a4) and b(b1,b2,b3,b4), respectively, represent the input and output optical field. In the case of ignoring back-scattering (a4 = 0), the transfer function of the optical field in the through port can be obtained by the transfer matrix method [12] as shown in Equation (1):


   H =   |    b 1     a 1     | 2  =   |   [  t 1  −  t 2  exp ( − j 2 Φ −  α  r i n g   ) ] exp ( − j 2 Ψ −  α L  )   1 −  t 1   t 2  exp ( − j 2 Φ −  α  r i n g   )    | 2    



(1)




where, Φ and Ψ are phase shifts separately caused by transmission of half circle (πR) and channel waveguide of coupling distance (L), expressed as:


   Φ = 2 π  N  e f f   l / λ   =   2  π 2   N  e f f   R / λ ,   Ψ =   2 π  N  e f f   L / λ   



(2)




aring = a·2πR, aL = a·L, respectively, indicate transmission loss in circumference (2πR) of ring resonator and coupling distance (L) of channel waveguide, a is the loss coefficient, λ and Neff represent transmission wavelength and the effective refractive index of the micro-ring resonator. Assuming t1 = t2 = t, k1 = k2 = k and t2 + k2 = 1, the transfer function in Equation (1) will be given by:


   H =   |     ( 1 −  k 2  )    1 2    [ 1 − exp ( − j 2 Φ −  α  r i n g   ) ] exp ( − j 2 Ψ −  α L  )   1 − ( 1 −  k 2  ) exp ( − j 2 Φ −  α  r i n g   )    | 2    



(3)




supposing the radius of resonator is 100 μm, simulation of transmission characteristics and resonance spectrums in different coupling ratios (k) are, respectively, shown in Figure 2 and Figure 3.
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Figure 1. Schematic diagram of optical field transmission of a two-path ring resonator. 






Figure 1. Schematic diagram of optical field transmission of a two-path ring resonator.
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Figure 2. Resonance spectrum of ring resonator (R = 100 μm). 
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Figure 3. Resonance spectrums with different coupling ratios (R = 20 μm). 
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It can be seen from Figure 3, smaller coupling coefficient achieves weaker coupling strength, and the depth of resonance will decrease at the same time. With that, the full width at half the resonance spectrum maximum (3 dB bandwidth) becomes narrower, thus obtaining a high-Q value. The simulation above shows that changing the coupling form, such as controlling effective coupling length and gaps in a reasonable range of resonance depth, cavities with diverse coupling ratios can be achieved to meet different needs for research and application. In the case of a fixed coupling gap, the coupling ratio (k) changes as the absolute value of a sine form related to the coupling length Lc in general, while the ratio k becomes larger with the increasing Lc in a certain range [13,14,15], therefore, we decided to get different k through design optimization by controlling the coupling length to improve the quality factor.




3. Process and Experiment


3.1. Preparation of Optical Cavity


SOI is the common material used in optical resonators due to its excellent ability to restrict the optical field for the large refractive index difference between the waveguide layer (Si) and confinement layer (SiO2). SOI ring resonators with the same radius (100 μm) and different coupling forms are fabricated by micro-electro-mechanical-systems (MEMS) process. The cavities are mainly composed of the top silicon with 220 nm height and ~500 nm width. Several process and coupling design diagrams are shown in Figure 4 and Figure 5. Here, the coupling angle (2θ1) is 60° in concentric-coupled (a), θ2 (60°) and coupled-waveguide arc-radius (r = 15 μm) are designed in butterfly-coupled (c), and all the coupling gaps (g) are ~110 nm.
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Figure 4. Fabrication process of optical micro-cavity. 
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Figure 5. Schematic of coupling regions: (a) Concentric-coupled. (b) Straight-coupled. (c) Butterfly-coupled. 
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As is demonstrated in Figure 4, the device is spin-coated by an electron beam resist polymethyl methacrylate A4 (PMMA A4), and exposed in the electron-beam-lithography (EBL) system. Subsequently, a lift-off procedure is followed to remove the exposed resist via developing and fixing to leave the PMMA A4 pattern as a mask for the latter etching. Then the inductively-coupled-plasma (ICP) is performed to etch through the 220 nm silicon layer for 24 s. Ultimately, the mask is removed by organic cleaning. The grating production process is similar with the optical waveguide except different etch time (10 s).




3.2. Coupling Test


The coupling test system is represented in Figure 6, including tunable laser, lensed single-mode fiber, high-precision three-dimensional adjustable platform, photoelectric detector and oscilloscope.



A tunable laser (scan range of 1520~1570 nm) is used as the optical source. The lensed single-mode fibers are fixed on the three-dimensional adjustable platform, one of which is connected to the laser as the input, and the other connected to the photoelectric detector as the output. An approximate vertical grating coupling (about 10° angle of inclination) experiment is carried out, and we must continuously adjust the relative position of the fibers and gratings through real-time observation of the charge-coupled device (CCD) image to achieve optimal coupling. Signals received by the photoelectric detector are shown on the oscilloscope; thus, we obtain the transmission spectrum of the resonator.
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Figure 6. Coupling test system. 
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4. Results and Discussion


The resonance curves in the output and drop port of three different coupling regions are achieved through the test, and partial normalized transmission lines are shown in Figure 7 and Figure 8.



From the spectrums illustrated in Figure 7, it is apparent that the structure of concentric-coupled (a) achieves the deepest resonance depth and the strongest light intensity, but asymmetry of the spectral shape is obvious. The structure of straight-coupled (b) and butterfly-coupled (c), represent shallower resonant depth (c is slightly lighter than b), and both the spectrums become symmetric. This achieves a significantly sharper resonance valley and narrower 3 dB bandwidth, which are 0.133, 0.117 and 0.046 nm, respectively, corresponding to coupling modes a, b and c. Ultimately, the quality factors calculated at each output appear to be ~11,510 (a), ~12,750 (b) and ~33,270 (c).
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Figure 7. Resonance spectrum of output ports. 
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Figure 8. Resonance spectrum of drop port in concentric-coupled. 






Figure 8. Resonance spectrum of drop port in concentric-coupled.
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The resonant spectrums are well consistent with the theoretical simulation in the second section. Phenomenon described above show that coupling ratios get larger with the increase of effective coupling length, thus causing higher light intensity and lower resonance point. Moreover, larger coupling coefficients make a wider 3 dB bandwidth, which is unfavorable for realization of a high-Q value.



It is worth noting that the resonance lines in the concentric-coupled drop port become disorganized and are even seriously lacking in 1535–1545 nm as shown in Figure 8. The increasing effective coupling length also makes it more likely for there to be a model mismatch, which causes more model mismatch loss, directly leading to the deterioration of the spectrums. At all events, it is the most undesirable phenomena in tests and applications of the optical cavities.



A large size resonator (642 μm-radius) with coupled waveguide (50 μm arc-radius) is designed in order to verify the advantage of the butterfly-coupled structure in improving resonant characteristics. Drop and add ports are designed in parallel in order to test expediently, and the designation will not influence the signal transmission in the two ports, because the bending of 180° is set after the coupling region. We have a good achievement of 3 dB bandwidth (0.015 nm) and a Q value as high as ~101,664. Scanning-electron-microscopy (SEM) and resonance lines are, respectively, represented, as shown in Figure 9 and Figure 10.
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Figure 9. Scanning-electron-microscopy (SEM) of silicon-on-insulator (SOI) ring resonator. 






Figure 9. Scanning-electron-microscopy (SEM) of silicon-on-insulator (SOI) ring resonator.
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Figure 10. Resonance lines of through port (R = 642 μm). 






Figure 10. Resonance lines of through port (R = 642 μm).
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5. Conclusions


In summary, the coupling area of the SOI ring resonator is studied. Theoretical simulation and analysis are conducted to explore the relationships between the coupling length, coupling coefficient and quality factor. The coupling test shows that longer coupling length makes higher optical coupling strength and lower resonance point, while the 3 dB bandwidth is wider, which is not conducive to the realization of a high-Q and high sensitivity resonator. The large size ring resonator with Q factor of ten to the fifth power is achieved by adopting the butterfly-coupled form. An optimization design of coupling area for optical cavities to achieve the characteristics of high-Q value and high sensitivity undoubtedly has important research significance and application value for fields that have a strict need for quality factor; especially for the research in optical waveguide gyroscopes.
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