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Abstract

:

Three ultracompact integrated photonic devices are proposed, assisted by etched structures. A mode-order converter (MOC) is achieved with a footprint of 0.85 × 1.4 μm2, which exhibits high performances with insertion loss (IL) below 0.34 dB and mode purity (MP) above 90% within 100 nm waveband. Moreover, a mode blocking filter (MBF) is proposed based on a subwavelength grating with a footprint of 0.8 × 4.12 μm2, which allows the propagation of TM0 mode but blocks the TM1 mode with a remarkably high extinction ratio of 31.6 dB at the wavelength of 1550 nm. Finally, a compact reciprocal optical diode (ROD) is presented by cascading the abovementioned MOC and MBF with a footprint of 0.85 × 5.9 μm2. This ROD enables one-way transmissions for both TM0 mode and TM1 mode with contrast ratios of 19.74 dB and 32.04 dB, respectively. The design methodology paves a new way for mode manipulation in integrated multimode photonic circuits.
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1. Introduction


Multiplexing technologies have been exploited to address the explosive growth of network traffic in the last decades, based on several physical dimensions of electromagnetic waves, e.g., time, quadrature, wavelength, space, polarization, and mode [1,2]. These multiplexing technologies play a vital role in optical fiber communication systems, especially wavelength-division multiplexing (WDM) [3,4]. In recent years, on-chip optical interconnects featuring high integration, low power consumption, and broad bandwidth have been a research hotspot due to their huge potential application in data centers [5,6]. Multiplexing technologies have enticed significant attention in photonic integrated circuits (PICs) to increase the capacity of on-chip communication networks [7]. It is worth noting that mode-division multiplexing (MDM) utilizes different guide modes as independent channels to load information, offering a new degree of freedom in PICs [8]. MDM is extremely promising owing to its compatibility with WDM and polarization-division multiplexing (PDM) [9,10].



In an MDM system, separate data are encoded on orthogonal spatial eigenmodes and (de)multiplexed in a multimode waveguide. A key component of mode (de)multiplexers is mode converters which enable the free conversion between different spatial eigenmodes. In the past ten years, intensive efforts have been invested in mode-order converters (MOCs) for the implementation of MDM in PICs. Device performances, including broadband, low insertion loss (IL), high mode purity (MP), compact footprints, and outstanding robustness, have been pursued. The operation principles of previous works can be classified into three categories: mode reconstitution, mode coupling, and mode evolution [11]. Manipulating the phase relationship of different eigenmode is the core element for mode reconstitution converters. To achieve this purpose, several strategies have been proposed based on multimode interference (MMI) couplers [12,13], Mach-Zehnder interferometers (MZIs) [14,15], inverse-designed metamaterial waveguides [16,17]. In 1998, J. Leuthold [12] initially demonstrated the conversion between fundamental and first-order modes based on MMI couplers with a mode conversion efficiency (MCE) of 66%. Such MMI-assisted MOCs benefit from broadband and convenient fabrication process but suffer from compromised device size, IL and MP. To solve this issue, in 2006, Y. Huang [14] utilized an MZI coupler to realize a fundamental-to-first order mode converter with a device footprint of 18 × 3 μm2. The MCE kept above 90% within the waveband from 1450 nm to 1650 nm. This MZI scheme can achieve broadband, low IL, and high MP but except compact footprint. In order to further reduce the device size, in 2012, J. Lu [16] proposed an algorithm-assisted objective-first design method to manipulate eigenmodes of nanophotonic waveguide with high efficiency (~98%) and an ultracompact footprint (1.5–4 square vacuum wavelengths). In the latter years, various algorithms have been explored to improve the design and optimize the process of freeform metamaterial waveguiding for high device performance. Such an inverse-designed method does not rely on physical intuition, and the physical guidelines are not clear. The spatial distribution of materials in the device structure is absolutely free. The inverse-designed method can easily implement some sophisticated functionalities, such as ultracompact and multifunctional devices, which are technical difficulties for the physics-driven forward-design method [18]. However, these subwavelength meta-waveguides are compromised in robustness and require highly accurate fabrication processes, which is a huge challenge for standard silicon fabrication foundries. For the mode coupling category, the converters enable the coupling between different guide modes by utilizing asymmetric directional couplers (ADCs) [19], grating-assisted couplers [20,21], and metasurfaces [22,23] with remarkably low IL and high MP. It is noteworthy that multi-channel mode (de)multiplexers can be easily implemented by cascading ADC-based MOCs. The strict phase-matching conditions of ADCs result in a slightly narrow operating bandwidth and a long coupling length. To address these drawbacks, it is extremely efficient to introduce subwavelength gratings (SWGs) into the ADC [24,25]. Another solution is the combination of nanoapertures and L-shaped waveguides [26,27]. In 2020 C. Yao [26] utilized dielectric nanoaperture metasurfaces embedded in an L-shaped silicon waveguide to achieve the fundamental-to-first order mode conversion with an ultrashort coupling length of 2.42 m and MP > 90% within 230 nm bandwidth. For the mode evolution category, the adiabatic transformation of the mode field is the working principle, which means maintaining the conservation of optical wave momentum before and after evolution. In other words, the effective modal indices must be equal or closest. Several schemes have been proposed to implement mode evolution converters, e.g., multichannel branching waveguides [28,29], asymmetric Y-junction [30,31], and tapered waveguides [32]. Such mode evolution strategies can achieve broadband but with several disadvantages, e.g., low MP and long device length. Recently, reconfigurable MOCs have been proposed and demonstrated, assisted by phase change materials (PCMs), which can be applied to multimode photonic convolutional neural networks [33,34]. The functionality of nonvolatile switching offers a new way to photonic computing or advanced reconfigurable circuits for programmable photonic systems [35].



In this paper, three ultracompact integrated photonic devices are proposed, assisted by etched subwavelength structures. Firstly, we demonstrate the mode conversion between the transverse magnetic fundamental mode (TM0) and first-order mode (TM1) with an ultracompact footprint of 0.85 × 1.4 μm2. This mode-order converter (MOC) is implemented assisted by two parts of high refractive index material (HRIM) embedded in a multimode silicon waveguide with IL = 0.15 dB and MP = 90.7% at the wavelength of 1550 nm. The robustness analyses demonstrate that the IL keeps below 0.2 dB, and MP maintains over 90% within 20 nm deviations of three geometrical parameters and 0.1 variations of the refractive index of HRIM. Secondly, an SWG-assisted mode blocking filter (MBF) is proposed with a compact footprint of 0.8 × 4.12 μm2, which allows the transmission of TM0 mode but blocks the TM1 mode with an exceedingly high contrast ratio (CR) of 31.6 dB at the wavelength of 1550 nm. This MBF exhibits satisfactory robustness (CR > 28 dB) within 20 nm deviations of two geometrical parameters. Finally, a reciprocal optical diode (ROD) is presented by cascading the proposed MOC and MBF with a compact footprint of 0.85 × 5.9 μm2. Such ROD achieves the one-way light propagation of both TM0 and TM1 with CR of 19.74 dB and 32.04 dB, respectively.




2. Mode Order Converter


Figure 1a sketches the schematic diagram of the proposed TM-polarized MOC. The functional region is composed of a strip silicon waveguide and HRIM deposited on the silica substrate. A 340 nm thick stripe silicon waveguide is employed to sufficiently support TM-polarized modes [36,37]. HRIM is embedded in an upper and lower silicon waveguide. As is depicted in Figure 1b, the upper HRIM area consists of two symmetric right-angle trapezoids. The lower HRIM area consists of a right triangle and a rectangle. The structural parameters of the proposed MOC are listed in Table 1. In general, the optimized process can be summarized in four steps. The geometry of HRIM is begun with a single rectangle by changing the width and length to achieve higher mode purity. Secondly, another rectangle is added to the functional region. The width and length of each rectangle are swept separately. Thirdly, the upper rectangle is optimized into a pentagon which consists of two symmetric right-angle trapezoids. Finally, the lower rectangle is optimized to a right-angle trapezoid, and the upper right-angle pentagon is moved 50 nm upward to guarantee a higher mode conversion. The footprint of the MOC is ultracompact at 0.85 × 1.4 μm2.



The three-dimensional finite-difference time-domain (3D FDTD) method is utilized to calculate and optimize the device’s performance [38]. Perfectly matched layers (PMLs) are employed as boundary conditions in the simulations. The refractive indices of silica, silicon, and HRIM are set as 1.44, sqrt (12), and sqrt (12) + Δn, respectively [39]. SiGe alloy is a candidate for HRIM [40,41]. The operation principle can be described as mode decomposition and reconstitution. In brief, the upper and lower HRIM areas aim to provide two paths and simultaneously introduce the proper phase shifts between them. The top two hybridized modes (HP1 and HP2) inspired by the functional region are illustrated in Figure 2a,b. The electric field of HP1 and HP2 demonstrate that an incident beam is gradually divided into two parts. Figure 2c depicts the propagation constant β of HP1 and HP2. The propagation constant difference Δβ demonstrates the existence of phase shift introduced by the functional region. Parameter Δβ can be fitted by a segmented quadratic polynomial:


  Δ  β =        a  x 2   + bx + c       0 < x  ≤  l / 2        r  x 2   + sx + t       l / 2   < x  ≤ l        



(1)




where a, b, c, r, s, t, and l are respectively −0.206, 0.608, 1.51, −0.865, 3.11, 7.15 × 10−2, and 1.4. The total phase shift is integrated as π at the wavelength of 1550 nm, which enables the mode conversion between TM0 and TM1 for the proposed MOC.



Figure 3 depicts the electric field EZ in the XY plane at the wavelength of 1550 nm. As illustrated in Figure 3a, the TM0 mode is incident at the left port (defined as forward direction), and part of the mode profile focuses on the upper HRIM area while the remaining concentrates in the middle silicon and lower HRIM areas. As mentioned above, these two parts of mode profiles will go out of phase and generate the propagation constants difference. After they propagate through the functional region, the total phase shift is approximately π. The insertion loss (IL) and mode purity (MP) are separately defined as:


  IL =  − 10  ∗  log  10    T  total      ( dB )   



(2)






   MP =     T  TMi      T  total     ×  100 %   (  i  = 0 , 1 )   



(3)




where Ttotal denotes the total output transmittance, and TTMi denotes the output transmittance of the targeted TMi mode. It is convenient to calculate the transmittances of each mode utilizing a mode expansion solver [42]. The TM0 mode is converted to the TM1 mode with IL = 0.15 dB and MP = 90.7%. Due to the reciprocity of the proposed MOC, when the TM1 mode is incident in the backward direction, as shown in Figure 3b, the proposed structure will convert the TM1 mode to the TM0 mode with IL = 0.34 dB and MP = 95.1%. It is worth noting that the footprint is as small as 0.85 × 1.4 μm2. As is well known, the inverse-designed metamaterial methods can remarkably reduce the coupling length, thus attaining an ultracompact MOC. To the best of our knowledge, this proposed MOC is comparable or superior to those state-of-the-art works in terms of the device footprint. Such ultracompact MOC could contribute to the high-density integration of PICs.



The spectrum responses of IL and MP are depicted in Figure 4, with bandwidths from 1500 nm to 1600 nm. When the TM0 mode is excited at the left port, the insertion loss maintains below 0.26 dB at the wavelength of 1600 nm and above 0.1 dB at the wavelength of 1500 nm, as shown in Figure 4a. It can be seen in that Figure 4b that the mode purity of targeted TM1 mode presents a peak of 92.1% at the wavelength of 1573 nm and a valley of 89.5% at the wavelength of 1526 nm. Figure 4c illustrates the electric field (EZ) profile at the right output port, where the TM1 mode is absolutely dominant. As illustrated in Figure 4d,e, when the TM1 mode is inversely incident, the insertion loss shows a peak of 0.34 dB at the wavelength of 1549 nm and a valley of 0.21 dB at the wavelength of 1580 nm. The mode purity of the targeted TM1 mode keeps above 91.8% at the wavelength of 1600 nm and below 95.5% at the wavelength of 1558 nm. It can be observed in Figure 4f that the TM0 mode is absolutely dominant. Two curves of forward TM0 and inverse TM1 incidence appear slightly shifted because of the imperfection TM0-to-TM1 mode conversion. In addition, the TM1 mode has a larger modal area and more complex spatial distribution than the TM0 mode, leading to higher IL (more scattering in the functional region) and MP with TM1 mode inverse incidence.



The robustness of MOC is investigated with several parameters, including Δn, Wr, Ws, and Wt. As illustrated in Figure 5a–c, Δn ranges from 0.7 to 0.9 with a step of 0.05. The insertion loss is the lowest when Δn equals 0.8, and the mode purity keeps above 86.5%. To guarantee high performances of MOC, geometrical parameters Wr, Ws, and Wt must be correspondingly modified. Both parameters, Wr and Ws, tend to decrease while parameters Wt tends to increase. Figure 5d–f depicts the response of insertion loss with varied geometrical parameters Wr, Ws, and Wt. When these three parameters deviate 20 nm, the insertion loss is maintained below 0.17 dB, 0.17 dB, and 0.19 dB, respectively. It can be observed in Figure 5g–i that the mode purity separately keeps over 90.4%, 90.4%, and 89.1% within 20 nm deviations of Wr, Ws, and Wt. In general, the proposed MOC can hold the functionality and exhibit stable robustness.




3. Mode Blocking Filter


Subwavelength grating (SWG), consisting of periodic lattices with a period much smaller than the wavelength of signal light, provides new degrees of freedom for the manipulation of effective indices, modal field profiles, mode dispersion, as well as birefringence [43,44,45,46]. Mode blocking filters (MBFs) can be implemented in MDM systems, which filter out the undesired modes after demultiplexing different modes. Stripping the fundamental mode can be achieved by grating waveguides [47], Mach–Zehnder interferometer structures [48], asymmetric directional couplers [49], inversed designed metamaterials [50], L-shaped 3D graphene waveguides [51], and so on. It is straightforward to block a higher-order mode due to its weaker confinement through a tapered waveguide with a cut-off width and an appropriate waveguide bend. Both solutions are simple and easy to fabricate but suffer from large device footprints. To address this issue, a SWG-assisted MBF is proposed, as sketched in Figure 6. The pitch of SWG is chosen as 440 nm. The length of the silicon segment is set to 160 nm. The width of the middle silicon bridge is determined as 200 nm. The footprint of the MBF is compact at 0.8 × 4.12 μm2.



Figure 7a depicts the electric field (EZ) profile with TM0 mode incidence. The proposed SWG is in the subwavelength regime for the TM0 mode. Therefore, the light propagates through MBF with a low insertion loss of 1.28 dB at the wavelength of 1550 nm. One can find in Figure 7b that the incident light is reflected and radiated. The TM1 mode is blocked with a high insertion loss of 32.88 dB. The extinction ratio exhibits remarkably high with 31.6 dB. The extinction ratio is defined as:


   ER = 10 ∗   log  10      T   TM 0       T   TM 1         ( dB )   



(4)




where TTM0 and TTM1 denotes the transmittances of TM0 mode and TM1 mode launches, respectively. Figure 8a,b depict the spectrum responses of insertion loss with TM0 mode and TM1 mode incidences and the extinction ratio. It can be observed that the extinction ratio keeps over 15 dB within a bandwidth from 1500 nm to 1592 nm.



The fabrication tolerance of MBF is investigated with two geometrical parameters, i and k. As depicted in Figure 9a, the insertion loss for TM0 mode incidence remains below 2.42 dB, and the TM1 mode is blocked with a high insertion loss of over 30.1 dB within a 20 nm deviation of Δi. It can be observed in Figure 9b that the extinction ratio keeps above 28.83 dB. When the geometrical parameter k deviates 20 nm, the insertion loss for TM0 mode launch remains below 1.41 dB and over 32.03 dB, as depicted in Figure 9c. The extinction ratio illustrated in Figure 9d keeps above 30.62 dB. One can find that the proposed MBF maintains the functionality within 20 nm fabrication errors, which exhibits satisfactory robustness.




4. Reciprocal Optical Diode


Additionally, an optical diode is another essential building block of PICs. Nonreciprocal optical diodes, typically called optical isolators, completely break the time-reversal symmetry [52] and achieve one-way transmission assisted by magneto-optical materials [53], non-magnetic structures undergoing spatiotemporal modulation [54], and nonlinearity [55]. However, optical isolators are limited in PICs due to the bulky layouts and huge fabrication challenges [56]. To solve these disadvantages, reciprocal optical diodes (RODs) are explored and developed based on passive structures and linear materials, which usually rely on spatial mode symmetry breaking [57,58] and polarization symmetry breaking [59,60]. As depicted in Figure 10a, a ROD is presented by cascading above the proposed mode-order converter and a mode-blocking filter. The functionality is illustrated in Figure 10b. The structural parameters of ROD are listed in Table 2. The footprint of ROD is only 0.85 × 5.9 μm2.



It is noteworthy in Figure 11 that the present ROD achieves one-way transmission for both TM0 mode and TM1 mode. To the best of our knowledge, most of the previous literature only focused on the fundamental mode. It is convenient to achieve a two-mode ROD by cascading a MOC and an MBF. As depicted in Figure 11a, after the forward incident TM0 mode transmits through the MBF, it is converted to the TM1 mode with a low insertion loss of 1.32 dB. When the TM0 mode is launched inversely, as shown in Figure 11b, it is changed into the TM1 mode, which is blocked by the MBF with a high insertion loss of 21.06 dB. Thus, the asymmetric transmission of TM0 mode is realized with a contrast ratio of 19.74 dB. The contrast ratio is defined as:


   CR = 10 ∗   log  10        T  forward      T  inverse          ( dB )   



(5)




where Tforward and Tinverse separately denote transmittances of forward and inversely launches. It can be observed in Figure 11c that the forward incident TM1 mode is blocked by the MBF with an extremely high insertion loss of 33.83 dB. According to the time-reversal symmetry, the inversely incident TM1 mode is converted to the TM0 mode, then propagates through the MBF with a low insertion loss of 1.79 dB. The contrast ratio is remarkably high at 32.04 dB at a wavelength of 1550 nm.



Figure 12a depicts the spectrum responses of insertion loss with TM0 mode and TM1 mode launches. Within the C-band from 1530 nm to 1565 nm, the insertion loss with TM0 mode forward (black dotted curve) and TM1 mode inversely (blue dotted curve) incidences separately keep below 2.67 dB and 3.24 dB. The insertion loss with TM0 mode inversely (orange curve) and TM1 mode forward (red curve) launches keep over 21.07 dB and 30.42 dB, respectively. It can be seen in Figure 12b that the contrast ratio of both TM0 mode and TM1 mode remain above 15 dB within the bandwidth between 1500 nm and 1591 nm. It can be inferred that the contrast ratio difference between the TM0 mode and TM1 mode results from the imperfect mode conversion of the proposed MOC. Additionally, most reported ROD based on spatial mode symmetry breaking only achieve the one-way propagation for the fundamental mode. We innovatively propose a ROD-cascading MOC and MBF, which can enable asymmetrical transmissions for not only TM0 mode but also TM1 mode with a compact footprint of 0.85 × 5.9 μm2.




5. Conclusions


In conclusion, three ultracompact integrated photonic devices are proposed, assisted by etched subwavelength structures, including a mode-order converter, a mode-blocking filter, and a reciprocal optical diode. Firstly, we propose and numerically demonstrate an ultracompact integrated mode-order converter (MOC) with a footprint of 0.85 × 1.4 μm2. This MOC exhibits a high performance with insertion loss (IL) below 0.34 dB and mode purity (MP) above 90% within bandwidth between 1500 nm and 1600 nm. The fabrication tolerance analysis is investigated in detail, which demonstrates the MOC maintains the functionality (IL < 0.19 dB and MP > 89.1%) within 0.1 of refractive index deviation (Δn) and 20 nm variations of three geometrical parameters (ΔWr, ΔWs and ΔWt). Secondly, a mode blocking filter (MBF) is proposed based on a subwavelength grating (SWG) with a compact footprint of 0.8 × 4.12 μm2. This SWG-assisted MBF allows the propagation of TM0 mode with a low IL of 1.28 dB but blocks the TM1 mode with an exceedingly high IL of 32.88 dB. The extinction ratio (ER) exhibits remarkably high with 31.6 dB at the wavelength of 1550 nm and keeps over 15 dB within the bandwidth from 1500 nm to 1592 nm. Moreover, the MBF possesses high robustness with ER > 28.83 dB within 20 nm fabrication errors of geometrical parameters (Δi and Δk). Finally, a compact reciprocal optical diode (ROD) is presented by cascading the abovementioned MOC and MBF with a footprint of 0.85 × 5.9 μm2. This ROD enables one-way transmissions for both TM0 mode and TM1 mode with a contrast ratio (CR) of 19.74 dB and 32.04 dB, respectively. The operating bandwidth covers from 1500 nm to 1591 nm with CR > 15 dB. We believe the design methodology can contribute to multimode applications, e.g., mode-division multiplexing.
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Figure 1. (a) Schematic diagram and (b) top view of the TM-polarized MOC. 
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Figure 2. (a,b) are the top two hybridized modes (HP1 and HP2) located at the upper and lower HRIM regions in the middle (x = 0.7) of the functional region. (c) Propagation constants β and difference Δβ of HP1 and HP2. 
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Figure 3. (a,b) are the electric field (EZ) profiles with forward TM0 mode and inversely TM1 mode launches, respectively. The rectangular area surrounded by white dotted lines represents the functional region. 
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Figure 4. Spectrum responses of (a) IL and (b) MP, and (c) output electric field (EZ) profile at the right port with TM0 mode forward launch. Spectrum responses of (d) IL and (e) MP, and (f) output electric field (EZ) profile at the left port with TM1 mode inversely incidence. 
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Figure 5. Robustness analysis of the MOC. (a) Insertion loss and (b) mode purity of varied Δn with (c) correspondingly modified geometrical parameters Wr, Ws, and Wt. (d–f) Insertion loss with varied Wr, Ws, and Wt. (g–i) Mode purity with varied Wr, Ws, and Wt. 
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Figure 6. Schematic diagram of the mode blocking filter. 
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Figure 7. The electric field (EZ) profiles with (a) TM0 mode and (b) TM1 mode launches. The white dotted lines refer to the functional region. 
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Figure 8. Spectrum responses of (a) insertion loss with TM0 mode and TM1 mode incidences and (b) extinction ratio. 
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Figure 9. Robustness analyses. The insertion loss with varied geometrical parameters of (a) i and (b) k. The extinction ratio with varied (c) i and (d) k. The operating wavelength is 1550 nm. 
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Figure 10. (a) Schematic and (b) functionality of the reciprocal optical diode. 
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Figure 11. The electric field (EZ) profiles with (a) TM0 mode forward incidence, (b) TM0 mode inversely incidence, (c) TM1 mode forward launch, and (d) TM1 mode inversely launch. 
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Figure 12. Spectrum responses of (a) insertion loss and (b) contrast ratio with TM0 mode and TM1 mode incidences. 
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Table 1. Structural Parameters of the TM-polarized Mode-order Converter.
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	TM0-TM1
	H
	Lr
	Ls
	Wr
	Ws
	Wt
	W
	w





	Value (nm)
	340
	3000
	1400
	250
	190
	160
	800
	50
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Table 2. Structural Parameters of the Reciprocal Optical Diode.
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	Parameter
	i
	j
	k
	l
	Ʌ
	W
	H
	N





	Value (nm)
	160
	380
	200
	3000
	440
	800
	340
	9
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