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Abstract

:

An optical switch based on silicon-on-insulator (SOI) technology is proposed that works in the C-band and switches by amorphous (Am) to crystalline (Cr) and Cr-to-Am phase transitions. The optical switch integrates the functions of polarization beam splitting and mode conversion, and consists of two asymmetric directional couplers (ADCs). The TM0 mode is converted to the TM1 mode through an asymmetric coupler to achieve the polarization splitting of the TM0 mode and TE0 mode. The output of the TE0 mode is then controlled by Ge2Sb2Se4Te1 (GSST). When the TE0 mode is input and the wavelength is 1550 nm, the insertion loss (IL) is lower than 0.62 dB and the crosstalk (CT) is lower than −9.88 dB for a directional coupler loaded with GSST that realizes the optical switch function in both amorphous and crystalline GSST. The extinction ratio (ER) of the two waveguides of the directional coupler is lower than −11.40 dB, simultaneously. When the TM0 mode is input and the wavelength is 1550 nm, the IL is lower than 0.62 dB for a directional coupler loaded without GSST.
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1. Introduction


With the development of optical communication technology, integrated optical waveguide devices have gradually become a research hotspot due to their unique advantages of a small size, high performance, easy integration, and low cost. At present, integrated optical waveguide devices mainly include grating couplers, optical splitters, star couplers, and optical switches [1,2,3,4]. An optical switch, which is the dynamic routing of light into different paths, is a device that realizes an optical cross-connection, optical divide and insert multiplexing, network monitoring, and self-healing protection as well as other functions with one or more selectable transmission windows [5,6]. Its application determines that the optical switch should have the characteristics of a low insertion loss (IL), low crosstalk (CT), and high isolation and should be unaffected by polarization and wavelength as well as having a short switching time and easy integration. The realization technologies of optical switches are diverse and include mechanical optical switches [7,8], liquid crystal optical switches [9], and MEMS optical switches [10,11,12,13]. Presby et al. presented a self-aligning 1 × 12 and a 1 × 24 mechanical optical switches based on the translation past each other of two halves of a silica optical circuit of straight waveguides [7]. The switches featured an IL of 0.2 dB; however, the switching time was lengthy (generally in the order of ms) and the repeatability was poor. Baxter et al. designed a novel wavelength selective switch based on liquid crystal on a silicon switching element that operated at both 50 and 100 GHz channel spacing simultaneously and was compatible with 40 G transmission requirements. However, the light transmission path was easily deviated because of the light division and the combination in liquid crystal [9]. A 128 × 128 three-dimensional MEMS optical switch module and a switching-control algorithm for a high-speed connection and optical power stabilization with an IL of less than 4:6 dB and 2:3 dB on average were described [12]. However, the MEMS optical switch had a high cost and high technical requirements. Therefore, an optical device with a high-speed switch, low loss, ultra-compact footprint, and fabrication robustness is an ongoing research area.



The media used to design optical devices mainly include Si, SiO2, lithium niobate (LiNbO3), and III–V group materials (InP and InGaAsP) [14]. LiNO3 is a type of anisotropic non-linear crystal material. Through diffusion or ion implantation, it forms a certain refractive index difference. However, due to the low electro-optic coefficient of the crystal and the low efficiency of the optical switch, it is not suitable for a large-scale integration [15]. III–V group material is an ideal optical material in the communication band. Due to its direct band gap, the monolithic integration of all devices from passive to active can be realized. However, due to a lack of suitable cladding material, the refractive index difference is small and the size of the waveguide is large [16]. Due to the large refractive index difference between Si and SiO2, a standard silicon-on-insulator (SOI) is a perfect platform for the design of optical switches.



For most optical switches, the required phase delay is introduced by the TO effect [17,18,19] or EO carrier-induced effect [20,21]. For instance, based on a thermo-optic interferometric configuration, Brunetti et al. designed a 2 × 2 switching cell. The switch exhibited a worst ER of about 13 dB, an IL of less than 2 dB, and a CT of 12 dB, but the footprint was 240 µm × 9 µm because of small refractive index disturbances of the TO effect [22]. In addition, the switching mechanisms were volatile and required a continuous power supply to maintain the light switching state [5]. Recently, the emergence of phase change materials has helped us to solve these problems. Commonly reported phase change materials include VO2, Ge2Sb2Te5 (GST), and Ge2Sb2Se4Te1 (GSST). Although VO2 has a large refractive index change during its phase transition, the related losses in these two stages are high and specific continuous power is required to maintain each state [23]. Another phase change material, Ge2Sb2Te5, has a better optical performance than VO2 [24,25], but even in an amorphous state, there is still too much loss due to the small internal clearance and the resulting information loss in the communication bands. The emergence of Ge2Sb2Se4Te1 has overcome the limitations of GST-based optical switches [5] because widening the optical band gap of materials can effectively suppress the inter-band transition and then reduce the optical loss [26]. Its special optical properties, such as non-volatility, stability, and a fast variable speed, are widely used in the design and research of optical switches. Non-volatile denotes that only energy is expended during the phase transition and no energy is needed to maintain the state. In addition, it has been experimentally demonstrated that the reversible phase transition from amorphous (Am) to crystalline (Cr) or from Cr to Am can be optical [27,28] or electro-thermal-induced [29], which essentially use external methods to raise the temperature of the phase change materials to a critical temperature.



At present, there are two commonly used structures in the development of a single optical switch. One is the use of a double beam interference based on a Mach–Zehnder interferometer; however, an optical switch based on an MZI usually requires a significant amount of space. The other is the use of resonance in the microring resonator. The working bandwidth of an MRR-based optical switch is limited and the resonance wavelength must be carefully controlled [6]. At the same time, the SOI waveguide has a strong birefringence and the effective refractive index of the TE mode and the TM mode is very different, so it is easy for the device to have a polarization correlation [30]. In this paper, we propose a silicon-based optical switch regulated by GSST based on a directional coupler that integrates the functions of polarization beam splitting and mode conversion. The optical switch realizes the simultaneous input of the TE mode and the TM mode, which is different from most optical switches that only focus on the TE mode. When the TE0 mode and the TM0 mode are input at the same time, polarization splitting of the TE0 and TM0 modes occurs; the TM0 mode is coupled to another waveguide and converted to the TM1 mode to output from this waveguide whereas the TE0 mode controls its output port through the crystal phase of the phase change material, GSST. When GSST is crystalline, the TE0 mode is directly output from the input waveguide and when GSST is amorphous, the TE0 mode is coupled to other waveguides loaded with GSST.




2. Principle and Design


Figure 1 shows the structure of the multi-functional integrated optical switch. The proposed optical switch was manufactured on a 220 nm-thick ( H ) SOI platform covered with silica (SiO2). It consisted of two asymmetric directional couplers, one of which had a waveguide loaded with GSST and one waveguide of the two directional couplers was common.



In this paper, we chose popular SOI waveguides with a   220   nm  -thick silicon core layer and a   2    μ m   -thick buried silicon dioxide layer. When the central wavelength was 1550 nm, the refractive index of the silicon and silica were   n  (  Si  )  = 3.476   and   n  (  Si  O 2   )  = 1.444  , respectively [21]. According to [31], the complex refractive index of GSST in an amorphous state is   n  (  Am − GSST  )  + i k  (  Am − GSST  )  = 3.3258 + 0.00018 i   and in a crystalline state it is   n  (  Cr − GSST  )  + i k  (  Cr − GSST  )  = 5.0830 + 0.35 i   (as shown in Figure 2). In order to facilitate the processing, all silicon waveguides took the same height:   W × H   was the size of the common waveguide (WG#1);    W 1  × H   was the size of another waveguide (WG#2) of the directional coupler without a GSST load;    W 2  × H   was the size of another waveguide (WG#3) of the directional coupler loaded with GSST; and   w × h   was the size of GSST of the load. The distance between the adjacent waveguides was    W  gap     (the distance was also set to   200   nm   for easy processing) and the coupling lengths of the directional couplers with unloaded and loaded GSST were    L  c 1     and    L  c 2    , respectively.



By selecting an appropriate waveguide width, the TM0 and TE0 modes of waveguide WG#1 incident were separated. The TM0 mode was converted to the TM1 mode by the asymmetric directional coupler and was output by waveguide WG#2. When GSST was amorphous, waveguide WG#1 and waveguide WG#3 of the directional coupler based on GSST were phase matched and the TE0 mode was coupled from waveguide WG#1 to waveguide WG#3. However, when GSST was crystalline, the TE0 mode was output from waveguide WG#1 due to the phase mismatch and the coupling was ignored. When the phase matching condition    n  e f f    (   w 0   )  =  n  e f f    (   w i   )    was satisfied, the higher-order modes could be excited where    n  e f f    (   w 0   )    and    n  e f f    (   w i   )    were the effective refractive indexes of the fundamental mode of the input single-mode waveguide and the i-order mode of the multi-mode waveguide, respectively [32]. Therefore, the width of the multi-mode waveguide was appropriately selected to achieve the coupling between the TM0 mode and the TM1 mode. Similarly, when GSST was amorphous, to achieve the coupling of the TE0 mode from waveguide WG#1 to waveguide WG#3, phase matching condition    n  e f f    (  WG # 1  )  =  n  e f f    (  WG # 3  )    was required where    n  e f f    (  WG # 1  )    and    n  e f f    (  WG # 3  )    were the effective refractive indexes of waveguide WG#1 and waveguide WG#3, respectively.



Figure 3 shows the effective refractive index of the eigenmode in the SOI waveguide as a function of the waveguide width. When a common waveguide width of the two directional couplers was selected as   W = 400    nm    and the spacing was    W  gap   = 200    nm   , according to the phase matching conditions and continuous parameter optimization it was determined that the widths of waveguide WG#2 and waveguide WG#3 were    W 1  = 1.03    μ m    and    W 2  = 370    nm   , respectively. The size of the loaded GSST was   w × h = 220    nm  × 82    nm   .



Using the super-mode theory [33],    L  coupling   = π /  (   β e  −  β o   )   , the coupling length of the coupling region of the two directional couplers was roughly calculated at first where βe and βo were the propagation constants of the even mode and the odd mode, respectively. The full-vector three-dimensional finite-difference time-domain (3D-FDTD) method was then used to further optimize the coupling length. Finally, the coupling lengths were determined as    L  c 1   = 5.45    μ m    and    L  c 2   = 11.1    μ m   , respectively. The parameters optimized in this paper included the waveguide width, GSST width/thickness, and the coupling length. The other parameters mainly served for the parameter optimization of the coupling length. To ensure phase matching, the effective refractive indices of the two waveguides were required to be the same. When the main waveguide width was determined, the selected width of the waveguide without loaded GSST was 1030 nm; for the waveguide with loaded GSST, and because the refractive index of GSST is higher than Si, in order to fulfil the phase matching condition, the corresponding waveguide width was less than the width of the main waveguide. There were several other parameters measured (including the width of the silicon waveguide loaded with GSST and the width and thickness of GSST), but, for brevity, we only report the most notable results that supported our conclusion in this paper.



Figure 4 shows the coupling degree C of the directional coupler varies with the length of the coupling region (the C was defined as the ratio of the output optical power of the coupling port to the input optical power, the lower the C, the stronger the coupling). It should be noted that this was the computational optimization of splitting the device into two separate directional couplers (GSST-loaded and GSST-unloaded). For the directional couplers without GSST loading, the coupling of the TM0 mode to the TM1 mode was mainly discussed. For the GSST-loaded directional couplers, the coupling was discussed when the TE0 mode was input and GSST was in an amorphous state. Finally, we combined the coupling lengths Lc1 and Lc2 and obtained a final value of the coupling length through a continuous optimization.



Thus, the structural parameters of the multi-functional integrated optical switch were basically determined; the details are given in Table 1.



As shown in Figure 5, the light field distribution of the TE0 mode and the TM0 mode input at a wavelength of 1550 nm when GSST was in an amorphous or crystalline state was simulated. It was found that when the TM0 mode entered the common waveguide of the two directional couplers, GSST was either amorphous or crystalline and the light was coupled from waveguide WG#1 to waveguide WG#2; few parts of the TM0 mode were output from waveguide WG#3. When the TE0 mode was inputted and GSST was amorphous, most of the TE0 mode was coupled to waveguide WG#3 and a small part was output by the other waveguide ports. Conversely, when the TE0 mode was input and GSST was crystalline, few parts of the TE0 mode were coupled to waveguide WG#2 and waveguide WG#3; most of them were directly output by waveguide WG#1.




3. Discussion


The induction methods of phase change materials mainly include thermal induction and optical induction. The realization principle is to heat up the phase change materials by means of external electrodes or by pumping light to reach the threshold temperature of the phase change. At present, the main methods of inducing phase change materials in on-chip optical devices are external ITO (indium tin oxide) electrodes [34] and external laser induction [35,36]. In the design of an electrical induction scheme, the reason for using an ITO electrode is not only to induce the phase transformation of the phase change materials via a high temperature, but also to prevent the oxidation of the phase change materials in air, playing a protective role. In the design of an external laser induction scheme, the crystallization ratio of amorphous phase change materials can be adjusted by changing the heating temperature, heating time, or laser pulse intensity to obtain different refractive indexes, which is more convenient to control the crystallization degree of the phase change materials.



Our designed optical switch structure was thermally simulated by COMSOL and the feasibility of using laser heating to induce the phase transition of GSST was studied. By referring to relevant references [37,38,39,40,41], the thermal coefficients of GSST, Si, and SiO2 were obtained; the results are shown in Table 2.



The transition of GSST from a crystalline to an amorphous state requires a short pulse of high energy to exceed a melting temperature of 900 K and then rapid cooling to change the atomic arrangement from ordered to disordered. The transition from an amorphous state to a crystalline state requires a long pulse of low energy, slowly heating the temperatures above 523 K and below 900 K for a period of time to change the atomic arrangement from disordered to ordered.



The switching time was simulated by studying the process of GSST from a crystalline state to an amorphous state. For the real thermal simulation, a 500 nm SiO2 covering layer was used on the waveguide and the coupling part of the designed device was taken. On the top of the device, a high-energy gaussian short pulse was input to provide heat; the pulse width was set to 25 ns and the grid selection was extremely elaborate. When the input spot radius was 6 μm, the power was 10 W; the temperature distribution when the pulse duration reached 20 μs is shown in Figure 6. It can be seen from the figure that the temperature of GSST exceeds 900 K, reaching a phase transformation condition. The temperature of the bottom silicon waveguide and the silicon dioxide base part was below 900 K. It should be noted that the long switching time was due to the low peak power of the selected laser. If the power was too high, the device quickly reached the required temperature, but it increased the difficulty of temperature control.



The performance of a waveguide depends on losses. The losses in the waveguide depend on the materials, wavelength, and fabrication method used. The bend loss can be reduced using LPCVD and TriPlex LPCVD technology. When the bending radius was larger than 3 μm, the loss was 2–3 dB/cm. One of the other losses originated from the inner wall roughness of the waveguide. Roughness can greatly increase light scattering, leading to a significant light transmission loss. Fabrication-caused surface roughness is inevitable because it is a result of the intrinsic noise in the lithography and etching processes. Using SPEL, the average sidewall roughness of a silicon waveguide can be reduced from 13 to 3 nm. Therefore, the loss caused by the roughness of the inner wall and bending of the waveguide can be effectively avoided.



The performance parameters IL, CT, and ER were also discussed.



First, the IL was defined as the ratio of the output optical power to the input optical power; the lower the IL, the better the performance of the optical switch:


  IL = − 10   lg  (   (   T  WG # 1   +  T  WG # 2   +  T  WG # 3    )  /  T  input    )  .  



(1)







The CT was then defined as the ratio of the output power of the conduction port of the optical switch to the output power entering the adjacent port; the lower the CT, the better the performance of the optical switch:


    CT   Am − TE   = − 10   lg  (   T  Am − WG # 3   /  (   T  Am − WG # 1   +  T  Am − WG # 2    )   )   



(2)






    CT   Cr − TE   = − 10   lg  (   T  Cr − WG # 1   /  (   T  Cr − WG # 2   +  T  Cr − WG # 3    )   )   



(3)






    CT   TM   = − 10   lg  (   T  WG # 2   /  (   T  WG # 1   +  T  WG # 3    )   )   



(4)







Finally, the ER was defined as the ratio of the optical power when the optical switch was in an on state and the optical power when the optical switch was in an off state; the lower the ER, the better the performance of the optical switch:


    ER   WG # 1   = − 10   lg  (   T  Cr − WG # 1   /  T  Am − WG # 1    )   



(5)






    ER   WG # 3   = − 10   lg  (   T  Am − WG # 3   /  T  Cr − WG # 3    )   



(6)




where    T  input     is the transmission of the input mode, whether the TE mode or the TM mode was input.    T  WG # 1    ,    T  WG # 2    , and    T  WG # 3     were the transmissions of mode light passing through waveguide WG#1, waveguide WG#2, and waveguide WG#3, respectively.    T  Am − WG # 1    ,    T  Am − WG # 2    , and    T  Am − WG # 3     were the transmissions of mode light passing through waveguide WG#1, waveguide WG#2, and waveguide WG#3, respectively, when GSST was amorphous.    T  Cr − WG # 1    ,    T  Cr − WG # 2    , and    T  Cr − WG # 3     were the transmissions of mode light passing through waveguide WG#1, waveguide WG#2, and waveguide WG#3, respectively, when GSST was crystalline. The performance parameters of the optical switch, IL, CT, and ER changed with the wavelength, as shown in Figure 7. The IL and CT analyzed the input of the TE mode and the TM mode, respectively; the ER only considered the incident of the TE mode. This was because the definition of the extinction ratio and optical switching function was mainly realized by the TE mode controlled by GSST through the directional couplers loaded with GSST.



Figure 7a,b shows four curves labeled “Am–TE”, “Cr–TE”, “Am–TM”, and “Cr–TM”, which refer to the cases where GSST was amorphous and the TE mode was input, GSST was crystalline and the TE mode was input, GSST was amorphous and the TM mode was input, and GSST was crystalline and the TM mode was input, respectively. Regarding the ER, we only discussed the case of the TE mode input. In the analysis figure of extinction ratio, “port #1” and “port #3” referred to waveguide WG#1 and waveguide WG#3 as the output, respectively; unlike the former two, the optical power output by waveguide WG#2 was not calculated.



When the wavelength was 1550 nm, the IL was lower than 0.62 dB in the case of the TE0 mode and the TM0 mode input, regardless of whether GSST was amorphous or crystalline; when only the TE mode incident was considered, the IL was 0.14 dB when GSST was amorphous and 0.52 dB when GSST was crystalline. Moreover, with the increase in wavelength, the increasing IL indicated that the total optical power at the output was decreasing, which was because the extinction coefficient spectrum of GSST decreased. When the TE0 mode was input and the wavelength was 1550 nm, the CT was −9.88 dB in the amorphous and −11.40 dB in the crystalline GSST. When the TE0 mode was input and the wavelength was 1550 nm, the ER of waveguide WG#1 was also lower than −11.40 dB and the ER of waveguide WG#3 was lower than −14.52 dB.



From Figure 8, it can be seen that when the TE mode was input, the CT first decreased and then increased with the increase in wavelength and reached the lowest value at 1568 nm when GSST was in an amorphous state, which was −10.34 dB; the ER of waveguide WG#1 first decreased and then increased with the increase in wavelength and reached the lowest value of −12.37 dB at the wavelength of 1570 nm. The ER of “port #1” refers to the ratio of the optical power when “port #1” was in an on state and when it was in an off state. The two were given by the following formulas:


    CT   Am   = − 10   lg  (   T  Am − WG # 3   /  (   T  Am − WG # 1   +  T  Am − WG # 2    )   )   



(7)






    ER   WG # 1   = − 10 lg  (   T  Cr − WG # 1   /  T  Am − WG # 1    )  .  



(8)







It was found that the two formulas were mainly determined by    T  Am − WG # 1    . This was because the optical power entering waveguide WG#2 was negligible compared with the optical power entering waveguide WG#1 and waveguide WG#3 when the TE mode was input.    T  Am − WG # 3     and    T  Cr − WG # 1     refer to the transmission of mode light passing through “port #3” when GSST was amorphous and the transmission of mode light passing through “port #1” when GSST was crystalline, respectively. These refer to the transmission when “port #3” and “port #1” were in an open state and both reached a lowest value (1568 nm and 1570 nm, respectively) when close to 1550 nm (as shown in Figure 8), which further demonstrated that the performance was better when it was close to 1550 nm. As the designed optical switch mainly worked at 1550 nm, the closer the wavelength was to 1550 nm, the better the coupling effect; thus, the output power of waveguide WG#1 was lower and the crosstalk and extinction ratio were smaller.



Similarly, when the TE mode was input, the CT increased with the increase in wavelength when GSST was in a crystalline state; the ER of waveguide WG#3 increased with the increase in wavelength. The ER of “port #3” refers to the ratio of the optical power when “port #3” was in an on state and when it was in an off state. This same trend was because, with the increase in wavelength, the refractive index of GSST became smaller, resulting in a smaller equivalent refractive index between the waveguides. Thus, more light was coupled to waveguide WG#3, so   C  T  C r     and   E  R  W G # 3     became larger with the wavelength.



For the obtained simulation results, in order to facilitate the performance analysis of the simulation results, the 1 × 2 optical switch designed in this paper was compared with 1 × 2 optical switches designed in other references, all of which were theoretical. The phase change material used in references [5,41] was GSST and only the incident situation of the TE mode was discussed. However, the incident situation of both the TE mode and the TM mode was discussed in reference [42]. Table 3 shows the results of the comparison. It should be noted that “Cross-State” in Table 3 refers to the situation when the TE mode was input and GSST was amorphous and “Lower” refers to the lower performance parameters whether GSST was amorphous or crystalline when the TM mode was input.



It can be seen from Table 3 that references [5,41] both had a low loss and small size for the TM mode. It can be seen from Figure 3 that, with the increase in waveguide width, the effective refractive index of the TM mode changed less than the TE mode. Therefore, the structures set in the two literature examples could not meet the optical switching functions of the TE mode and the TM mode at the same time. For the TM mode, the corresponding coupling region should be separately designed. However, although reference [42] discussed both the TE mode and the TM mode, the device size was large. Compared with references [5,41], the advantage of our work was mainly reflected in the situation when the TM mode was input without increasing the device size. Compared with reference [42], the advantages were mainly reflected in the lower IL when the TE mode was input and the device size was one-fifth of the device size in reference [42]. Compared with the other references, the crosstalk needed to be further reduced. We considered changing the radius of the bent waveguide or changing the structure of the waveguide that implemented the polarization beam splitting and mode conversion functions to reduce the crosstalk by shortening the length/width of the device. Regarding changing the radius of the bent waveguide, because bend waveguides can be divided into four categories according to their different geometric shapes (sine bend (Sin_Bend), cosine bend (Cos_Bend), double arc-type (S_Bend), and double arc middle plus straight waveguide-type (SB_Bend)), the cosine-type waveguide had the lowest loss by comparing the losses between the various types of curved waveguides; thus, changing the curved waveguide part of the designed optical switch to a cosine curved waveguide could be tried [43]. Regarding changing the structure of the waveguide, we considered two methods that could be used. One of the methods was a wider ridge waveguide to reduce transmission loss. For the ridge waveguide, the mode field overlapped less with the side wall of the waveguide, so the influence of the side wall was relatively small. The transmission loss of the waveguide could be greatly reduced and the transmission loss of the ridge waveguide based on shallow etching could reach 0.3 dB/cm [44]. The other method was a SiN waveguide used to transfer the light from the Si waveguide to the SiN waveguide. The refractive index of SiN is smaller than that of Si, so the light field binding was weak and the loss caused by the side wall roughness was relatively small [45].




4. Conclusions


In conclusion, based on SOI technology, we proposed a multi-functional integrated optical switch that worked in the C-band. The optical switch realized the switching function by inducing the crystal phase of Ge2Sb2Se4Te1 (the reversible transition between amorphous and crystalline). The switch integrated the functions of polarization beam splitting and mode conversion. These functions were realized by two asymmetric directional couplers composed of three waveguides. The main process was that the TM0 mode was converted to the TM1 mode through the asymmetric coupler to realize the TM0 mode and the TE0 mode. Polarization splitting and then Ge2Sb2Se4Te1 controlled the output of TE0. When the wavelength was 1550 nm, the IL was lower than 0.62 dB in the case of the TE0 mode and the TM0 mode input, regardless of whether GSST was amorphous or crystalline. When TE0 was input and the wavelength was 1550 nm, the CT was lower than −9.88 dB in both amorphous and crystalline GSST and the ER of waveguide WG#1 and WG#3 was also lower than −11.40 dB. With the proposed optical switch, the polarization characteristics of the light and the crystal phase of the phase change material could be judged by measuring the transmission port of the optical path and the light output could be controlled by inducing the crystal phase of the phase change material, which can be applied to optical path monitoring and optical fiber sensing systems.







Author Contributions


Conceptualization, J.H., Y.Y. and J.Y.; methodology, J.H.; software, J.H., H.M., X.J. and H.Y.; formal analysis, J.H.; writing—original draft preparation, J.H.; writing—review and editing, J.H. and J.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Postgraduate Scientific Research Innovation Project of Hunan Province (CX20200039), Program for New Century Excellent Talents in University (NCET-12-0142), Natural Science Foundation of Hunan Province (13JJ3001), Foundation of NUDT (JC13-02-13, ZK17-03-01), and China Postdoctoral Science Foundation of China (60907003 and 61805278).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



West, P.C. Machine vision in practice. IEEE Trans. Ind. Appl. 1983, IA-19, 794–801. [Google Scholar] [CrossRef]

	



Okamoto, K. Recent progress of integrated optics planar lightwave circuits. Opt. Quantum Electron. 1999, 31, 107–129. [Google Scholar] [CrossRef]

	



Miya, T. Silica-based planar lightwave circuits: Passive and thermally active devices. IEEE J. Sel. Top. Quantum Electron. 2000, 6, 38–45. [Google Scholar] [CrossRef]

	



Okuno, M.; Goh, T.; Sohma, S.; Shibata, T. Recent advances in optical switches using silica-based plc technology. NTT Tech. Rev. 2003, 17, 20–30. [Google Scholar]

	



Zhang, Q.; Zhang, Y.; Li, J.; Richard, S.; Gu, T.; Hu, J. Broadband nonvolatile photonic switching based on optical phase change materials: Beyond the classical figure-of-merit. Opt. Lett. 2018, 43, 94–97. [Google Scholar] [CrossRef]

	



Zhang, C.; Zhang, M.; Xie, Y.; Shi, Y.; Kumar, R.; Panepucci, R.R.; Dai, D. Wavelength-selective 2 × 2 optical switch based on a Ge2Sb2Te5-assisted microring. Photonics Res. 2020, 7, 1171–1176. [Google Scholar] [CrossRef]

	



Presby, H.; Narayanan, C. Mechanical silica optical circuit switch. Electron. Lett. 1998, 34, 484–485. [Google Scholar] [CrossRef]

	



Marxer, C.; Nicolaas, F.D.R. Micro-opto-mechanical 2 × 2 switch for single-mode fibers based on plasma-etched silicon mirror and electrostatic actuation. J. Lightwave Technol. 1999, 17, 2–6. [Google Scholar] [CrossRef]

	



Frisken, S.; Baxter, G.; Abakoumov, D.; Hao, Z.; Clarke, I. Flexible and grid-less wavelength selective switch using LCOS technology. In Proceedings of the 2011 Optical Fiber Communication Conference and Exposition and the National Fiber Optic Engineers Conference, Los Angeles, CA, USA, 6–10 March 2011; pp. 1–3. [Google Scholar]

	



Cheng, Q.; Rumley, S.; Bahadori, M.; Bergman, K. Photonic switching in high performance datacenters. Opt. Express 2018, 26, 16026. [Google Scholar] [CrossRef]

	



Dobbelaere, P.D.; Falta, K.; Gloeckner, S. Digital MEMS for optical switching. IEEE Commun. Mag. 2002, 40, 88–95. [Google Scholar] [CrossRef]

	



Mizukami, M.; Yamaguchi, J.; Nemoto, N. 128 × 128 three-dimensional MEMS optical path connection for optical cross-connect sytem. Appl. Opt. 2011, 50, 4037–4041. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Nuzman, C.J.; Kumar, B.; Lieuwen, D.F.; Kraus, J.S.; Weiss, A.; Lichtenwalner, C.P.; Papazian, A.R.; Frahm, R.E.; Basavanhally, N.R.; et al. 1100 × 1100 port MEMS-based optical crossconnect with 4dB maximum loss. IEEE Photonics Technol. Lett. 2003, 15, 1537–1539. [Google Scholar] [CrossRef]

	



Yu, J. Silicon Photonics; Science Press: Beijing, China, 2011. [Google Scholar]

	



Liu, B.; Wang, X. Progress in the application of secondary electro-optic effect of potassium tantalum niobate crystals. High Power Laser Part. Beams 2012, 24, 261–266. [Google Scholar]

	



del Alamo, J. Nanometre-scale electronics with III–V compound semiconductors. Nature 2011, 479, 317–323. [Google Scholar] [CrossRef]

	



White, I.; Aw, E.T.; Williams, K. Scalable optical switches for computing applications [Invited]. J. Opt. Netw. 2009, 8, 215–224. [Google Scholar] [CrossRef]

	



Cheng, Q.; Bahadori, M.; Hung, Y.H.; Huang, Y.; Abrams, N.; Bergman, K. Scalable microring-based silicon clos switch fabric with switch-and-select stages. IEEE J. Sel. Top. Quantum Electron. 2019, 25, 3600111. [Google Scholar] [CrossRef]

	



Khope, A.S.P.; Saeidi, M.; Yu, R.; Wu, X.R.; Netherton, A.M.; Liu, Y.; Zhang, Z.Y.; Xia, Y.J. Multi-wavelength selective crossbar switch. Opt. Express 2019, 27, 5203–5216. [Google Scholar] [CrossRef]

	



Stablie, R.; Albores-Mejia, A.; Rohit, A. Integrated optical switch matrices for packet data networks. Microsyst. Nanoeng. 2016, 2, 15042. [Google Scholar] [CrossRef]

	



Chen, S.T.; Shi, Y.; He, S.; Dai, D. Low-loss and broadband 2 × 2 silicon thermo-optic Mach-Zehnder switch with bent directional couplers. Opt. Lett. 2016, 41, 836–839. [Google Scholar] [CrossRef]

	



Brunetti, G.; Marocco, G.; Di Benedetto, A.; Giorgio, A.; Armenise, M.N.; Ciminelli, C. Design of a large bandwidth 2 × 2 interferometric switching cell based on a sub-wavelength grating. J. Opt. 2021, 23, 085801. [Google Scholar] [CrossRef]

	



Joushaghani, A.; Jeong, J.; Paradis, S.; Alain, D.; Aitchison, J.S.; Poon, J. Wavelength-size hybrid Si-VO2 waveguide electroabsorption optical switches and photodetectors. Opt. Express 2015, 23, 3657–3668. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, D.; Shoji, Y.; Kuwahara, M.; Wang, X.; Kintaka, K.; Kawashima, H.; Toyosaki, T.; Ikuma, H.; Tsuda, H. Ultra-small, self-holding, optical gate switch using Ge2Sb2Te5 with a multi-mode Si waveguide. Opt. Express 2012, 20, 10283–10294. [Google Scholar] [CrossRef] [PubMed]

	



Liang, H.; Soref, J.; Mu, J.; Majumdar, A.; Li, X. Simulations of silicon-on-insulator channel-waveguide electro-optical 2 × 2 switches and 1 × 1 modulators using a Ge2Sb2Te5 self-holding layer. J. Lightwave Technol. 2015, 33, 1805–1813. [Google Scholar] [CrossRef]

	



Cai, X.; Wang, X. Reduction of surface plasma loss of indium tin oxide thin films by regulating sub-strate temperature. Acta Phys. Sin. 2018, 67, 180201. [Google Scholar]

	



Weidenhof, V.; Friedrich, I.; Ziegler, S.; Wuttig, M. Laser induced crystallization of amorphous Ge2Sb2Te5 films. J. Appl. Phys. 2001, 89, 3168–3176. [Google Scholar] [CrossRef]

	



Weidenhof, V.; Pirch, N.; Friedrich, I.; Ziegler, S.; Wuttig, M. Minimum time for laser induced amorphization of Ge2Sb2Te5 films. J. Appl. Phys. 2000, 88, 657–664. [Google Scholar] [CrossRef]

	



Kato, K.; Kuwahara, M.; Kawashima, H.; Tsuruoka, T.; Tsuda, H. Current-driven phase-change optical gate switch using indium-tin-oxide heater. Appl. Phys. Exp. 2017, 10, 072201. [Google Scholar] [CrossRef]

	



Zhou, L.; Lu, L.; Guo, Z. Development status and key technologies of integrated optical switches. Study Opt. Commun. 2019, 9–26. [Google Scholar] [CrossRef]

	



Zhang, Y.; Chou, J.B.; Li, J.; Li, H.; Du, Q.; Yadav, A.; Zhou, S.; Shalaginov, M.Y.; Fang, Z.; Zhong, H.; et al. Broadband transparent optical phase change materials for high-performance nonvolatile photonics. Nat. Commun. 2019, 10, 4279. [Google Scholar] [CrossRef]

	



Xu, H.; Shi, Y. On-Chip Silicon TE-Pass Polarizer Based on Asymmetrical Directional Couplers. IEEE Photonics Technol. Lett. 2017, 29, 861–864. [Google Scholar] [CrossRef]

	



Shi, Y.; He, S.; Anand, S. Ultracompact directional couplers realized in InP by utilizing feature size dependent etching. Opt. Lett. 2008, 33, 1927–1929. [Google Scholar] [CrossRef] [PubMed]

	



Moriyama, T.; Tanaka, D.; Jain, P.; Kawashima, H.; Kuwahara, M.; Wang, X.; Tsuda, H. Ultra-compact, self-holding asymmetric Mach-Zehnder interferometer switch using Ge2Sb2Te5 phase-change material. IEICE Electron. Express 2014, 231–244. [Google Scholar] [CrossRef]

	



Chen, N.; Huang, Y.; Li, X.; Sun, H. Recent Progress on Ultrafast Laser-Induced Solid Nonthermal Phase Transitions and Atomic Mechanisms. Chin. J. Lasers 2021, 48, 0202001. [Google Scholar] [CrossRef]

	



Yan, W.; Wang, J.Y.; Qu, Y.R. Tunable metasurfaces based on phase-change materials. Acta Phys. Sin. 2020, 69, 154202. [Google Scholar] [CrossRef]

	



Rios, C.; Stegmaier, M.; Cheng, Z. Controlled switching of phase-change materials by evanescent-field coupling in integrated photonics [Invited]. Opt. Mat. Express 2018, 8, 2455–2470. [Google Scholar] [CrossRef]

	



Bozorg-Grayeli, E.; Reifenberg, J.P. Thermal conductivity and boundary resistance measurements of GeSbTe and electrode materials using nanosecond thermoreflectance. In Proceedings of the 2010 12th IEEE Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems, Las Vegas, NV, USA, 2–5 June 2010. [Google Scholar]

	



Khulbe, P.K.; Xun, X. Crystallization and amorphization studies of a Ge2Sb2.3Te5 thin-film sample under pulsed laser irradiation. Appl. Opt. 2000, 39, 2359–2366. [Google Scholar] [CrossRef]

	



Mu, Z.; Li, L.; Du, J. Simulations of reconfigurable optical switching based on Ge2Sb2Se4Te1. Opt. Instrum. 2021, 43, 6–12. [Google Scholar]

	



Francesco, D.L.; Richard, S. Broadband electro-optical crossbar switches using low-loss Ge2Sb2Se4Te1 phase change material. J. Lightwave Technol. 2019, 37, 3183–3191. [Google Scholar]

	



Liang, W.; Chen, W.; Wang, P. Non-volatile polarization-insensitive 1 × 2 silicon optical switch using phase-change materials. Opt. Commun. 2021, 479, 126407. [Google Scholar] [CrossRef]

	



Gao, F.; Qin, L.; Chen, Y. Research progress of bent waveguide and its applications. Chin. Opt. 2017, 10, 176–193. [Google Scholar]

	



Dong, P. Low loss shallow-ridge silicon waveguides. Opt. Exp. 2010, 18, 14474. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.D.; Li, Z.H.; Yu, J.Z. New waveguide material Si3N4 for photonic integration. Physics 2019, 48, 82–87. [Google Scholar]








[image: Photonics 09 00320 g001 550] 





Figure 1. (a) Structure of the multi-functional integrated optical switch. (b) Cross-section view of the dashed line position in (a). 
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Figure 2. Real part-refractive index spectrum (a) and extinction coefficient spectrum (b) of GSST in amorphous and crystal line states, respectively. 
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Figure 3. The effective refractive index of TE0, TM0, and TM1 modes varies with the width of the waveguide. 
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Figure 4. The C of the directional coupler varies with the length of the coupling region. (a) The TM0 mode was input on the directional coupler without GSST loading (consisting of waveguide WG#1 and waveguide WG#2); (b) The TE0 mode was input on the GSST-loaded directional coupler (consisting of waveguide WG#1 and waveguide WG#3) and GSST was amorphous. 
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Figure 5. The optical field distribution of GSST in the amorphous state and the crystalline state when the TE and TM mode are incident, respectively. (a,b) The optical field intensity distribution of GSST in an amorphous state when (a) TE mode was input and (b) TM mode was input; (c,d) the optical field intensity distribution of GSST in a crystalline state when (c) TE mode was input and (d) TM mode was input and simulated, respectively. Simulations performed using Lumerical FDTD Solution. All the legends are linear scale. 






Figure 5. The optical field distribution of GSST in the amorphous state and the crystalline state when the TE and TM mode are incident, respectively. (a,b) The optical field intensity distribution of GSST in an amorphous state when (a) TE mode was input and (b) TM mode was input; (c,d) the optical field intensity distribution of GSST in a crystalline state when (c) TE mode was input and (d) TM mode was input and simulated, respectively. Simulations performed using Lumerical FDTD Solution. All the legends are linear scale.



[image: Photonics 09 00320 g005]







[image: Photonics 09 00320 g006 550] 





Figure 6. The heat distribution of the coupling part of the device. 
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Figure 7. The variation of (a) the IL, (b) the CT, and (c) the ER with the wavelength of the optical switch. 
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Figure 8. Comparison of     CT   Am     and     ER   WG # 1    . 
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Table 1. Structural parameters optimized by simulation.
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	     W     (   μ m   )     
	      W  1     (   μ m   )     
	      W  2     (   μ m   )     
	      W    g a p       (   μ m   )     
	     w     (   μ m   )     
	     H     (   μ m   )     
	     h     (   μ m   )     
	      L    c  1      (   μ m   )     
	      L    c  2      (   μ m   )     





	0.4
	1.03
	0.37
	0.2
	0.22
	0.22
	0.082
	5.45
	11.1
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Table 2. Coefficients used for the thermal simulation.
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	Si
	SiO2
	Am–GSST
	Cr–GSST





	Density

(kg/m3)
	2329 [41]
	2203 [37]
	6000 [37]
	6250 [40]



	Thermal conductivity

(W/(m K))
	130 [41]
	1.38 [37]
	0.57 [38]
	1.58 [38]



	Specific heat

(J/(kg K))
	700 [41]
	709 [37]
	212 [39]
	212 [39]
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Table 3. Comparison of various optical switches.
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Reference/PCM

	
TE Mode

(Cross-State)

	
TM Mode

(Lower)

	
    Coupler   Length   (  μ m  )    




	
IL (dB)

	
CT (dB)

	
IL (dB)

	
CT (dB)






	
Reference [41]

GSST

	
0.083

	
−12.8

	

	

	
16.7




	
Reference [5]

GSST

	
0.06

	
−27

	

	

	
Whole length: near 40




	
Reference [42]

GSST

	
0.42

	
−31.57

	
0.58

	
−28.26

	
Whole length: near 160




	
This work

GSST

	
0.14

	
−9.88

	
0.62

	
−15.06

	
5.45 + 11.1

(Whole length: near 38)
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