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Abstract

:

Silicon photonics is an enabling technology that provides integrated photonic devices and systems with low-cost mass manufacturing capability. It has attracted increasing attention in both academia and industry in recent years, not only for its applications in communications, but also in sensing. One important issue of silicon photonics that comes with its high integration density is an interface between its high-performance integrated waveguide devices and optical fibers or free-space optics. Surface grating coupler is a preferred candidate that provides flexibility for circuit design and reduces effort for both fabrication and alignment. In the past decades, considerable research efforts have been made on in-plane grating couplers to address their insufficiency in coupling efficiency, wavelength sensitivity and polarization sensitivity compared with out-of-plane edge-coupling. Apart from improved performances, new functionalities are also on the horizon for grating couplers. In this paper, we review the current research progresses made on grating couplers, starting from their fundamental theories and concepts. Then, we conclude various methods to improve their performance, including coupling efficiency, polarization and wavelength sensitivity. Finally, we discuss some emerging research topics on grating couplers, as well as practical issues such as testing, packaging and promising applications.
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1. Introduction


Integrated photonics is a promising solution to provide low-cost and high-performance photonic devices and systems, while complementary metal oxide semiconductor (CMOS) compatible silicon photonics such as silicon-on-insulator (SOI) platform has emerged as one of the most important technology for next generation on-chip optical interconnects [1,2,3,4]. Various optical components are already implemented on silicon photonics, including on-chip light source [5], high speed modulators [6], wavelength division multiplexers and optical switches [7]. Apart from datacom [8], silicon photonics has also found its applications in biosensing [9] and light detection and ranging (LiDAR) [10]. Although there are many high-performance optical components already available on SOI, one key challenge encountered by silicon photonic chip is to couple light to and from optical fibers efficiently. The standard fiber for datacom is single-mode fiber (SMF), which has a mode field diameter (MFD) of near 10 μm at 1550 nm. Efficient coupling from SMF to waveguide with size of hundreds of nanometers is a challenge due to the large modal size mismatch. This problem is usually addressed using two solutions, in-plane (butt) edge coupling and off-plane (vertical) grating coupling [11,12,13].



For edge coupling, fiber is placed at the chip facet and aligned with on-chip waveguide horizontally. Edge couplers usually consist of an inverse tapered waveguide, which means the width of waveguide is gradually decreasing along the propagation of light to the edge [14]. As it gradually decreases, light confinement is reduced and the mode size becomes larger to be comparable with fiber mode. It is reversed for fiber-to-chip propagation case, where Gaussian fiber mode distribution will be confined in the tapered waveguide as its size gradually increase. Edge couplers can achieve high coupling efficiency (CE), large bandwidth (BW) and low polarization dependent loss (PDL) [11]. However, a properly cleaved and polished facet with strict smoothness requirement is needed to reduce the loss, which adds extra fabrication cost considering mass manufacturing. The high performance also comes with reduced flexibility, since they have relatively large footprint and must be placed at the edge of chip. In addition, edge coupling solutions have low fiber-chip alignment tolerance and prohibit wafer-level testing, which will further increase the cost per chip and require higher accuracy for testing and packaging.



On the contrary, vertical grating couplers (GCs) are much more flexible in terms of arbitrary coupling position on chip, compact size, easy fabrication and wafer-level testing capability. For grating coupling, fiber is placed above diffractive grating structures on the top of chip. A vertical GC changes the off-plane wave-vector direction of light to the in-plane waveguide direction, and then couples the light into waveguide using a spot-size converter. Although GCs have the above-mentioned advantages, they also have some drawbacks coming with their operation principles. First, they usually have lower CE compared with edge couplers, while numerous research works have focused on improving CE of GC. Secondly, gratings are intrinsically sensitive to both wavelength and polarization. We first introduce basic working principles and theories for GCs, and then we review specific design principles that are widely adopted to overcome these limitations. In addition, we also discuss some emerging research trends in silicon PIC that also apply to GC design, including new functionalities, new design methodology and new material platforms in recent years. Finally, practical issues concerning testing, packaging and applications of GC are also provided.




2. Fundamentals of Grating Coupler


Grating is basically a varying arrangement of different materials or structures on certain surface, usually periodic. On SOI-based photonic chips, it is realized through etching on SOI or selectively depositing amorphous silicon on SOI. Either etching or deposition creates refractive index variation. If the index variation has a period larger than the wavelength of light inside the grating material, diffraction effect prevails. Otherwise, the light propagation in grating will exhibit similar feature as uniform medium, which becomes more significant as its period decreases [15,16,17]. GCs, as depicted in Figure 1, work in the diffraction regime. For a surface GC, if the refractive index varies only in one direction, we call it a 1D-GC and light is coupled in the direction of index variation. For simplicity, we analyze the diffraction GC working principles in terms of 1D-GC, while the theories are also valid for 2D-GC if only the propagation direction works in a diffraction regime. However, if both directions work in diffraction regime, light can propagate in both directions and the 1D-GC working principles apply for both directions. For a GC with straight gratings, a spot-size converter based on tapered waveguide of hundreds of microns is required to convert the coupled fiber mode into a 500-nm waveguide mode, while a confocal grating allows compact design of GC with tens of microns in footprint.



2.1. Bragg Condition, Loss Channels and Fiber Tilt Angle


The diffraction behavior for a GC, as illustrated in Figure 2a, can be described using Bragg condition (also called phase matching condition), which reveals the relationship between wave-vector      k  0     of an incident light beam above chip and propagation constant β of the corresponding coupled light beam into the waveguide. The Bragg condition is expressed as


     k  0  sin θ + m  G  =  β m  ,   



(1)




where G is the grating vector and m is the grating diffraction order. This equation is better depicted by a wave-vector diagram, as shown in Figure 2b for fiber-to-chip coupling, while a similar analysis also applies for chip-to-fiber case.



The Bragg condition only predicts which diffraction order is allowed, instead of energy distribution between different orders or diffraction efficiency. CE is usually obtained using a numerical method such as finite element time domain (FDTD) calculations [18]. To estimate the CE qualitatively, we can analyze some major power loss channels, as marked in Figure 2a. Firstly, for the input coupling case on the left side of Figure 2a, some uncoupled power will propagate downwards. Although part of that power can be reflected if the oxide thickness is properly chosen for constructive interference upwards, a considerable portion     P  s u b      is leaked to the substrate. Secondly, some portion     P r     is reflected to the opposite of incident direction. Thirdly, some portion     P  w 2      is coupled opposite to the waveguide direction, especially for perfectly vertical incidence. The final coupled power into the waveguide is then given as


    P w  =  η  C E    P  i n   =  P  i n   −  P  s u b   −  P r  −  P  w 2   ,   



(2)




where     η  C E      is the coupling efficiency or expressed as coupling loss in decibel (dB).



For chip-to-fiber out-coupling, as depicted on the right side of Figure 2a, a similar analysis holds and CE is usually described in terms of directionality and modal overlap. Directionality     P  u p   /  P w     refers to the fraction of waveguide power that diffracts towards fiber. Modal overlap refers to the portion of upward directed power that is launched into fiber. Hence, the final coupled power into the fiber is


    P  o u t   =  η  C E    P w  = η (  P w  −  P t  −  P r  ) ,   



(3)




where the overlap integral between upward directed mode and fiber mode is expressed as


   η =   ∫ F ( x ) G ( x ) d x   ∫  F 2  ( x ) d x ∫  G 2  ( x ) d x   .   



(4)







Although the Bragg condition allows    θ = 0    for perfectly vertical coupling, a fiber tilt angle is usually adopted. For chip-to-fiber case, this is explained by the strong backwards reflection due to second-order diffraction shown as     β r     in the wave-vector diagram (Figure 2c). The second-order reflection greatly reduces the CE for a perfectly vertical GC. For fiber-to-chip case, grating symmetry leads to bi-direction propagation of coupled light, for diffraction order    m = 1    and    m = − 1   . However, attachment of fiber without tilt angle is preferred in packaging. Therefore, many studies focus on improving the performance of perfectly vertical GC [19,20,21,22,23,24,25,26,27,28]. For the bi-directional propagation nature of perfectly vertical incidence, some designs adopt bi-directional coupling to two waveguides [25,27] while others add reflective structure to enhance coupling for only one direction [21,28]. For chip-to-fiber coupling, certain structures with reduced effective index can be placed between grating and waveguide to reduce back reflection [25,29]. Since perfectly vertical GCs have rather low CE, it is even more important for these perfectly vertical designs to adopt directionality [22,24] and modal overlap [20,25] enhancement. We discuss them in Section 3 since it also applies for GC with tilted fiber.




2.2. Subwavelength Grating and Effective Index Medium Theory


Subwavelength grating (SWG) refers to grating with period small enough to suppress diffraction effects [16,17]. Under certain conditions, it behaves as a homogeneous medium and has found wide range of applications in silicon photonics in the last decade. Consider a planar waveguide grating structure with grating material index     n 1    , gap material index     n 0    , period    Λ    and fill factor   f  , as marked in Figure 3a. This grating structure can be modeled as an equivalent homogeneous material under two conditions. Firstly, the structure has a thickness large enough so that evanescent modes cannot tunnel through the grating. Secondly, the grating has a period small enough (   Λ ≪ λ   ) so that diffraction is suppressed. The approximated refractive index of this equivalent medium is given by Rytov’s expression [30] as


    n  T E  2  = f  n 1 2  + ( 1 − f )  n 0 2  ,   



(5)




and


    n  T M   − 2   = f  n 1  − 2   + ( 1 − f )  n 0  − 2   .   



(6)







SWGs allow effective index engineering in a straightforward way. By alternating SWG structure and unetched silicon in x-direction, as depicted in Figure 3b, subwavelength grating coupler (SWGC) with single patterning and single full etch step is enabled [31,32,33,34,35,36], thus fine tuning of etch depth to control effective index is avoided. By alternating subwavelength engineered structures with different effective index, apodized GC [32,34] and broadband GC [36] is achieved. SWGs are also utilized in the designs of fiber edge couplers [37,38], ring resonators [39] and multimode interference (MMI) couplers [40].




2.3. Transition Taper and Focusing Grating Coupler


Since GC interfaces the fiber mode directly, the grating width at y-direction is usually comparable to the MFD of around 10 μm. The transition of light to single-mode waveguide with 400–500 nm width is usually conducted by a tapered waveguide. If propagating mode only changes its size and shape in this transition, without radiating outside waveguide or converting to other higher-order waveguide mode, then energy is conserved. In this case, we consider it as an adiabatic transition. For a linear tapered waveguide that allows adiabatic transition, its geometric parameters must satisfy [41]


    θ  t a p e r   <  λ  2 W  n  e f f     ,   



(7)




where     θ  t a p e r      is the taper angle, W is the varying waveguide width and     n  e f f      is the corresponding mode effective index, as marked in Figure 1. To ensure high CE, GC follows an adiabatic transition waveguide, usually of 300–500 μm in length, which occupies much space on chip. To reduce footprint, a focusing design of GC is usually adopted, as illustrated in Figure 4. In this design, the grating lines are curved to [42]


   m λ =  n  e f f      x 2  +  y 2    − x  n 0  sin θ ,   



(8)




where origin is the focal point, m is an integer for each grating line, θ is the fiber tilt angle, n0 is the cladding refractive index and     n  e f f      is the GC effective refractive index. The curved grating lines form ellipses with common focal points. In this way, the coupled wavefront will be curved and light from fiber will be focused as it propagates, thus eliminating the need for full-length adiabatic taper. For a focusing GC with grating lines curved as in Equation (8), light diffracted from different positions is expected to interfere constructively at the focal point. However, since the effective refractive index     n  e f f      may not be evaluated precisely for etched gratings, it is recommended to perform a sweep on the radius of curvature in simulation. For an optimum design, the CE verified by 3D-FDTD simulation can be nearly identical to its straight-line counterpart. After setting the grating curve, the size of a focusing GC is determined by section angle     α s    . Since the first grating line span on y-axis     d 0     should be comparable to MFD, footprint for a focusing GC can be further reduced by choosing a larger sector angle     α s    . However, this may increase roughness on the curves as they are represented by polygons in lithography, which induces extra scattering loss. Thus, a balance is required considering fabrication limitations and also the footprint.





3. Coupling Efficiency Enhancement


As illustrated in Figure 2a, CE of GC can be improved by enhancing directionality (or reducing back-reflection and substrate loss) and increasing modal overlap. We first discuss adding overlay on grating or reflector below grating to increase CE, and then review structural modifications of SOI grating without adding fabrication steps other than etch. We present a comparison of the different coupling efficiency enhancement schemes of GCs reviewed in this section in Table 1.



3.1. Additional Fabrication Techniques for Directionality


3.1.1. Poly-Silicon Overlay


Diffraction grating on SOI has limited directionality, due to the similar refractive index of superstrate (SiO2 or air) and buried oxide below grating (SiO2). One widely investigated approach to enhance directionality is by modifying the grating structure so that different scattering centers have a constructive interference towards superstrate and a destructive interference downwards to the substrate [43,50]. By adding a poly-silicon layer deposition prior to grating etching as in Figure 5a, a highly directional GC can be obtained with the depth of each grating teeth higher than the thickness of SOI. For upwards propagation of radiated beam, the additional poly-silicon thickness provides additional phase difference among scattering centers. Constructive interference towards fiber can be achieved by properly choosing the poly-silicon thickness and directionality can be maximized in this way.




3.1.2. Bottom Reflector


Apart from intrinsic property of grating structure, directionality can also be increased by “recycling” downwards radiated power. When light is diffracted towards the substrate, a part of the power reflects towards grating at the oxide/substrate interface. This reflection can be enhanced by optimizing the oxide layer thickness to achieve constructive interference, but it requires custom SOI. A straightforward approach to maximize this reflection is to insert a reflector, such as metal with close to 100% reflectivity. Figure 5b is an example of SOI flip-chip and BCB-bond with metal reflector to realize high efficiency GC [44,51,52,53,54]. With metal mirror, many GCs with sub-decibel CE is achieved. However, this approach requires bonding nonstandard in CMOS-compatible process. Another similar approach is to fabricate a distributed Bragg reflector (DBR) such as in Figure 5c, which is also complex for device processing [45,55]. To our best knowledge, thus far, all high-performance GCs with sub-decibel measured CE adopt bottom reflector. Therefore, directionality enhancement using bottom reflector is still worth exploring, even though complex fabrication techniques are involved. In recent years, multi-layer silicon-nitride-on-silicon platform has developed, which provides an elegant approach to realize bottom reflector: grating reflector on silicon layer [46,56,57], as shown in Figure 5d.





3.2. Grating Structural Innovation


3.2.1. Apodized Grating Coupler to Increase Modal Overlap


As depicted in Figure 2b, one major GC loss is due to the modal mismatch between Gaussian fiber mode and grating diffraction profile. Since the grating diffraction profile at y-direction is Gaussian-like, we only discuss its variation in x-direction. For a uniform GC, each diffraction unit has the same ability to diffract light (referred to as coupling strength α). Thus, the grating diffracted field G(x) is exponentially decreased, which is expressed as


   G ( x ) = G ( 0 ) exp [ −  α 0    ( x −  x 0  )  2  ] .   



(9)







For G(x) to match the fiber Gaussian field distribution, we can vary the coupling strength along x-direction to get an “apodized” GC [55,58]. Gaussian output beam can be obtained by replacing     α 0     with


   α ( x ) =    F 2  ( x )   2 * [ 1 −    ∫ 0 x    F 2  ( t ) d t    ]   ,   



(10)




where F(x) is the normalized fiber Gaussian mode profile. We plot the calculated α(x) and corresponding output power profile in Figure 6a. The figure also shows that linear variation is a good approximation, which is adopted by many reported apodized grating coupler designs. For 1D GC, varying coupling strength α(x) is usually performed by varying duty cycle (or fill factor)     f n  −  f  n − 1   = Δ f    for etch grating trench along x-direction [47,55], by varying grating period [20,59] or the two combined [59], as shown in Figure 6b. For 2D SWGC, by varying the fill factor for SWGs, the effective index is changed along x-direction to achieve apodization [31,60]. Etch depth apodization is also investigated, where gradual change of etch depth is created using lag effect in ICP-RIE etching [61].




3.2.2. Complexity in Z-Direction to Increase Directionality


For poly-silicon overlay GC, the enhanced directionality is attributed to the increased grating structure asymmetry in z-direction. There are many research works focused on asymmetry within the silicon waveguide layer. The most popular approach is to introduce multiple (usually two dues to the difficulty in alignment) etch depths within top silicon layer [29,48,62,63,64,65,66,67], as shown in Figure 6c. Several dual-etch GCs are proposed with high CE. Although many silicon photonics multi-project wafer (MPW) service provides multiple etch depth, the difficulty in realization of dual-etch GC lies in the requirement of alignment between patterns with different etch depth, which is usually tens of nanometers. Other complexity schemes including slanted grating [49,68] and dual-layer grating [69,70,71] in Figure 6d are also investigated, but with little feasibility for massive manufacturing. Slanted grating, for instance, requires focused ion beam (FIB) for fabrication.






4. Polarization and Wavelength Diversity


4.1. Polarization Diversity


The output beam polarization from SMF is constantly changing due to polarization mode dispersion. However, GCs are polarization selective due to the strong birefringence of SOI. The polarization uncertainty from fiber and sensitivity from GC influence the power of light coupled to on-chip waveguides. Therefore, it is important to introduce polarization diversity for receiver GC, while for chip-to-fiber emitter GC single polarization should be enough. Table 2 provides a comparison of different polarization diverse GCs reviewed in this section.



4.1.1. Polarization Splitting Grating Coupler (PSGCs)


PSGCs can be designed as both 1D GC [53,72] and 2D GC [54,67,73,74,75,76,77,78,84]; in both cases, two polarizations are coupled into waveguides at different directions. For 1D PSGC, TE and TM polarizations are coupled in contrary directions using diffraction order    m = ± 1    in Equation (1). Figure 7a is an example of 1D PSGC; its k-vector diagram is shown in Figure 7b. More research works are focused on 2D PSGC. It functions as two orthogonally arranged 1D GCs combined, each coupling light of its corresponding polarization into TE mode in the waveguide it connects, as illustrated in Figure 7c. Fiber incidence plane is rotated by 45° for symmetry, while remaining tilted off-normal for better CE. Incoming beam from fiber with arbitrary polarization state can be decomposed into two orthogonal linear components that can be converted to TE modes in two waveguides. Even when polarization state varies, the sum of total power coupled to the two waveguides remains almost unchanged. Therefore, the 2D PSGC is polarization insensitive. Due to the fiber tilt angle, refraction occurs in SOI and coupled mode propagates with a small angle offset from the two orthogonal directions, typically 3–4° depending on the tilt angle.




4.1.2. Unidirectional Polarization Insensitive Grating Coupler


Some GC designs overcome the polarization dependence without splitting them up. One approach is to eliminate the birefringence by engineering subwavelength effective index medium. For example, in [81], both first and second orders of effective index medium theory equations are investigated in the design, so that the effective indices are made similar for both TE and TM modes to support polarization insensitive operation. It is also possible to couple TE and TM polarization using different grating diffraction order, or coupling into different order of waveguide mode, as shown in Figure 7d, while these methods usually adopt thick SOI to reduce birefringence [82,85,86]. Structural innovations are also investigated for polarization diverse coupling in 1D GC, including dual-etch grating [79], intersection and union of TE and TM GCs [83], as well as non-uniform GCs using inverse design [87,88] that we describe in detail in Section 5.2.





4.2. Wavelength Diversity


Bragg condition suggests that GC is highly wavelength sensitive, since radiation angle is wavelength dependent while the optical fiber only accepts light with a small range of diffraction angles. The 1-dB BW of GC is usually less than 50 nm, which limits its broadband applications. Depending on operation requirements, there are basically two solutions: GC with BW high enough to cover the required wavelength range and GC with separated multiple operation bands. We discuss the operation principles and examples of these two types of GCs in this section.



4.2.1. Broadband Grating Coupler


The 1-dB coupling BW for a GC is analyzed in many works [36,89,90,91]. Basically, these analyses hold similar conclusions that the BW is related with the fiber numerical aperture and the grating dispersion. In other words, for different wavelengths, the diffraction angle is different while the fiber remains fixed. We take a simplified derivation in [89] as an example. Consider a GC with designed peak coupling wavelength     λ 0     and corresponding diffraction angle     θ 0    . For a wavelength that deviates from central, assuming grating effective index     n  e f f      unchanged, the relationship between diffraction angle dispersion    Δ θ    and wavelength deviation    Δ λ    can be derived by substituting    λ =  λ 0  + Δ λ    and    θ =  θ 0  + Δ θ    into Equation (1), obtaining:


     Δ λ   Δ θ   = −    λ 0   n 0  cos  θ 0     n  e f f   −  n 0  sin  θ 0    .   



(11)




For a fiber with numerical aperture NA, the allowed    Δ θ    before CE drops 1 dB is proportional to NA, assuming grating emission profile and fiber mode are both Gaussian-shaped. Therefore, the 1-dB BW for a GC is given by


   Δ  λ  1 d B   = C ⋅ N A ⋅    λ 0   n 0  cos  θ 0     n  e f f   −  n 0  sin  θ 0      



(12)




where C is a constant. This equation indicates that decreasing     n  e f f      or increasing     θ 0     can increase the 1-dB BW for a GC. A more comprehensive derivation considering the effective refractive index dispersion is given in [91], which suggests that minimizing    d  n  e f f   / d λ    also increases BW. Following these analyses, these methods are generally adopted for a broadband GC:




	
Reducing     n  e f f      by choosing material with lower refractive index, such as silicon nitride. In [89], a SiN GC with -4.2 dB CE and 67 nm 1-dB BW is achieved. Due to its low refractive index contrast that offers less coupling strength, the CE is usually lower than that of SOI GCs. This is improved in [46], where a bottom Si-grating reflector is added to achieve -1.3 dB CE with 80 nm 1-dB BW.



	
Reducing     n  e f f      by engineering effective refractive index medium in SWGC. In [92], a SWGC that intends to lower     n  e f f      is measured with -7 dB CE and 80 nm 1-dB BW. Another SWGC design in [36] yields 5.8 dB CE and 90 nm 1-dB BW in experiment, while it is also shown using comparison that lowering     n  e f f      does contribute to larger BW, but CE is reduced similar to the SiN GC case.



	
Allowing the optical fiber to accept more dispersed light. One way is to use optical fiber with high numerical aperture [93], as suggested in Equation (12). Another way is to insert a Si-prism between fiber and chip to compensate the angular dispersion, where 1-dB BW of 126 nm is demonstrated in [94]. Unlike changing the grating design or material directly, this method requires either nonstandard SMF or additional fabrication effort, and it also increases the requirement for alignment accuracy.








The BW for GCs is dependent on multiple parameters involving cladding refractive index, fiber NA and more importantly grating structure that influences     n  e f f      and    d  n  e f f   / d λ   . Many reported GCs claim to be “broadband” but lack detailed theoretical explanations, or the BW is analyzed by sweeping or optimizing certain parameter set that is not general for other designs to follow.




4.2.2. Dual-Wavelength-Band Grating Coupler


For applications that need two distinct and well separated wavelength bands, broadband GC cannot suffice and an advisable solution is to allow dual-wavelength-band coupling on GC. One such envisioned scenario is the use of integrated transceivers for passive optical networks (PON) [95]. Typical PON systems have two wavelengths near 1310 and 1490/ 1550 nm required for upstream and downstream signals channeling, which requires the photonic integrated circuit to perform dual-wavelength-band coupling and duplexing. Other applications may include on-chip amplification by coupling pump and signal lights simultaneously and integrated Raman spectrometry [96,97].



Since the difference in separated wavelength bands is mainly in effective refractive index, many dual-wavelength-band mechanisms can be inspired from polarization handling. For example, one approach, as depicted in Figure 8a, is to utilize a 2D PSGC structure for different bands at the two orthogonal directions with different grating periods [98]. Similarly, a 1D PSGC structure can also be utilized for two bands coupling using diffraction order    m = 1    and    m = − 1    in the opposite direction [99], as depicted in Figure 8b,c. The effective refractive index difference for the two bands may compensate the TE/TM mode refractive index difference, so that the two bands are coupled into different modes in waveguide, such as the 2D PSGC [84] illustrated in Figure 8d. Unidirectional coupling of TE/TM mode is also investigated for two bands [100,101,102]. These dual-wavelength-band GCs are compared in Table 3.






5. Emerging Trends in Grating Coupler Research


5.1. Space Division Multiplexing Using Grating Couplers


To increase transmission capacity of systems based on silicon photonics with SMF, wavelength division multiplexing, polarization multiplexing and advanced modulation formats are all exploited. In recent years, space division multiplexing (SDM) using few-mode fibers (FMFs) [103] and multi-core fibers (MCFs) [104] attracted attention for their capability of further increasing capacity. For silicon photonics, MCF interface can be achieved using multiple grating couplers with accurate spacing to match the spacing of multiple cores [105,106]; one example is shown in Figure 9a. While spatial light modulator [107] and photonic lanterns [108] are proposed for FMF mode multiplexing, direct interface between FMF modes and waveguide modes on silicon photonics is still a challenge. In recent years, practical implementations of mode division multiplexing (MDM) on silicon photonics have already been proposed [7,109,110,111], which promote the demand for direct FMF mode-multiplexing interface on chip. To the best of our knowledge, for higher-order mode interface using GC, thus far only LP11 mode experimental demonstration has been reported [112,113,114,115,116,117,118,119,120]; LP21 mode coupling using GC is simulated in some works [118,121], but experimental implementations are still desirable. Higher-order FMF modes consist of multiple lobes in its electric field profile, while neighboring lobes have opposite phase. It is important to control their phase difference to be   π  , while the origin of this phase difference could come from silicon thermal phase tuning for different lobes,   π  -phase difference in TE1 waveguide mode, as well as intrinsic phase displacement inside the gratings. We categorize different published works of FMF mode coupling GCs by these schemes, and we review them one by one in the following text.



The first approach for FMF mode multiplexing is to use multiple independent GCs [112,113,114,115,116]. The inputs of these independent GCs are all fundamental TE mode, usually with phase controlled by thermal phase shifters. Obviously, this approach requires extra power consumption for operation and current experimental demonstrations lack in CEs. For example, in [114], fundamental waveguide mode inputs are diffracted by four carefully located small GCs, as depicted in Figure 9b. If there are two inputs, the diffracted beams will form the two lobes for a LP11 mode. Phase shifter tunes the phase of the two beams to be exactly opposite, in order to ensure the quality of the excited fiber mode. By switching input ports, LP01, LP11a and LP11b modes with different polarizations are demonstrated. Total insertion loss of 23 dB from SMF input to FMF output and mode dependent loss of 2 dB is measured, while insertion loss is reduced to 10.6 dB by adding a bottom metal reflector in [115]. Configurations using three [112] and five [113] GCs are also reported.



The second approach is to excite higher-order FMF modes using TE1 waveguide mode [117,118,119], not necessarily with thermal phase shifters. We take the GC illustrated in Figure 9c as an example [118]. Unlike narrow waveguides, the effective refractive index difference between TE0 and TE1 mode is small for GCs since they are wide enough. Thus, the GC used for TE0 mode out-coupling also works for TE1 mode, and the launched beam resembles LP11 mode due to the field distribution of TE1 waveguide mode. To improve the performance and allowing LP11a mode, this work also has two inputs at two different ends of the GCs, while this additional enhancement does require phase shifter. In [119], similar operation without inputs from opposing ends and phase shifters is investigated. Another demonstration in [116] does not interface TE1 mode directly with GC, a Y-junction splits it into two TE0 modes that maintain the opposite phase.



Non-uniform or segmented GCs with built-in phase difference are also investigated for FMF mode coupling [120,121]. In [121], π phase difference is introduced at the position corresponding to the separation of lobes in the output beam. For LP11 mode, π-shift is applied in x-direction or y-direction of the grating. For LP21 mode, π-shift is applied in both directions to form the diffracted beam with four lobes. Since it only couples one specific FMF mode, multiplexing is not achieved.




5.2. Objective-First Design for Grating Couplers


The development of silicon photonic devices has long relied on intuition-based approaches, by applying specific features with known physical effects, and tuning small sets of parameters to utilized the effects to meet the demand in applications [122]. In recent years, an objective-driven approach named “inverse design” has been explored in silicon photonic devices mainly due to two reasons. This first reason is to break fundamental limits of previous intuition-based device design methodology. One representative is the device footprint. Many ultra-compact devices based on inverse design are proposed, with comparable performance to traditional devices [123,124,125,126]. This is partly due to the increased design complexity offered in certain confined design area, which is not fully explored in intuition-based design procedures. The second reason is to save research effort. The inverse design approach is similar to optimizing a black box to achieve certain performance metrics, while the iterative optimization and performance verification are fully automated using predefined computer algorithms. Inverse design on GC has already been reported in several research works [70,71,88,127,128,129,130,131]. Most of these works offer an automated design approach for non-uniform 1D GC devices with design goals already addressed in previous works reviewed above, such as increased CE, broadband operation and polarization independence. In addition, this approach also produces unimagined topological structures that achieved compact coupler without transition taper and high-order fiber modes coupling and splitting [128].



However, inverse design also comes with many drawbacks. First, the extra complexity that inverse design explores may not be fully satisfied using current fabrication technologies. The reported inverse designed GCs usually involve high-resolution patterns that only e-beam lithography can produce. Second, this computer-driven design procedure has high requirement on computing power for the iterative optimization, especially when reliable electromagnetic numerical simulation such as 3D-FDTD is adopted. Therefore, many inverse design research works focus on component “compactness” with small simulation area requirement that can be evaluated and optimized fast. GCs are not suitable for such compactness since it must interface fiber mode with ~10 μm MFD. In the future, efforts on efficient optimization algorithm as well as fast electromagnetic simulation may accelerate the adoption of objective-first design.




5.3. Grating Couplers on Different Material Platforms


5.3.1. Multi-Layer Silicon Nitride Grating Coupler


Silicon nitride (SiN) is a promising candidate for silicon photonics due to its many advantages over silicon [132,133,134]. First, it has low propagation loss, especially in O-band. Waveguide propagation loss is largely contributed by scattering loss due to nanometer-scale sidewall roughness. The relatively low refractive index contrast with SiO2 brings less light confinement, so that SiN waveguides are usually larger than Si waveguides in size. Consequently, they are less sensitive to the nanometer-scale roughness than Si waveguides. The second advantage is its manufacturing flexibility. SiN can be deposited using low-pressure chemical vapor deposition (LPCVD) at high temperature or plasma-enhanced chemical vapor deposition (PECVD) at low temperature, compatible with current silicon photonics manufacturing process. Multi-layer integration is already demonstrated using SiN, which attracted great interest in recent years. In addition, there are some other advantages for SiN, including low nonlinearity which can support high power, wide transparency range that extends to visible, as well as low thermal sensitivity. These above-mentioned advantages make SiN particularly suitable for passive silicon photonics devices.



In terms of fiber coupling, while the SiN platform is demonstrated to be advantageous for edge couplers [133], the characteristics of SiN have both advantage and disadvantage for vertical GCs. On the one hand, the low refractive index provides low coupling strength. Before multi-layer SiN platform was developed, many GC research works on SiN reported relatively low CE, typically with insertion loss larger than 4 dB [89,135]. On the other hand, the multi-layer capability adds new degree of freedom to GC design. Firstly, complexity in z-direction shown previously is easily achieved on multi-layer SiN. Increased CE and polarization independence are demonstrated using dual-layer SiN-on-SiN platform in Figure 10a, with grating patterns differ in the two layers [133,136,137]. Secondly, GC with bottom reflector is more easily combined with SiN platform than SOI, since SiN layers can be directly deposited above the reflective structures. One example is the Si-grating based reflector reviewed previously [46,56,57]. Its deposition flexibility also facilitates the adoption of metal [51] or DBR [45] reflector that is difficult to combine with single-crystalline silicon waveguide devices.




5.3.2. Plasmonic Grating Coupler


Surface plasmon polaritons (SPPs) are electromagnetic surface waves propagating at the interface of a dielectric and a metal. Plasmonic waveguides enable surface plasmon modes with extremely high electric field confinement, thus greatly increasing the compactness for photonic integrated circuits. They can also be utilized for biosensing with biomaterial binds to the surface and changes the effective refractive index of the plasmonic waveguides. Schemes for conversion of beam from optical fiber or free-space into SPPs include prisms, edge couplers, antenna structures and GCs [138,139,140,141]. GC is advantageous in terms of easy fabrication and simple structure. However, high-resolution lithography is required since plasmonic GCs are much more compact than photonic ones. In contrast to photonic GC, the plasmonic GC in Figure 10b is based on periodic metal grating patterns rather than dielectric, and the diffraction mechanism does not come from refractive index fluctuation but from strong resonant scattering at the metallic grooves. Phase matching condition still applies, and many photonic GC design principles such as apodization and focusing grating strips are also adopted in various research works on plasmonic GCs. In [139], an apodized plasmonic GC on dielectric-loaded surface plasmon polariton waveguide is experimentally measured with 2.9 dB peak CE. GCs on other material platforms such as lithium niobate on insulator [142,143] have also been investigated.






6. Practical Issues for Grating Couplers


6.1. Wafer-Level Testing and Packaging


One key advantage of grating coupler is that wafer-level optical testing is enabled, which allows manufacturers to determine the quality of dies on wafer and saves further cost for packaging and final quality control of bad dies. Unlike electrical measurement using DC probes, optical testing on GCs relies on fiber probes and come with problems including polarization control, ease damage of probe if hit by chip, as well as stringent positional requirement. Currently, positioning of the probe is usually done by active alignment, where laser source and detector is tuned on during position switching for maximum power coupling. Optical measurement can be done by either wavelength swept laser source and photodiode, or broadband source such as supercontinuum and optical spectrum analyzer. In this process, polarization control is crucial, due to the large polarization dependence of silicon photonic devices and the uncertainty of polarization caused by mechanical stress or temperature induced fiber birefringence. While a polarization controller for all polarization states can be adopted, calibration of polarization needs considerable points of power measurement that takes time. Muller-matrix analysis is available to determine maximum coupling power and PDL by quick measurements of only four fixed polarization state [144,145].



Optical packaging is also an important step in silicon photonics for commercial mass-production, since its cost is considerable in the overall module fabrication. GC is preferred in packaging since it provides higher alignment tolerance and facet polishing is not required. There are mainly two approaches adopted for GC-based packaging. Since for grating coupling the light incidence is vertical, a straightforward way is to “pigtail” the fibers vertically on chip [146]. One example of this approach is the “g-Pack” standard offered by commercial service ePIXpack, where standardized fiber array is mounted with a glass block polished to provide 8° tilt angle on a v-groove carrier [147]. Hermetic sealing not offered by “g-Pack” is also investigated in to other works such as by quad flat no-lead package widely used for microelectronic device packaging [148,149]. This approach, however, occupies much space for further component integration and offers poor mechanical strength. Therefore, the lateral coupling by angle polished fiber in Figure 11 is pursued [150,151,152], and its mechanical stability can be offered by three-point contact from etched v-grooves plate and top planer glass lid [153].




6.2. Applications


6.2.1. Photonics Integrated Circuits (PICs)


This article is mainly organized to discuss the design of GCs to serve as a fiber I/O for PICs, mostly applied in communications. Increasing CE is important to save power budget. Increasing wavelength diversity, either by BW enhancement or multi-wavelength-band operation according to practical requirements, can contribute to more channels in WDM. Allowing polarization diversity reduces PDL in receivers side. Exploring coupling to MCF or higher-order mode multiplexing in FMF also increases the channels ready for use. All these goals for GC designs reviewed by this article contribute to higher data capacity. Besides fiber coupling, GC can also apply in other coupling issues in photonic integration. The first is on-chip light source coupling to waveguide. For example, in [154], an InP distributed feedback (DFB) laser is coupled to SiN waveguide via two GCs on InP and SiN respectively. This coupling solution allows insertion of an isolator between the GC on laser and the GC on Si chip, while the two GCs already function as polarizers for the isolator. The second is inter-layer coupling in multi-layer PICs. Materials such as SiN allow multi-layer interconnect to increase complexity and integration density, while interlayer light-guiding using GCs is also investigated [155,156]. Compared with other interlayer coupling scheme [134], GC is advantageous in that large separation between layers is allowed.




6.2.2. Biomedical Sensing


As mentioned above, GC is used to excite surface plasmons for biosensing. Compared with other methods to excite surface plasmons, GC is advantageous in that uncoupled light propagates orthogonally to the sensing wave, providing higher signal-noise ratio. In addition, GC itself is also a good candidate for biomedical sensing for its simplicity in principle and ease in fabrication. The dielectric grating evanescent wave is sensitive to refractive index variation caused by proteins, cells and drug reaction, which changes the diffraction angle or peak wavelength in the Bragg condition in Equation (1). Many GC biosensors are made by injecting light beam in different incident angles to the GC and detecting the coupled power to waveguide [157,158].




6.2.3. LiDAR


Beam-steering devices play an important role in LiDAR systems that are widely used in autonomous vehicle, robots and mapping. At present, on-chip beam-steering LiDAR using technologies such as optical phased array (OPA) has attracted great attention due to its prospect of drastic cost reduction in manufacturing [159,160,161]. In OPAs, beam-steering is achieved through adjusting the phase difference between on-chip GC emitters for constructive interference at desired directions. One important challenge for chip-based LiDAR is the high loss on MMI-trees and out-coupling; GCs with high CE will help improve chip-based LiDAR performance. In addition, the far-field beam shape for OPA can be optimized at near-field using apodized GC emitters, similar to what is reviewed above in fiber coupling.






7. Conclusions


Efficient coupling is an important aspect of silicon photonics. Among the two most popular coupling schemes, GCs are preferred for their flexibility, easy fabrication and testing, but are disadvantageous in coupling loss, polarization and wavelength diversity that edge couplers are advantageous in. In the past decades, research works have proposed various methods of performance enhancement to tackle these drawbacks, which we review separately by classifications, explanations and comments. CE for a GC can be enhanced by overlay or bottom reflector, while structural innovation also provides increased efficiency without complex fabrication processes. Polarization diversity is important at receiver side, which can be handled by improved designs such as PSGCs; limited BW can be addressed using methods derived from BW analysis, while dual-wavelength-band GCs provide another possibility for wavelength diversity. Apart from these performance enhancements, recent research efforts also explore SDM using GCs to increase communication channels and computer-aided design for GCs, as well as new characteristics of GCs on other material platforms for silicon photonics. At last, we provide extra knowledge in testing, packaging and applications of GCs. GCs are not only used to couple light between fiber and chip, they also couple between different layers integrated on chip, and between on-chip light source and waveguides. GCs implemented for other applications including biomedical sensing and LiDAR are also briefly reviewed.







Author Contributions


Conceptualization, all authors; Investigation, L.C., S.M., Z.L. and Y.H.; Original draft preparation, L.C.; Review and editing, all authors; Supervision, H.Y.F.; Funding acquisition, H.Y.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Shenzhen Science and Technology Innovation Commission (Projects: JCYJ20180507183815699 and JCYJ20170818094001391) and Tsinghua-Berkeley Shenzhen Institute (TBSI) Faculty Start-up Fund.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Reed, G.T.; Knights, A.P. Silicon Photonics: An Introduction; John Wiley & Sons: Hoboken, NJ, USA, 2004. [Google Scholar]

	



Thomson, D.; Zilkie, A.; Bowers, J.E.; Komljenovic, T.; Reed, G.T.; Vivien, L.; Marris-Morini, D.; Cassan, E.; Virot, L.; Fédéli, J.-M. Roadmap on silicon photonics. J. Opt. 2016, 18, 073003. [Google Scholar] [CrossRef]

	



Rahim, A.; Spuesens, T.; Baets, R.; Bogaerts, W. Open-Access Silicon Photonics: Current Status and Emerging Initiatives. Proc. IEEE 2018, 106, 2313–2330. [Google Scholar] [CrossRef]

	



Chrostowski, L.; Hochberg, M. Silicon Photonics Design: From Devices to Systems; Cambridge University Press: Cambridge, UK, 2015. [Google Scholar]

	



Liang, D.; Bowers, J.E. Recent progress in lasers on silicon. Nat. Photonics 2010, 4, 511–517. [Google Scholar] [CrossRef]

	



Reed, G.T.; Mashanovich, G.; Gardes, F.Y.; Thomson, D.J. Silicon optical modulators. Nat. Photonics 2010, 4, 518–526. [Google Scholar] [CrossRef]

	



Dai, D. Silicon Nanophotonic Integrated Devices for On-Chip Multiplexing and Switching. J. Lightwave Technol. 2017, 35, 572–587. [Google Scholar] [CrossRef]

	



Zhou, Z.; Chen, R.; Li, X.; Li, T. Development trends in silicon photonics for data centers. Opt. Fiber Technol. 2018, 44, 13–23. [Google Scholar] [CrossRef]

	



Hu, T.; Dong, B.; Luo, X.; Liow, T.-Y.; Song, J.; Lee, C.; Lo, G.-Q. Silicon photonic platforms for mid-infrared applications. Photonics Res. 2017, 5, 417–430. [Google Scholar] [CrossRef]

	



Xie, W.; Komljenovic, T.; Huang, J.; Tran, M.; Davenport, M.; Torres, A.; Pintus, P.; Bowers, J. Heterogeneous silicon photonics sensing for autonomous cars. Opt. Express 2019, 27, 3642–3663. [Google Scholar] [CrossRef] [PubMed]

	



Mu, X.; Wu, S.; Cheng, L.; Fu, H.Y. Edge Couplers in Silicon Photonic Integrated Circuits: A Review. Appl. Sci. 2020, 10, 1538. [Google Scholar] [CrossRef]

	



Nambiar, S.; Sethi, P.; Selvaraja, S. Grating-Assisted Fiber to Chip Coupling for SOI Photonic Circuits. Appl. Sci. 2018, 8, 1142. [Google Scholar] [CrossRef]

	



Marchetti, R.; Lacava, C.; Carroll, L.; Gradkowski, K.; Minzioni, P. Coupling strategies for silicon photonics integrated chips [Invited]. Photonics Res. 2019, 7, 201–239. [Google Scholar] [CrossRef]

	



Papes, M.; Cheben, P.; Benedikovic, D.; Schmid, J.H.; Pond, J.; Halir, R.; Ortega-Moñux, A.; Wangüemert-Pérez, G.; Ye, W.N.; Xu, D.-X.; et al. Fiber-chip edge coupler with large mode size for silicon photonic wire waveguides. Opt. Express 2016, 24, 5026–5038. [Google Scholar] [CrossRef]

	



Halir, R.; Bock, P.J.; Cheben, P.; Ortega-Moñux, A.; Alonso-Ramos, C.; Schmid, J.H.; Lapointe, J.; Xu, D.-X.; Wangüemert-Pérez, J.G.; Molina-Fernández, Í.; et al. Waveguide sub-wavelength structures: A review of principles and applications. Laser Photonics Rev. 2015, 9, 25–49. [Google Scholar] [CrossRef]

	



Halir, R.; Ortega-Monux, A.; Benedikovic, D.; Mashanovich, G.Z.; Wanguemert-Perez, J.G.; Schmid, J.H.; Molina-Fernandez, I.; Cheben, P. Subwavelength-Grating Metamaterial Structures for Silicon Photonic Devices. Proc. IEEE 2018, 106, 2144–2157. [Google Scholar] [CrossRef]

	



Zhou, W.; Cheng, Z.; Chen, X.; Xu, K.; Sun, X.; Tsang, H. Subwavelength Engineering in Silicon Photonic Devices. IEEE J. Sel. Top. Quantum Electron. 2019, 25, 1–13. [Google Scholar] [CrossRef]

	



Taflove, A.; Hagness, S.C. Computational Electrodynamics: The Finite-Difference Time-Domain Method; Artech House: Norwood, MA, USA, 2005. [Google Scholar]

	



Roelkens, G.; Van Thourhout, D.; Baets, R. High efficiency grating coupler between silicon-on-insulator waveguides and perfectly vertical optical fibers. Opt. Lett. 2007, 32, 1495–1497. [Google Scholar] [CrossRef]

	



Xia, C.; Chao, L.; Hon Ki, T. Fabrication-Tolerant Waveguide Chirped Grating Coupler for Coupling to a Perfectly Vertical Optical Fiber. IEEE Photonics Technol. Lett. 2008, 20, 1914–1916. [Google Scholar] [CrossRef]

	



Tseng, H.L.; Chen, E.; Rong, H.; Na, N. High-performance silicon-on-insulator grating coupler with completely vertical emission. Opt. Express 2015, 23, 24433–24439. [Google Scholar] [CrossRef] [PubMed]

	



Yu, L.; Liu, L.; Zhou, Z.; Wang, X. High efficiency binary blazed grating coupler for perfectly-vertical and near-vertical coupling in chip level optical interconnections. Opt. Commun. 2015, 355, 161–166. [Google Scholar] [CrossRef]

	



Liu, L.; Zhang, J.; Zhang, C.; Wang, S.; Jin, C.; Chen, Y.; Chen, K.; Xiang, T.; Shi, Y. Silicon waveguide grating coupler for perfectly vertical fiber based on a tilted membrane structure. Opt. Lett. 2016, 41, 820–823. [Google Scholar] [CrossRef]

	



Tong, Y.; Zhou, W.; Tsang, H.K. Efficient perfectly vertical grating coupler for multi-core fibers fabricated with 193 nm DUV lithography. Opt. Lett. 2018, 43, 5709–5712. [Google Scholar] [CrossRef]

	



Zhang, Z.; Chen, X.; Cheng, Q.; Khokhar, A.Z.; Yan, X.; Huang, B.; Chen, H.; Liu, H.; Li, H.; Thomson, D.J.; et al. High-efficiency apodized bidirectional grating coupler for perfectly vertical coupling. Opt. Lett. 2019, 44, 5081–5084. [Google Scholar] [CrossRef] [PubMed]

	



Xia, C.; Chao, L.; Hon Ki, T. Etched Waveguide Grating Variable 1*2 Splitter/Combiner and Waveguide Coupler. IEEE Photonics Technol. Lett. 2009, 21, 268–270. [Google Scholar] [CrossRef]

	



Zou, J.; Yu, Y.; Ye, M.; Liu, L.; Deng, S.; Zhang, X. A four-port polarization diversity coupler for vertical fiber-chip coupling. In Proceedings of the Optical Fiber Communication Conference, Washington, DC, USA, 22–26 March 2015; p. W2A. 10. [Google Scholar]

	



Zhu, L.; Yang, W.; Chang-Hasnain, C. Very high efficiency optical coupler for silicon nanophotonic waveguide and single mode optical fiber. Opt. Express 2017, 25, 18462–18473. [Google Scholar] [CrossRef] [PubMed]

	



Benedikovic, D.; Alonso-Ramos, C.; Perez-Galacho, D.; Guerber, S.; Vakarin, V.; Marcaud, G.; Le Roux, X.; Cassan, E.; Marris-Morini, D.; Cheben, P.; et al. L-shaped fiber-chip grating couplers with high directionality and low reflectivity fabricated with deep-UV lithography. Opt. Lett. 2017, 42, 3439–3442. [Google Scholar] [CrossRef] [PubMed]

	



Rytov, S. Electromagnetic properties of a finely stratified medium. Sov. Phys. JEPT 1956, 2, 466–475. [Google Scholar]

	



Halir, R.; Cheben, P.; Janz, S.; Xu, D.X.; Molina-Fernandez, I.; Wanguemert-Perez, J.G. Waveguide grating coupler with subwavelength microstructures. Opt. Lett. 2009, 34, 1408–1410. [Google Scholar] [CrossRef]

	



Halir, R.; Cheben, P.; Schmid, J.H.; Ma, R.; Bedard, D.; Janz, S.; Xu, D.X.; Densmore, A.; Lapointe, J.; Molina-Fernandez, I. Continuously apodized fiber-to-chip surface grating coupler with refractive index engineered subwavelength structure. Opt. Lett. 2010, 35, 3243–3245. [Google Scholar] [CrossRef]

	



Yang, J.; Zhou, Z.; Jia, H.; Zhang, X.; Qin, S. High-performance and compact binary blazed grating coupler based on an asymmetric subgrating structure and vertical coupling. Opt. Lett. 2011, 36, 2614–2617. [Google Scholar] [CrossRef]

	



Benedikovic, D.; Cheben, P.; Schmid, J.H.; Xu, D.-X.; Lapointe, J.; Wang, S.; Halir, R.; Ortega-Moñux, A.; Janz, S.; Dado, M. High-efficiency single etch step apodized surface grating coupler using subwavelength structure. Laser Photonics Rev. 2014, 8, L93–L97. [Google Scholar] [CrossRef]

	



Benedikovic, D.; Alonso-Ramos, C.; Cheben, P.; Schmid, J.H.; Wang, S.; Halir, R.; Ortega-Monux, A.; Xu, D.X.; Vivien, L.; Lapointe, J.; et al. Single-etch subwavelength engineered fiber-chip grating couplers for 1.3 microm datacom wavelength band. Opt. Express 2016, 24, 12893–12904. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Shi, W.; Wang, X.; Lu, Z.; Caverley, M.; Bojko, R.; Chrostowski, L.; Jaeger, N.A. Design of broadband subwavelength grating couplers with low back reflection. Opt. Lett. 2015, 40, 4647–4650. [Google Scholar] [CrossRef]

	



Cheben, P.; Xu, D.X.; Janz, S.; Densmore, A. Subwavelength waveguide grating for mode conversion and light coupling in integrated optics. Opt. Express 2006, 14, 4695–4702. [Google Scholar] [CrossRef] [PubMed]

	



Cheben, P.; Bock, P.J.; Schmid, J.H.; Lapointe, J.; Janz, S.; Xu, D.-X.; Densmore, A.; Delâge, A.; Lamontagne, B.; Hall, T.J. Refractive index engineering with subwavelength gratings for efficient microphotonic couplers and planar waveguide multiplexers. Opt. Lett. 2010, 35, 2526–2528. [Google Scholar] [CrossRef] [PubMed]

	



Flueckiger, J.; Schmidt, S.; Donzella, V.; Sherwali, A.; Ratner, D.M.; Chrostowski, L.; Cheung, K.C. Sub-wavelength grating for enhanced ring resonator biosensor. Opt. Express 2016, 24, 15672–15686. [Google Scholar] [CrossRef] [PubMed]

	



Ortega-Monux, A.; Zavargo-Peche, L.; Maese-Novo, A.; Molina-Fernández, I.; Halir, R.; Wanguemert-Perez, J.; Cheben, P.; Schmid, J. High-performance multimode interference coupler in silicon waveguides with subwavelength structures. IEEE Photonics Technol. Lett. 2011, 23, 1406–1408. [Google Scholar] [CrossRef]

	



Fu, Y.; Ye, T.; Tang, W.; Chu, T. Efficient adiabatic silicon-on-insulator waveguide taper. Photonics Res. 2014, 2, A41–A44. [Google Scholar] [CrossRef]

	



Van Laere, F.; Claes, T.; Schrauwen, J.; Scheerlinck, S.; Bogaerts, W.; Taillaert, D.; O’Faolain, L.; Van Thourhout, D.; Baets, R. Compact focusing grating couplers for silicon-on-insulator integrated circuits. IEEE Photonics Technol. Lett. 2007, 19, 1919–1921. [Google Scholar] [CrossRef]

	



Vermeulen, D.; Selvaraja, S.; Verheyen, P.; Lepage, G.; Bogaerts, W.; Absil, P.; Van Thourhout, D.; Roelkens, G. High-efficiency fiber-to-chip grating couplers realized using an advanced CMOS-compatible silicon-on-insulator platform. Opt. Express 2010, 18, 18278–18283. [Google Scholar] [CrossRef]

	



Van Laere, F.; Roelkens, G.; Ayre, M.; Schrauwen, J.; Taillaert, D.; Van Thourhout, D.; Krauss, T.F.; Baets, R. Compact and highly efficient grating couplers between optical fiber and nanophotonic waveguides. J. Lightwave Technol. 2007, 25, 151–156. [Google Scholar] [CrossRef]

	



Zhang, H.; Li, C.; Tu, X.; Song, J.; Zhou, H.; Luo, X.; Huang, Y.; Yu, M.; Lo, G.Q. Efficient silicon nitride grating coupler with distributed Bragg reflectors. Opt. Express 2014, 22, 21800–21805. [Google Scholar] [CrossRef] [PubMed]

	



Sacher, W.D.; Huang, Y.; Ding, L.; Taylor, B.J.; Jayatilleka, H.; Lo, G.Q.; Poon, J.K. Wide bandwidth and high coupling efficiency Si3N4-on-SOI dual-level grating coupler. Opt. Express 2014, 22, 10938–10947. [Google Scholar] [CrossRef] [PubMed]

	



He, L.; Liu, Y.; Galland, C.; Lim, A.E.-J.; Lo, G.-Q.; Baehr-Jones, T.; Hochberg, M. A High-Efficiency Nonuniform Grating Coupler Realized With 248-nm Optical Lithography. IEEE Photonics Technol. Lett. 2013, 25, 1358–1361. [Google Scholar] [CrossRef]

	



Benedikovic, D.; Alonso-Ramos, C.; Cheben, P.; Schmid, J.H.; Wang, S.; Xu, D.X.; Lapointe, J.; Janz, S.; Halir, R.; Ortega-Monux, A.; et al. High-directionality fiber-chip grating coupler with interleaved trenches and subwavelength index-matching structure. Opt. Lett. 2015, 40, 4190–4193. [Google Scholar] [CrossRef] [PubMed]

	



Schrauwen, J.; Laere, F.V.; Thourhout, D.V.; Baets, R. Focused-Ion-Beam Fabrication of Slanted Grating Couplers in Silicon-on-Insulator Waveguides. IEEE Photonics Technol. Lett. 2007, 19, 816–818. [Google Scholar] [CrossRef]

	



Roelkens, G.; Van Thourhout, D.; Baets, R. High efficiency Silicon-on-Insulator grating coupler based on a poly-Silicon overlay. Opt. Express 2006, 14, 11622–11630. [Google Scholar] [CrossRef]

	



Romero-Garcia, S.; Merget, F.; Zhong, F.; Finkelstein, H.; Witzens, J. Visible wavelength silicon nitride focusing grating coupler with AlCu/TiN reflector. Opt. Lett. 2013, 38, 2521–2523. [Google Scholar] [CrossRef]

	



Benedikovic, D.; Cheben, P.; Schmid, J.H.; Xu, D.X.; Lamontagne, B.; Wang, S.; Lapointe, J.; Halir, R.; Ortega-Monux, A.; Janz, S.; et al. Subwavelength index engineered surface grating coupler with sub-decibel efficiency for 220-nm silicon-on-insulator waveguides. Opt. Express 2015, 23, 22628–22635. [Google Scholar] [CrossRef]

	



Zaoui, W.S.; Kunze, A.; Vogel, W.; Berroth, M. CMOS-Compatible Polarization Splitting Grating Couplers With a Backside Metal Mirror. IEEE Photonics Technol. Lett. 2013, 25, 1395–1397. [Google Scholar] [CrossRef]

	



Luo, Y.; Nong, Z.; Gao, S.; Huang, H.; Zhu, Y.; Liu, L.; Zhou, L.; Xu, J.; Liu, L.; Yu, S.; et al. Low-loss two-dimensional silicon photonic grating coupler with a backside metal mirror. Opt. Lett. 2018, 43, 474–477. [Google Scholar] [CrossRef]

	



Taillaert, D.; Bienstman, P.; Baets, R. Compact efficient broadband grating coupler for silicon-on-insulator waveguides. Opt. Lett. 2004, 29, 2749–2751. [Google Scholar] [CrossRef]

	



Zou, J.; Yu, Y.; Ye, M.; Liu, L.; Deng, S.; Zhang, X. Ultra efficient silicon nitride grating coupler with bottom grating reflector. Opt. Express 2015, 23, 26305–26312. [Google Scholar] [CrossRef]

	



Xu, P.; Zhang, Y.; Shao, Z.; Liu, L.; Zhou, L.; Yang, C.; Chen, Y.; Yu, S. High-efficiency wideband SiNx-on-SOI grating coupler with low fabrication complexity. Opt. Lett. 2017, 42, 3391–3394. [Google Scholar] [CrossRef] [PubMed]

	



Mossberg, T.; Greiner, C.; Iazikov, D. Interferometric amplitude apodization of integrated gratings. Opt. Express 2005, 13, 2419–2426. [Google Scholar] [CrossRef]

	



Marchetti, R.; Lacava, C.; Khokhar, A.; Chen, X.; Cristiani, I.; Richardson, D.J.; Reed, G.T.; Petropoulos, P.; Minzioni, P. High-efficiency grating-couplers: Demonstration of a new design strategy. Sci. Rep. 2017, 7, 16670. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yun, H.; Lu, Z.; Bojko, R.; Shi, W.; Wang, X.; Flueckiger, J.; Zhang, F.; Caverley, M.; Jaeger, N.A.F.; et al. Apodized Focusing Fully Etched Subwavelength Grating Couplers. IEEE Photonics J. 2015, 7, 1–10. [Google Scholar] [CrossRef]

	



Tang, Y.; Wang, Z.; Wosinski, L.; Westergren, U.; He, S. Highly efficient nonuniform grating coupler for silicon-on-insulator nanophotonic circuits. Opt. Lett. 2010, 35, 1290–1292. [Google Scholar] [CrossRef]

	



Alonso-Ramos, C.; Cheben, P.; Ortega-Monux, A.; Schmid, J.H.; Xu, D.X.; Molina-Fernandez, I. Fiber-chip grating coupler based on interleaved trenches with directionality exceeding 95. Opt. Lett. 2014, 39, 5351–5354. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Halir, R.; Molina-Fernandez, I.; Cheben, P.; He, J.J. High-efficiency apodized-imaging chip-fiber grating coupler for silicon nitride waveguides. Opt. Lett. 2016, 41, 5059–5062. [Google Scholar] [CrossRef]

	



Chen, Y.; Dominguez Bucio, T.; Khokhar, A.Z.; Banakar, M.; Grabska, K.; Gardes, F.Y.; Halir, R.; Molina-Fernandez, I.; Cheben, P.; He, J.J. Experimental demonstration of an apodized-imaging chip-fiber grating coupler for Si3N4 waveguides. Opt. Lett. 2017, 42, 3566–3569. [Google Scholar] [CrossRef]

	



Chen, X.; Thomson, D.J.; Crudginton, L.; Khokhar, A.Z.; Reed, G.T. Dual-etch apodised grating couplers for efficient fibre-chip coupling near 1310 nm wavelength. Opt. Express 2017, 25, 17864–17871. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, T.; Ayata, M.; Koch, U.; Fedoryshyn, Y.; Leuthold, J. Perpendicular Grating Coupler Based on a Blazed Antiback-Reflection Structure. J. Lightwave Technol. 2017, 35, 4663–4669. [Google Scholar] [CrossRef]

	



Watanabe, T.; Fedoryshyn, Y.; Leuthold, J. 2-D Grating Couplers for Vertical Fiber Coupling in Two Polarizations. IEEE Photonics J. 2019, 11, 1–9. [Google Scholar] [CrossRef]

	



Bin, W.; Jianhua, J.; Nordin, G.P. Embedded slanted grating for vertical coupling between fibers and silicon-on-insulator planar waveguides. IEEE Photonics Technol. Lett. 2005, 17, 1884–1886. [Google Scholar] [CrossRef]

	



Dai, M.; Ma, L.; Xu, Y.; Lu, M.; Liu, X.; Chen, Y. Highly efficient and perfectly vertical chip-to-fiber dual-layer grating coupler. Opt. Express 2015, 23, 1691–1698. [Google Scholar] [CrossRef] [PubMed]

	



Su, L.; Trivedi, R.; Sapra, N.V.; Piggott, A.Y.; Vercruysse, D.; Vuckovic, J. Fully-automated optimization of grating couplers. Opt. Express 2018, 26, 4023–4034. [Google Scholar] [CrossRef]

	



Michaels, A.; Yablonovitch, E. Inverse design of near unity efficiency perfectly vertical grating couplers. Opt. Express 2018, 26, 4766–4779. [Google Scholar] [CrossRef]

	



Tang, Y.; Dai, D.; He, S. Proposal for a grating waveguide serving as both a polarization splitter and an efficient coupler for silicon-on-insulator nanophotonic circuits. IEEE Photonics Technol. Lett. 2009, 21, 242–244. [Google Scholar] [CrossRef]

	



Taillaert, D.; Harold, C.; Borel, P.I.; Frandsen, L.H.; Rue, R.M.D.L.; Baets, R. A compact two-dimensional grating coupler used as a polarization splitter. IEEE Photonics Technol. Lett. 2003, 15, 1249–1251. [Google Scholar] [CrossRef]

	



Verslegers, L.; Mekis, A.; Pinguet, T.; Chi, Y.; Masini, G.; Sun, P.; Ayazi, A.; Hon, K.; Sahni, S.; Gloeckner, S. Design of low-loss polarization splitting grating couplers. In Photonic Networks and Devices; Optical Society of America: Washington, DC, USA, 2014; p. JT4A. 2. [Google Scholar]

	



Zou, J.; Yu, Y.; Zhang, X. Single step etched two dimensional grating coupler based on the SOI platform. Opt. Express 2015, 23, 32490–32495. [Google Scholar] [CrossRef]

	



Zou, J.; Yu, Y.; Zhang, X. Two-dimensional grating coupler with a low polarization dependent loss of 0.25 dB covering the C-band. Opt. Lett. 2016, 41, 4206–4209. [Google Scholar] [CrossRef] [PubMed]

	



Xue, Y.; Chen, H.; Bao, Y.; Dong, J.; Zhang, X. Two-dimensional silicon photonic grating coupler with low polarization-dependent loss and high tolerance. Opt. Express 2019, 27, 22268–22274. [Google Scholar] [CrossRef]

	



Chen, B.; Zhang, X.; Hu, J.; Zhu, Y.; Cai, X.; Chen, P.; Liu, L. Two-dimensional grating coupler on silicon with a high coupling efficiency and a low polarization-dependent loss. Opt. Express 2020, 28, 4001–4009. [Google Scholar] [CrossRef]

	



Shao, S.; Wang, Y. Highly compact polarization-independent grating coupler. Opt. Lett. 2010, 35, 1834–1836. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Tsang, H.K. Polarization-independent grating couplers for silicon-on-insulator nanophotonic waveguides. Opt. Lett. 2011, 36. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Z.; Tsang, H.K. Experimental demonstration of polarization-insensitive air-cladding grating couplers for silicon-on-insulator waveguides. Opt. Lett. 2014, 39, 2206–2209. [Google Scholar] [CrossRef]

	



Alonso-Ramos, C.; Zavargo-Peche, L.; Ortega-Monux, A.; Halir, R.; Molina-Fernandez, I.; Cheben, P. Polarization-independent grating coupler for micrometric silicon rib waveguides. Opt. Lett. 2012, 37, 3663–3665. [Google Scholar] [CrossRef]

	



Song, J.H.; Doany, F.E.; Medhin, A.K.; Dupuis, N.; Lee, B.G.; Libsch, F.R. Polarization-independent nonuniform grating couplers on silicon-on-insulator. Opt. Lett. 2015, 40, 3941–3944. [Google Scholar] [CrossRef]

	



Streshinsky, M.; Shi, R.; Novack, A.; Cher, R.T.; Lim, A.E.; Lo, P.G.; Baehr-Jones, T.; Hochberg, M. A compact bi-wavelength polarization splitting grating coupler fabricated in a 220 nm SOI platform. Opt. Express 2013, 21, 31019–31028. [Google Scholar] [CrossRef]

	



Zhang, J.; Yang, J.; Lu, H.; Wu, W.; Huang, J.; Chang, S. Polarization-independent grating coupler based on silicon-on-insulator. Chin. Opt. Lett. 2015, 13, 091301–091305. [Google Scholar] [CrossRef]

	



Zhang, J.; Yang, J.; Lu, H.; Wu, W.; Huang, J.; Chang, S. Subwavelength TE/TM grating coupler based on silicon-on-insulator. Infrared Phys. Technol. 2015, 71, 542–546. [Google Scholar] [CrossRef]

	



Mak, J.C.C.; Sacher, W.D.; Ying, H.; Luo, X.; Lo, P.G.; Poon, J.K.S. Multi-layer silicon nitride-on-silicon polarization-independent grating couplers. Opt. Express 2018, 26, 30623–30633. [Google Scholar] [CrossRef]

	



Wen, X.; Xu, K.; Song, Q. Design of a barcode-like waveguide nanostructure for efficient chip–fiber coupling. Photonics Res. 2016, 4. [Google Scholar] [CrossRef]

	



Doerr, C.R.; Chen, L.; Chen, Y.; Buhl, L.L. Wide Bandwidth Silicon Nitride Grating Coupler. IEEE Photonics Technol. Lett. 2010, 22, 1461–1463. [Google Scholar] [CrossRef]

	



Kun, Q.; Dingshan, G.; Changjing, B.; Zhe, Z.; Xu, Z.; Tingting, L.; Lin, C. High Efficiency and Broadband Two-Dimensional Blazed Grating Coupler With Fully Etched Triangular Holes. J. Lightwave Technol. 2012, 30, 2363–2366. [Google Scholar] [CrossRef]

	



Xiao, Z.; Luan, F.; Liow, T.Y.; Zhang, J.; Shum, P. Design for broadband high-efficiency grating couplers. Opt. Lett. 2012, 37, 530–532. [Google Scholar] [CrossRef]

	



Chen, X.; Xu, K.; Cheng, Z.; Fung, C.K.; Tsang, H.K. Wideband subwavelength gratings for coupling between silicon-on-insulator waveguides and optical fibers. Opt. Lett. 2012, 37, 3483–3485. [Google Scholar] [CrossRef]

	



Xiang, C.; Tsang, H.K.; Cheng, Z.; Chan, C. Increasing the grating coupler bandwidth with a high numerical-aperture fiber. In Proceedings of the 11th International Conference on Group IV Photonics (GFP), Paris, France, 27–29 August 2014; pp. 100–101. [Google Scholar]

	



Sanchez-Postigo, A.; Gonzalo Wanguemert-Perez, J.; Luque-Gonzalez, J.M.; Molina-Fernandez, I.; Cheben, P.; Alonso-Ramos, C.A.; Halir, R.; Schmid, J.H.; Ortega-Monux, A. Broadband fiber-chip zero-order surface grating coupler with 0.4 dB efficiency. Opt. Lett. 2016, 41, 3013–3016. [Google Scholar] [CrossRef] [PubMed]

	



Kramer, G.; Pesavento, G. Ethernet passive optical network (EPON): Building a next-generation optical access network. IEEE Commun. Mag. 2002, 40, 66–73. [Google Scholar] [CrossRef]

	



Zhao, H.; Clemmen, S.; Raza, A.; Baets, R. Stimulated Raman spectroscopy of analytes evanescently probed by a silicon nitride photonic integrated waveguide. Opt. Lett. 2018, 43, 1403–1406. [Google Scholar] [CrossRef]

	



Dhakal, A.; Wuytens, P.C.; Peyskens, F.; Jans, K.; Thomas, N.L.; Baets, R. Nanophotonic waveguide enhanced Raman spectroscopy of biological submonolayers. ACS Photonics 2016, 3, 2141–2149. [Google Scholar] [CrossRef]

	



Xu, L.; Chen, X.; Li, C.; Tsang, H.K. Bi-wavelength two dimensional chirped grating couplers for low cost WDM PON transceivers. Opt. Commun. 2011, 284, 2242–2244. [Google Scholar] [CrossRef]

	



Roelkens, G.; Van Thourhout, D.; Baets, R. Silicon-on-insulator ultra-compact duplexer based on a diffractive grating structure. Opt. Express 2007, 15, 10091–10096. [Google Scholar] [CrossRef] [PubMed]

	



Nambiar, S.; Muthuganesan, H.; Sharma, T.; Selvaraja, S.K. On-chip unidirectional dual-band fiber-chip grating coupler in silicon nitride. OSA Contin. 2018, 1, 864–871. [Google Scholar] [CrossRef]

	



Zhou, W.; Cheng, Z.; Sun, X.; Tsang, H.K. Tailorable dual-wavelength-band coupling in a transverse-electric-mode focusing subwavelength grating coupler. Opt. Lett. 2018, 43, 2985–2988. [Google Scholar] [CrossRef]

	



Zhou, W.; Tsang, H.K. Dual-wavelength-band subwavelength grating coupler operating in the near infrared and extended shortwave infrared. Opt. Lett. 2019, 44, 3621–3624. [Google Scholar] [CrossRef] [PubMed]

	



Ryf, R.; Randel, S.; Gnauck, A.H.; Bolle, C.; Sierra, A.; Mumtaz, S.; Esmaeelpour, M.; Burrows, E.C.; Essiambre, R.; Winzer, P.J.; et al. Mode-Division Multiplexing Over 96 km of Few-Mode Fiber Using Coherent 6*6 MIMO Processing. J. Lightwave Technol. 2012, 30, 521–531. [Google Scholar] [CrossRef]

	



Saitoh, K.; Matsuo, S. Multicore Fiber Technology. J. Lightwave Technol. 2016, 34, 55–66. [Google Scholar] [CrossRef]

	



Ding, Y.; Ye, F.; Peucheret, C.; Ou, H.; Miyamoto, Y.; Morioka, T. On-chip grating coupler array on the SOI platform for fan-in/fan-out of MCFs with low insertion loss and crosstalk. Opt. Express 2015, 23, 3292–3298. [Google Scholar] [CrossRef]

	



Wu, X.; Huang, C.; Xu, K.; Zhou, W.; Shu, C.; Tsang, H.K. 3 × 104 Gb/s Single-λ Interconnect of Mode-Division Multiplexed Network With a Multicore Fiber. J. Lightwave Technol. 2018, 36, 318–324. [Google Scholar] [CrossRef]

	



Salsi, M.; Koebele, C.; Sperti, D.; Tran, P.; Brindel, P.; Mardoyan, H.; Bigo, S.; Boutin, A.; Verluise, F.; Sillard, P.; et al. Transmission at 2 × 100 Gb/s, over Two Modes of 40 km-long Prototype Few-Mode Fiber, using LCOS-based Mode Multiplexer and Demultiplexer. In Proceedings of the Optical Fiber Communication Conference/National Fiber Optic Engineers Conference 2011, Los Angeles, CA, USA, 6 March 2011; p. PDPB9. [Google Scholar]

	



Leon-Saval, S.G.; Fontaine, N.K.; Salazar-Gil, J.R.; Ercan, B.; Ryf, R.; Bland-Hawthorn, J. Mode-selective photonic lanterns for space-division multiplexing. Opt. Express 2014, 22, 1036–1044. [Google Scholar] [CrossRef] [PubMed]

	



Luo, L.W.; Ophir, N.; Chen, C.P.; Gabrielli, L.H.; Poitras, C.B.; Bergmen, K.; Lipson, M. WDM-compatible mode-division multiplexing on a silicon chip. Nat. Commun. 2014, 5, 3069. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Zhu, Y.; Ruan, X.; Li, Y.; Li, Y.; Zhang, F. Bridged Coupler and Oval Mode Converter Based Silicon Mode Division (De)Multiplexer and Terabit WDM-MDM System Demonstration. J. Lightwave Technol. 2018, 36, 2757–2766. [Google Scholar] [CrossRef]

	



He, Y.; Zhang, Y.; Zhu, Q.; An, S.; Cao, R.; Guo, X.; Qiu, C.; Su, Y. Silicon High-Order Mode (De)Multiplexer on Single Polarization. J. Lightwave Technol. 2018, 36, 5746–5753. [Google Scholar] [CrossRef]

	



Fontaine, N.K.; Doerr, C.R.; Mestre, M.A.; Ryf, R.R.; Winzer, P.J.; Buhl, L.L.; Sun, Y.; Jiang, X.; Lingle, R. Space-division multiplexing and all-optical MIMO demultiplexing using a photonic integrated circuit. In Proceedings of the OFC/NFOEC, Los Angeles, CA, USA, 4–8 March 2012; pp. 1–3. [Google Scholar]

	



Koonen, A.M.J.; Haoshuo, C.; van den Boom, H.P.A.; Raz, O. Silicon Photonic Integrated Mode Multiplexer and Demultiplexer. IEEE Photonics Technol. Lett. 2012, 24, 1961–1964. [Google Scholar] [CrossRef]

	



Ding, Y.; Ou, H.; Xu, J.; Peucheret, C. Silicon Photonic Integrated Circuit Mode Multiplexer. IEEE Photonics Technol. Lett. 2013, 25, 648–651. [Google Scholar] [CrossRef]

	



Ding, Y.; Yvind, K. Efficient silicon PIC mode multiplexer using grating coupler array with aluminum mirror for few-mode fiber. In Proceedings of the 2015 Conference on Lasers and Electro-Optics (CLEO), San Jose, CA, USA, 10–15 May 2015; pp. 1–2. [Google Scholar]

	



Lai, Y.; Yu, Y.; Fu, S.; Xu, J.; Shum, P.P.; Zhang, X. Compact double-part grating coupler for higher-order mode coupling. Opt. Lett. 2018, 43, 3172–3175. [Google Scholar] [CrossRef]

	



Ding, Y.; Ou, H.; Xu, J.; Xiong, M.; Peucheret, C. On-chip mode multiplexer based on a single grating coupler. In Proceedings of the IEEE Photonics Conference 2012, Burlingame, CA, USA, 23–27 September 2012; pp. 707–708. [Google Scholar]

	



Wohlfeil, B.; Rademacher, G.; Stamatiadis, C.; Voigt, K.; Zimmermann, L.; Petermann, K. A two-dimensional fiber grating coupler on SOI for mode division multiplexing. IEEE Photonics Technol. Lett. 2016, 28, 1241–1244. [Google Scholar] [CrossRef]

	



Tong, Y.; Zhou, W.; Wu, X.; Tsang, H.K. Efficient Mode Multiplexer for Few-Mode Fibers Using Integrated Silicon-on-Insulator Waveguide Grating Coupler. IEEE J. Quantum Electron. 2020, 56, 1–7. [Google Scholar] [CrossRef]

	



Demirtzioglou, I.; Lacava, C.; Shakoor, A.; Khokhar, A.; Jung, Y.; Thomson, D.J.; Petropoulos, P. Apodized silicon photonic grating couplers for mode-order conversion. Photonics Res. 2019, 7, 1036–1041. [Google Scholar] [CrossRef]

	



Zhang, M.; Liu, H.; Wang, B.; Li, G.; Zhang, L. Efficient Grating Couplers for Space Division Multiplexing Applications. IEEE J. Sel. Top. Quantum Electron. 2018, 24, 1–5. [Google Scholar] [CrossRef]

	



Molesky, S.; Lin, Z.; Piggott, A.Y.; Jin, W.; Vucković, J.; Rodriguez, A.W. Inverse design in nanophotonics. Nat. Photonics 2018, 12, 659–670. [Google Scholar] [CrossRef]

	



Shen, B.; Wang, P.; Polson, R.; Menon, R. An integrated-nanophotonics polarization beamsplitter with 2.4 × 2.4 μm2 footprint. Nat. Photonics 2015, 9, 378–382. [Google Scholar] [CrossRef]

	



Mak, J.C.; Sideris, C.; Jeong, J.; Hajimiri, A.; Poon, J.K. Binary particle swarm optimized 2 x 2 power splitters in a standard foundry silicon photonic platform. Opt. Lett. 2016, 41, 3868–3871. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Z.; Cui, H.; Sun, X. Genetic-algorithm-optimized wideband on-chip polarization rotator with an ultrasmall footprint. Opt. Lett. 2017, 42, 3093–3096. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Sun, W.; Xie, H.; Zhang, N.; Xu, K.; Yao, Y.; Xiao, S.; Song, Q. Very sharp adiabatic bends based on an inverse design. Opt. Lett. 2018, 43, 2482–2485. [Google Scholar] [CrossRef]

	



Jensen, J.S.; Sigmund, O. Topology optimization for nano-photonics. Laser Photonics Rev. 2011, 5, 308–321. [Google Scholar] [CrossRef]

	



Lu, J.; Vuckovic, J. Nanophotonic computational design. Opt. Express 2013, 21, 13351–13367. [Google Scholar] [CrossRef]

	



Wohlfeil, B.; Zimmermann, L.; Petermann, K. Optimization of fiber grating couplers on SOI using advanced search algorithms. Opt. Lett. 2014, 39, 3201–3203. [Google Scholar] [CrossRef] [PubMed]

	



Hammond, A.M.; Camacho, R.M. Designing integrated photonic devices using artificial neural networks. Opt. Express 2019, 27, 29620–29638. [Google Scholar] [CrossRef]

	



Sapra, N.V.; Vercruysse, D.; Su, L.; Yang, K.Y.; Skarda, J.; Piggott, A.Y.; Vuckovic, J. Inverse Design and Demonstration of Broadband Grating Couplers. IEEE J. Sel. Top. Quantum Electron. 2019, 25, 1–7. [Google Scholar] [CrossRef]

	



Baets, R.; Subramanian, A.Z.; Clemmen, S.; Kuyken, B.; Bienstman, P.; Le Thomas, N.; Roelkens, G.; Van Thourhout, D.; Helin, P.; Severi, S. Silicon Photonics: Silicon nitride versus silicon-on-insulator. In Proceedings of the Optical Fiber Communication Conference, Anaheim, CA, USA, 20–22 March 2016; p. Th3J. 1. [Google Scholar]

	



Sacher, W.D.; Mikkelsen, J.C.; Huang, Y.; Mak, J.C.C.; Yong, Z.; Luo, X.; Li, Y.; Dumais, P.; Jiang, J.; Goodwill, D.; et al. Monolithically Integrated Multilayer Silicon Nitride-on-Silicon Waveguide Platforms for 3-D Photonic Circuits and Devices. Proc. IEEE 2018, 106, 2232–2245. [Google Scholar] [CrossRef]

	



Huang, Y.; Song, J.; Luo, X.; Liow, T.Y.; Lo, G.Q. CMOS compatible monolithic multi-layer Si(3)N(4)(-) on-SOI platform for low-loss high performance silicon photonics dense integration. Opt. Express 2014, 22, 21859–21865. [Google Scholar] [CrossRef] [PubMed]

	



Maire, G.; Vivien, L.; Sattler, G.; Kazmierczak, A.; Sanchez, B.; Gylfason, K.B.; Griol, A.; Marris-Morini, D.; Cassan, E.; Giannone, D.; et al. High efficiency silicon nitride surface grating couplers. Opt. Express 2008, 16, 328–333. [Google Scholar] [CrossRef] [PubMed]

	



Mak, J.C.C.; Wilmart, Q.; Olivier, S.; Menezo, S.; Poon, J.K.S. Silicon nitride-on-silicon bi-layer grating couplers designed by a global optimization method. Opt. Express 2018, 26, 13656–13665. [Google Scholar] [CrossRef] [PubMed]

	



Ong, E.W.; Fahrenkopf, N.M.; Coolbaugh, D.D. SiNx bilayer grating coupler for photonic systems. OSA Contin. 2018, 1, 13–25. [Google Scholar] [CrossRef]

	



Lu, J.; Petre, C.; Yablonovitch, E.; Conway, J. Numerical optimization of a grating coupler for the efficient excitation of surface plasmons at an Ag-SiO_2 interface. J. Opt. Soc. Am. B 2007, 24, 2268–2272. [Google Scholar] [CrossRef]

	



Ayata, M.; Fedoryshyn, Y.; Koch, U.; Leuthold, J. Compact, ultra-broadband plasmonic grating couplers. Opt. Express 2019, 27, 29719–29729. [Google Scholar] [CrossRef]

	



Hirboodvash, Z.; Khodami, M.; Fong, N.R.; Lisicka-Skrzek, E.; Olivieri, A.; Northfield, H.; Niall Tait, R.; Berini, P. Grating couplers fabricated by e-beam lithography for long-range surface plasmon waveguides embedded in a fluoropolymer. Appl. Opt. 2019, 58, 2994–3002. [Google Scholar] [CrossRef] [PubMed]

	



Messner, A.; Jud, P.A.; Winiger, J.; Heni, W.; Baeuerle, B.; Eppenberger, M.; Koch, U.; Haffner, C.; Xu, H.; Elder, D.L.; et al. High-Speed Plasmonic Modulator for Simultaneous C- and O-Band Modulation with Simplified Fabrication. In Proceedings of the Optical Fiber Communication Conference (OFC) 2020, San Diego, CA, USA, 8 March 2020; p. M1D.3. [Google Scholar]

	



Jian, J.; Xu, P.; Chen, H.; He, M.; Wu, Z.; Zhou, L.; Liu, L.; Yang, C.; Yu, S. High-efficiency hybrid amorphous silicon grating couplers for sub-micron-sized lithium niobate waveguides. Opt. Express 2018, 26, 29651–29658. [Google Scholar] [CrossRef]

	



Krasnokutska, I.; Chapman, R.J.; Tambasco, J.J.; Peruzzo, A. High coupling efficiency grating couplers on lithium niobate on insulator. Opt. Express 2019, 27, 17681–17685. [Google Scholar] [CrossRef] [PubMed]

	



Hentschel, C.; Schmidt, S. PDL Measurements using the Agilent 8169A Polarization Controller (Product note). Agil. Technol. 2002, 1–16. [Google Scholar]

	



Nyman, B.M.; Favin, D.L.; Wolter, G. Automated system for measuring polarization-dependent loss. In Proceedings of the Conference on Optical Fiber Communication, San Jose, CA, USA, 20 February 1994; p. ThK6. [Google Scholar]

	



Kopp, C.; Bernabé, S.; Bakir, B.B.; Fedeli, J.; Orobtchouk, R.; Schrank, F.; Porte, H.; Zimmermann, L.; Tekin, T. Silicon Photonic Circuits: On-CMOS Integration, Fiber Optical Coupling, and Packaging. IEEE J. Sel. Top. Quantum Electron. 2011, 17, 498–509. [Google Scholar] [CrossRef]

	



Zimmermann, L.; Schroder, H.; Tekin, T.; Bogaerts, W.; Dumon, P. g-Pack–a generic testbed package for Silicon photonics devices. In Proceedings of the 2008 5th IEEE International Conference on Group IV Photonics, Cardiff, UK, 17–19 September 2008; pp. 371–373. [Google Scholar]

	



Kopp, C.; Volpert, M.; Routin, J.; Bernabé, S.; Rossat, C.; Tournaire, M.; Hamelin, R. Merging parallel optics packaging and surface mount technologies. In Proceedings of the Photonics Packaging, Integration, and Interconnects VIII, San Jose, CA, USA, 19–24 January 2008; p. 68990Y. [Google Scholar]

	



Bernabé, S.; Kopp, C.; Lombard, L.; Fedeli, J.-M. Microelectronic-like packaging for silicon photonics: A 10 Gbps multi-chip-module optical receiver based on Ge-on-Si photodiode. In Proceedings of the 3rd Electronics System Integration Technology Conference ESTC, Berlin, Germany, 13–16 September 2010; pp. 1–5. [Google Scholar]

	



Snyder, B.; O’Brien, P. Packaging Process for Grating-Coupled Silicon Photonic Waveguides Using Angle-Polished Fibers. IEEE Trans. Compon. Packag. Manuf. Technol. 2013, 3, 954–959. [Google Scholar] [CrossRef]

	



Snyder, B.; O’Brien, P. Planar fiber packaging method for silicon photonic integrated circuits. In Proceedings of the Optical Fiber Communication Conference, Los Angeles, CA, USA, 4 – March 2012; p. OM2E. 5. [Google Scholar]

	



Li, C.; Chee, K.S.; Tao, J.; Zhang, H.; Yu, M.; Lo, G.Q. Silicon photonics packaging with lateral fiber coupling to apodized grating coupler embedded circuit. Opt. Express 2014, 22, 24235–24240. [Google Scholar] [CrossRef]

	



Carroll, L.; Lee, J.-S.; Scarcella, C.; Gradkowski, K.; Duperron, M.; Lu, H.; Zhao, Y.; Eason, C.; Morrissey, P.; Rensing, M.; et al. Photonic Packaging: Transforming Silicon Photonic Integrated Circuits into Photonic Devices. Appl. Sci. 2016, 6, 426. [Google Scholar] [CrossRef]

	



Lin, S.; Wang, D.; Khan, F.; Chen, J.; Nickel, A.; Kim, B.; Matsui, Y.; Young, B.; Kwakernaak, M.; Carey, G.; et al. Grating Coupled Laser (GCL) for Si Photonics. In Proceedings of the Optical Fiber Communication Conference (OFC) 2020, San Diego, CA, USA, 8 March 2020; p. M4H.5. [Google Scholar]

	



Kang, J.H.; Atsumi, Y.; Hayashi, Y.; Suzuki, J.; Kuno, Y.; Amemiya, T.; Nishiyama, N.; Arai, S. 50 Gbps data transmission through amorphous silicon interlayer grating couplers with metal mirrors. Appl. Phys. Express 2014, 7, 032202. [Google Scholar] [CrossRef]

	



Sodagar, M.; Pourabolghasem, R.; Eftekhar, A.A.; Adibi, A. High-efficiency and wideband interlayer grating couplers in multilayer Si/SiO2/SiN platform for 3D integration of optical functionalities. Opt. Express 2014, 22, 16767–16777. [Google Scholar] [CrossRef]

	



Vörös, J.; Ramsden, J.; Csucs, G.; Szendrő, I.; De Paul, S.; Textor, M.; Spencer, N. Optical grating coupler biosensors. Biomaterials 2002, 23, 3699–3710. [Google Scholar] [CrossRef]

	



Li, H.-Y.; Hsu, W.-C.; Liu, K.-C.; Chen, Y.-L.; Chau, L.-K.; Hsieh, S.; Hsieh, W.-H. A low cost, label-free biosensor based on a novel double-sided grating waveguide coupler with sub-surface cavities. Sens. Actuators B Chem. 2015, 206, 371–380. [Google Scholar] [CrossRef]

	



Sun, J.; Timurdogan, E.; Yaacobi, A.; Hosseini, E.S.; Watts, M.R. Large-scale nanophotonic phased array. Nature 2013, 493, 195–199. [Google Scholar] [CrossRef] [PubMed]

	



McManamon, P.F.; Bos, P.J.; Escuti, M.J.; Heikenfeld, J.; Serati, S.; Xie, H.; Watson, E.A. A Review of Phased Array Steering for Narrow-Band Electrooptical Systems. Proc. IEEE 2009, 97, 1078–1096. [Google Scholar] [CrossRef]

	



Heck, M.J.R. Highly integrated optical phased arrays: Photonic integrated circuits for optical beam shaping and beam steering. Nanophotonics 2017, 6, 93–107. [Google Scholar] [CrossRef]








[image: Micromachines 11 00666 g001 550] 





Figure 1. Schematic structure for a 1D grating coupler (GC) with linear waveguide taper and key parameters: period   Λ  , fiber tilt angle θ, varying taper width W and taper angle     θ  t a p e r     . 
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Figure 2. (a) Loss channels in input and output coupling; (b) wave-vector diagram for fiber-to-chip coupling; and (c) wave-vector diagram for chip-to-fiber perfectly vertical coupling. 
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Figure 3. (a) Schematic of planar waveguide grating; and (b) Illustration of a subwavelength grating coupler (SWGC) (inset: its 2D equivalent index model). 
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Figure 4. Schematic diagram of a focusing GC with curved grating lines. 
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Figure 5. Additional fabrication techniques to enhance GC directionality: (a) GC with poly-silicon overlay; (b) GC with metal reflector, fabricated by flip-chip and benzo-cyclobutene-bond; (c) GC with distributed Bragg reflector; and (d) GC with silicon grating reflector on silicon-nitride-on-silicon platform. 
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Figure 6. Structural innovations on GC: (a) apodized GC with varied duty cycle     f n     or period     Λ n     for different grating teeth; (b) theoretical calculation of normalized output power distribution (solid) and coupling strength (dashed) for ideally (red) and linearly (blue) apodized GCs. (c) GC with double etch steps; and (d) slanted GC (upper) and dual-layer GC (lower). 
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Figure 7. GCs with polarization diversity: (a) 1D polarization splitting grating coupler (PSGC) with traverse electric (TE)/ traverse magnetic (TM) polarizations coupled to TE0/TM0 waveguide modes in contrary directions; (b) wave-vector diagram for 1D PSGC; (c) 2D PSGC with TE/TM polarizations coupled to TE0 waveguide modes in orthogonal directions; and (d) thick silicon-on-insulator GC for polarization-insensitive coupling. 
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Figure 8. Dual-wavelength-band GCs: (a) two bands coupled to orthogonal waveguides; (b) two bands coupled to opposite waveguides; (c) wave-vector diagram for 1D dual-wavelength-band GC; and (d) 2D PSGC that supports dual wavelength bands. 
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Figure 9. (a) Multi-core fiber (MCF) multiplexer based on multiple GCs [105]; (b) Few-mode-fiber mode multiplexer based on multiple GCs [114]; and (c) FMF mode multiplexer based on single GC [118]. 
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Figure 10. (a) Dual-layer SiN-on-SiN GC; and (b) metal GC that excites surface plasmons. 
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Figure 11. Lateral coupling by angle polished fiber. 
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Table 1. Comparison between some grating couplers (GCs) with features reviewed in Section 3.






Table 1. Comparison between some grating couplers (GCs) with features reviewed in Section 3.





	Ref.
	Section
	Features Description
	Peak CE (dB)
	BW

(nm, Exp.1)
	Comments





	[43]
	3.1.1
	SOI GC with overlay
	Sim.1: −1.0

Exp.1: −1.6
	44 (1 dB)
	Polysilicon overlay enhances the upwards directionality for GCs.



	[44]
	3.1.2
	SOI GC with Au bottom reflector
	Sim.: −1.1

Exp.: −1.6
	45 (1 dB)
	Metal reflector enhances directionality by “recycling” substrate leakage, but requires complex fabrication processes.



	[45]
	3.1.2
	SiN GC with DBR reflector
	Sim.: −2.3

Exp.: −2.5
	53 (1 dB)
	DBR is another type of reflector that deposited layer by layer, compatible with SiN fabrication process. Reflectivity restricted by the number of layers.



	[46]
	3.1.2
	SiN GC with SOI grating reflector
	Sim.: −1.0

Exp.: −1.3
	80 (1 dB)
	SOI grating can also be an efficient bottom reflector, it is compatible with SiN multilayer integration.



	[47]
	3.2.1
	SOI GC, duty-cycle apodized
	Exp.: −3.1
	41 (1 dB)
	The diffraction field profile of apodized GC has a good overlap with fiber mode, which enhances CE without additional processes.



	[34]
	3.2.1
	SOI SWGC, effective index apodized
	Sim.: −2.0

Exp.: −2.2
	64 (3 dB)
	Apart from duty-cycle and period, SWG effective index can also be apodized for SWGC.



	[48]
	3.2.2
	SOI SWGC, dual-etch
	Sim.: −1.1

Exp.: −1.3
	52 (3 dB)
	Multiple etch depths is another option to enhance directionality without introducing overlay or reflector.



	[49]
	3.2.2
	Slanted GC
	Sim.: −1.9

Exp.: −3.4
	80 (3 dB)
	Slanted GC is one option to enhance directionality, but fabrication requires FIB, and results differs from simulation.







1 Sim. refers to simulation results, Exp. refers to experimental results.
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Table 2. Comparison of polarization diversity in GCs reviewed in Section 4.1.
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	Ref.
	Year
	Feature Description
	Peak CE

(dB, Sim.)
	Peak CE

(dB, Exp.)
	PDL (dB, Exp.)
	Operation Band





	[72]
	2009
	1D PSGC
	−3
	/
	/
	C



	[53]
	2013
	1D PSGC with Al bottom reflector
	−1.1
	−2.4
	/
	C



	[73]
	2003
	2D PSGC first proposal
	/
	−7
	/
	C



	[74]
	2014
	2D PSGC on double-SOI substrate
	/
	−2
	/
	S



	[27]
	2015
	Perfectly vertical 2D four-port PSGC, bi-direction propagation
	/
	−4.8
	/
	C



	[54]
	2018
	2D PSGC with gold bottom reflector
	−1.4
	−1.8
	1
	C



	[67]
	2019
	Dual-etch 2D PSGC
	−2.4
	−2.6
	0.8
	C



	[75]
	2015
	Four-port fully-etched 2D PSGC with unique grating cell
	−5.8
	−6
	0.2
	C



	[76]
	2016
	2D PSGC with unique grating cell
	−4
	−4.4
	0.25
	C



	[77]
	2018
	2D PSGC with unique grating cell
	−3.4
	−4.2
	0.2
	C



	[78]
	2020
	2D PSGC with unique grating cell and gold bottom reflector
	−1.7
	−2.4
	0.2
	O



	[79]
	2010
	T-shaped polarization-insensitive GC
	−2.4
	/
	/
	C



	[80,81]
	2011&

2014
	Polarization-insensitive SWGC on 340 nm SOI with DBR reflector
	−2.5
	TM: −3.2

TE: −4.3
	1.1
	C



	[82]
	2012
	Polarization-insensitive GC on 1.5 μm SOI, 0.75 μm-thick waveguide
	−2.8
	/
	/
	C



	[83]
	2016
	Non-uniform GC by union/intersection of TE/TM GC
	TE: −6.9

TM: −7.1
	TE: −7.9

TM: −7.4
	0.5
	C
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Table 3. Comparison of dual-wavelength-band GCs reviewed in Section 4.2.2.
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	Ref.
	Year
	Feature Description
	Peak Wavelength (nm)
	Peak CE (dB, Sim.)
	Peak CE

(dB, Exp.)





	[99]
	2007
	Coupling to contrary directions, with overlay
	1310

1490
	−2.6

−2.5
	/



	[98]
	2011
	Coupling to orthogonal directions, like 2D PSGCs
	1480

1530
	/
	−6.5

−6



	[84]
	2013
	2D PSGC for both bands, O/C-band couple to TM/TE waveguide modes
	1300 (to TM mode)

1550 (to TE mode)
	/
	−8.2 (to TM mode)

−7.1 (to TE mode)



	[100]
	2018
	Shallow etched SiN GC
	1290

1550
	−4

−4.7
	−8.2

−7.3



	[101]
	2018
	SWGC on suspended-membrane waveguide
	1486

1594
	−3.3

−3.7
	−7.4

−7.0



	[102]
	2019
	SWGC on suspended-membrane waveguide
	1560

2255
	−3.4

−1.7
	−6.9

−5.9
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