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Abstract

:

Compact photonic devices that integrate metasurfaces with light sources have been widely studied. However, experimental demonstrations of a higher efficiency of integration are still lacking. To enhance the efficiency of light sources integrated with metasurfaces, we employed a forward design optimization method and index matching between the light source and metasurface substrate to design metagratings. To optimize the overall diffraction efficiency, we manipulated the degrees of freedom in phase, the lattice constants, and the number of unit cells. The same material was utilized for the nanostructures and substrate (homo-metagrating) for index matching, while Si and GaAs materials were used for working at 1550 and 940 nm, respectively. The experimental homo-metagratings operating at 1550 nm and made of Si exhibited an overall average efficiency of 51.3% at diffraction angles of 60.3°. On the other hand, experimental homo-metagratings operating at 940 nm and made of GaAs exhibited an overall average efficiency of 52.4% at diffraction angles of 49.3°. This suggests that the future integration of metagratings with a polarization-specific laser can further enhance the overall diffraction efficiency.
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1. Introduction


In recent years, the use of metasurfaces as novel optical elements has been extensively discussed [1,2,3,4]. Metasurfaces, being artificial layers, alter the amplitude and phase of incident light, thereby enabling the manipulation of diffraction light to achieve desired functionalities and applications, including in optical vortex generators [5], achromatic lenses [6,7], monolithic spiral metalenses [8], polarization converters [9], Janus metasurfaces [10,11], meta-holograms [12], hyperspectral imaging [13], and facial depth sensing [14]. Due to their lighter weight and smaller volume compared to traditional optical components, metasurfaces have shown the potential to replace conventional optical elements [15]. However, efficiency is a critical issue in these demonstrations, as the efficiency of metasurfaces can serve as an important performance metric for these components.



Numerous studies have been devoted to improving diffraction efficiency. For instance, some researchers utilized isophase streamline optimization methods to design silicon complementary metal–oxide–semiconductor (CMOS) compatible metagratings with nearly 100% diffraction efficiency [16]. Additionally, one study achieved up to 90% diffraction efficiency in the visible light spectrum using kissing-dimer metagratings [17]. Furthermore, another study employed high-refractive-index silicon as the metasurface material, achieving a diffraction efficiency of 71% at a working wavelength of 532 nm [18]. Additionally, topology optimization techniques can be used to design metasurfaces with high diffraction efficiency [19]. However, all of these advancements fall within the realm of hetero-metasurfaces. Considering their integration with light sources, employing homogeneous metasurface interfaces with refractive indices similar to those of the light sources can effectively resolve impedance matching issues between the light source and the metasurface substrate.



Therefore, studies have addressed this issue by integrating GaAs metasurfaces with vertical-cavity surface-emitting lasers (VCSELs) to reduce light loss [20,21,22], achieving an overall efficiency of 40.8% at a diffraction angle of 30° [23]. Considering the materials of the light source (GaAs and InP), we propose utilizing GaAs and crystalline silicon as the materials for metagratings [24]. All the Si materials described hereafter are c-Si. These materials were chosen due to their refractive indices, closely matching those of the source materials. The metagratings are specifically designed for application at wavelengths of 940 nm and 1550 nm, aiming to boost their overall diffraction efficiency. The reason why we are not using InP material is due to the limitations of our fabrication technology. Additionally, since the cost is relatively lower and the fabrication technologies are more mature for Si than for InP, we opted for Si as the material for the metasurface. Discussing high efficiency naturally leads to concerns about potential safety hazards to human eyes. The 1550 nm wavelength offers a significantly higher maximum permissible exposure (MPE) limit compared to 905 nm, approximately one million times greater [25]. In atmospheric conditions, light at 1550 nm experiences less scattering and attenuation compared to that at 905 nm. When light at a wavelength of 1550 nm propagates through the atmosphere, it experiences less interference from ambient light than does that at 905 nm. In the context of humid weather conditions, wavelengths of 1550 nm and 905 nm lie within atmospheric windows where water vapor absorption is comparatively low [26]. This characteristic suggests that light at 1550 nm offers advantages for long-distance transmission applications. Therefore, after completing the homo-metagratings for GaAs, we designed Si homo-metagratings based on the refractive index of the 1550 nm photonic crystal surface-emitting laser (PCSEL) material InP. In commercial applications, Luminar has developed an automotive LiDAR system that utilizes 1550 nm lasers. This system is capable of detecting objects up to 300 m away at night, while ensuring safety for human eyes.



In this paper, we enhance the overall diffraction efficiency of Si and GaAs metagratings through a simple forward design method and by optimizing the degree of freedom (DOF) for the phase. The optical setup for the efficiency measurement of metagratings is illustrated in Figure 1a. In practical measurements, semiconductor lasers are used as the light source for metagratings. The types of lasers can include Fabry–Pérot (FP) lasers, distributed feedback (DFB) lasers, vertical-cavity surface-emitting lasers (VCSELs), and photonic crystal surface-emitting lasers (PCSELs). Two linear polarizers are optimized to generate and analyze the laser’s polarization state (TM or TE) considering the diffraction plane. The definition of polarization is depicted in Figure 1b. When light is incident along the z-axis onto the metagratings, the y–z plane is defined as the diffraction plane. Therefore, the TM and TE polarized light states are defined as the polarization states of light where the electric fields are perpendicular and parallel to the diffraction plane, respectively. The metagrating consists of unit cells arranged in a hexagonal lattice along the y-axis, where each meta-atom can also be referred to as a unit cell.




2. Design of Si Metagrating


To verify the transmittance and phase coverage of the unit cells, we utilized the RETICOLO package [27] to calculate the transmittance and phase coverage for nanopillars with various geometric parameters. Both the simulated nanopillars and the substrate were Si. Figure 2a illustrates a square nanopillar (unit cell) with a fixed height of 900 nm, showing the function of its width variation at a working wavelength of 1550 nm. The lattice constant of the unit cell was 595 nm. In our simulated unit cells, the lattice constant was not limited to 595 nm but ranged from 500 to 690 nanometers. Considering the limitations of sample fabrication, we simulated a set of Si unit cells with widths from 113 nm (for which the aspect ratio of the nanopillars’ width to their height is 8) to 495 nm (the lattice constant of the unit cell minus 100 nm) to analyze their transmittance and phase coverage. When the phase coverage of the unit cells exceeds 2π, phase shifting can be utilized to find nanopillars of different widths (degree of freedom for the phase) that maintain the same phase.



Figure 2b illustrates the optimization of the diffraction efficiency (Tm) with the DOF for the phase, ranging from 0 to 60°. The diffraction efficiency is most often defined in simulations as the light power ratio between the ideal order of beam deflection and that in the substrate [24]. We can see that the efficiency changes with different DOFs. The ideal phase distribution of the metagratings accompanying the DOF is defined as


   Φ  d e f l e c t o r   ( x ) =   2 π  λ  x sin θ + δ ,  



(1)




where δ is a constant relative to the position, which can be any value and can be considered as the degree of freedom for the phase. The diffraction angle (θ) is defined as


  θ =   sin   − 1      λ Λ    =   sin   − 1      λ  N × U ×  n t       



(2)







Here, U is the lattice constant (unit cell size) of the meta-atom and N refers to the number of cells arranged along the diffraction angle direction, appearing in a hexagonal lattice arrangement. In our previous article, we compared the diffraction efficiency of metagratings arranged in hexagonal and square lattice configurations [24]. We chose to focus on the hexagonal lattice arrangement for the meta-atoms because our simulations showed that it generally provided higher diffraction efficiency compared to the conventional square lattice for most cases [24]. However, we did observe a few instances where the square lattice showed higher efficiency. The choice of lattice ultimately depends on the specific design requirements and optimization goals of the metagrating application. U denotes the lattice constant of the unit cell, while nt is the refractive index of the medium through which light propagates after traversing the metasurface. The inset of Figure 2b shows a supercell, with its periodicity defined as Λ = N × U. In the example in Figure 2b, the number of unit cells (N) within a supercell is 3, the lattice constant is 595 nm, and the corresponding diffraction angle is 60.3°. This approach provides the ability to find the efficiency range and maximum efficiency for TE, TM, and their average, as shown in Figure 2c. For example, we selected a DOF of the phase of 42° for the highest average efficiency. Additionally, the widths of the nanopillars within the metagratings were 207, 258, 294, 327, 358, and 408 nm.




3. Fabrication of Metagratings


3.1. Fabrication Process of Si Metagratings Operating at a Wavelength of 1550 nm


Following the simulation methods outlined in Section 2, we fabricated four different Si metagratings with varying diffraction angles using a top-down approach. The diffraction angles for these Si metagratings ranged from 19.0° to 60.3°.



The fabrication process for Si metagrating is depicted in Figure 3a. Initially, a 100 nm thick layer of SiO2 was deposited on a 725 µm thick Si substrate using plasma-enhanced chemical vapor deposition (PECVD, 100PECVD cassette system, Oxford Instrument). This served as a hard mask for subsequent Si etching. A negative electron beam resist (ma-N 2403, Micro Resist Technology) was then applied using a spin coater. An electron beam lithography system (VOYAGER, Raith) was then utilized to define metagrating patterns within a 500 µm × 500 µm area. The SiO2 layer was then etched using reactive ion etching (Lam2300, Lam Research) to transfer the metagrating pattern from the negative electron beam resist to the hard mask layer. Acetone was subsequently used to remove any remaining electron beam resist. The Si substrate was then etched using a plasma enriched with HBr and Cl2 precursors. Finally, the SiO2 layer was removed using buffered oxide etchant (BOE), and Cr apertures, 300 nm thick, were created using a lift-off process with a double-sided mask aligner (AG1000, M&R Nano Technology) and a high-vacuum thermal evaporator (TH-400, Lj-Uhv Technology). The Cr apertures were created to confine the region of interaction between the light and the metagrating, thereby measuring the efficiency.



We employed scanning electron microscopy (SEM, SU8010, Hitachi) to obtain images of Si metagrating. The side view presented in Figure 3b reveals an image containing a Si supercell, demonstrating that the unit cells were successfully etched to form nanostructures. Figure 3c presents a SEM side view of a Si metagrating. It depicts a Si nanopillar with a height of approximately 931 nm. This height aligns with our design specifications for Si metagratings.




3.2. Fabrication Process of GaAs Metagratings Operating at a Wavelength of 940 nm


Based on our previous design and simulation of a GaAs-based metasurface operating at 940 nm capable of integration with GaAs-based VCSELs and PCSELs [24], we also produced four different homo-metagratings with varying diffraction angles using a top-down approach. The designed diffraction angles ranged from 19.7° to 49.3°.



Figure 4a illustrates the fabrication process of the GaAs samples. Initially, we deposited a 100 nm thick Si3N4 layer using plasma-enhanced chemical vapor deposition (PECVD) with a Plasmalab80Plus (Oxford Instrument) as a hard mask for etching GaAs. Next, to prepare for lithography, a negative electron beam resist (ma-N 2403, Micro Resist Technology) was applied using a spin coater. We then defined the metagrating patterns over an area of 500 µm × 500 µm using electron beam lithography (VOYAGER, Raith). Following this, the Si3N4 layer was etched using inductively coupled plasma (Plasmalab System 100, Oxford Instrument), after which the resist was removed with acetone. Subsequently, by utilizing Ar and SiCl4 as precursors in a plasma etching process, GaAs nanopillars were formed. Finally, we used buffered oxide etchant (BOE) to remove any residual unetched Si3N4 layer. To standardize the measurement of the diffraction efficiency, we fabricated apertures measuring 500 µm × 500 µm. This ensured that the power of incident light remained constant across each metagrating. To this end, we applied a layer of photoresist (AZ-P4620, AZ Electronic Materials) using a spin coater. Subsequently, the positive photoresist was exposed using a double-sided mask aligner (AG1000, M&R Nano Technology). Finally, a 300 nm thick layer of Cr was deposited using a high-vacuum thermal evaporator (TH-400, Lj-Uhv Technology). This was followed by a lift-off process to fabricate the apertures. The Cr apertures were deposited for the efficiency measurement.



We captured images of one GaAs metagrating using a scanning electron microscope (SEM, S-4700I, Hitachi), as shown in Figure 4b,c. Figure 4c shows that the height of the GaAs nanopillars was about 857 nm, which conformed to our design specifications for GaAs metagrating. The narrower tops of the nanopillars are due to the more severe lateral etching of GaAs at the beginning of the etching process.





4. Efficiency Measurements


4.1. Measurement Setup and Results for Si Metagrating


The Si metagratings are capable of integration with VCSELs and DFB lasers as the light source for a 1550 nm wavelength. Due to the facilitation of efficiency measurements by a higher laser power and the absence of commercial PCSELs for a 1550 nm wavelength, we opted to use DFB lasers as our measurement light source. Compared to commercial PCSELs, DFB lasers have a larger divergence angle, necessitating the addition of a collimator between the laser and metasurfaces to collimate the light beam for subsequent measurements. The current injected into the DFB laser was 300 mA. Figure 5a shows a photograph captured from a 0° angle, illustrating the path of a light beam. This beam traversed a collimator (LTN330-C, Thorlabs), the Si substrate, and a metal aperture located on the substrate. It was then projected onto a far-field screen situated z = 10 cm away. Following this, the laser light was steered onto various Si metagratings by adjusting a three-axis stage. As shown in Figure 5b, rotating a half-wave plate (WPH10E-1550, Thorlabs) allowed the laser light to impinge on the metagratings with maximum power, while two linear polarizers (LP) were placed to ensure the polarization state of the light beam. The measurements and simulation data for the Si metagratings, which were 900 nm in height and arranged in a hexagonal lattice, are shown in Figure 5c–e. Compared to the lattice constants of GaAs metagratings ranging from 300 nm to 400 nm, we simulated a larger lattice range from 500 nm to 690 nm with a more extensive set of unit cell numbers (N) from three to eight to optimize the diffraction efficiency of Si metagratings with diffraction angles ranging from 19.0° to 79.7°. The efficiency most commonly examined in measurement is either the absolute efficiency or the relative efficiency. Considering the differences between the simulated efficiency and measured efficiency, we utilized the diffraction efficiency (Tm) for the comparison of efficiencies. The conversion between measured and simulated diffraction efficiencies is explained in our previous article [24]. In Figure 5c, the cyan dots represent the TM polarization diffraction efficiency measured through the optical setup shown in Figure 5b. The dark amber dots in Figure 5d represent the TE polarization measurement efficiency. Finally, Figure 5e shows the average of the TM and TE polarizations, with red dots indicating the average values measured at the same diffraction angle. At a diffraction angle of 60.3°, the Si metasurfaces still exhibited a diffraction efficiency of 51.3%.



From Figure 5c–e, it can be observed that the simulation data represent the intrinsic diffraction efficiency of the metasurface itself. In the experiments, the measured diffraction efficiency, when multiplied by 1.44 (representing the impedance matching from air to the metasurface substrate), matches the previously mentioned diffraction efficiency (Tm) of the metasurface. When simulating metagratings, the simulated incident light originates from the substrate material. However, in actual measurements, the laser light first passes through the air before reaching the substrate. Therefore, if we only measure the power of the laser incident on the air as the total power reference, this does not align with the conditions of the incident light in our simulations. To maintain consistency with the conditions used in our metagrating simulations, we adjusted the measured diffracted light power by multiplying it by 1.44 to meet the simulation conditions.



To account for laser power reduction due to refractive index mismatch on a substrate, the transmittance Tij of laser light from air to a silicon substrate at 1550 nm, where the refractive index of air is 1.00 and that of silicon is 3.48, is calculated as follows:


   T  i j   =   4  n i   n j      (  n i  +  n j  )  2     



(3)







The transmittance of the light is T12 = 69.4%. Taking the reciprocal of 69.4% yields 1.44. The refractive index of GaAs at a working wavelength of 940 nm is 3.51. The transmittance of light (T12) from air to the substrate, after the laser passes through the substrate, is 69.1%. Therefore, when measuring the power of the laser light incident from air to the superlattice interface, it also needs to be multiplied by 1.44 to compensate for the impedance matching between air and the GaAs substrate.



In the design of the metagrating, the diffraction angles were adjusted by modifying the lattice constant (U) and the number of unit cells (N) in the metagrating. Subsequently, the DOF of the phase was utilized to optimize the diffraction efficiency at these angles. When the metagrating was specifically designed for a certain diffraction angle, a noticeable discrepancy between the measured and simulated diffraction efficiencies was observed. The lower measured efficiency compared to the simulated efficiency is likely caused by slight inaccuracies in the height of our Si metagrating samples.




4.2. Measurement Setup and Results for GaAs Metagrating


In the practical measurements, a commercial PCSEL (L13395-04, Hamamatsu) was used as the light source for a 940 nm wavelength. Figure 6a depicts a scenario where, initially, a beam from the PCSEL passes through a GaAs substrate and the apertures on it. The current injected into the PCSEL was 300 mA. The beam was projected onto a far-field screen located at a distance of   z = 10   cm. Subsequently, by directing the PCSEL onto different GaAs samples using a three-axis stage, we achieved varying diffraction angles. GaAs metagratings were designed for diffraction at 19.7°, 30.4°, 37.3°, and 49.3°. The polarization state of both the incident and diffracted light was controlled by adjusting two linear polarizers (LP, LPNIR100-MP2, Thorlabs). One polarizer was placed between the light source and the GaAs metagratings, tasked with generating either TE or TM polarized light. The other polarizer functioned as an analyzer, specifically designed to assess the polarization state of the diffracted light. The diffraction efficiency was measured based on the power recorded by a power meter (PM100D, S120C, Thorlabs) after the laser passed through the polarizer, the GaAs substrate, and the apertures, as shown in Figure 6b.



Measurements and simulation data for the metagratings with a height of 800 nm are presented in Figure 6c–e. The simulated data points were already presented in our previous article. The simulated data in Figure 6c indicate that it is possible to select a metagrating with a higher diffraction efficiency for fabrication when the diffraction angles are similar (gray area). Moreover, the metagratings achieved a higher diffraction efficiency when the lattice constant was 310 nm. This is attributed to the increase in the average transmittance through the unit cell and the expansion of the phase optimization range. In the experiments, the measured diffraction efficiency, when multiplied by 1.44 (representing the impedance matching from the air to the GaAs metasurface substrate), equated to the diffraction efficiency of the metasurface (Tm). In Figure 6c, the blue dots represent the overall diffraction efficiency for TM polarization of our simulated metagratings arranged in a hexagonal lattice. The cyan dots represent the overall efficiency for TM polarization measured for the light after passing through two linear polarizers and the metasurfaces, with refractive index matching from the air to the substrate considered. In Figure 6d, the amber dots represent the simulated overall diffraction efficiency for TE polarization, while the dark amber dots are the efficiencies measured through experiments. We simulated a metagrating with a square lattice arrangement, and the highest average diffraction efficiency is presented in Figure 6e. The red dots represent the overall average efficiency measured. At a diffraction angle of approximately 30° for the metagrating, we measured an average overall diffraction efficiency of 70.3%, which is about 1.6 times higher than the efficiency reported in the literature [23]. It was observed that the larger the diffraction angle, the greater the deviation of the actual efficiency from our simulations. As the diffraction angle decreases, so does the order of the phase. This means that distortion in a single unit cell can reduce the metasurface’s ability to manipulate light. Additionally, distortions in the top patterns of our nanopillars and slight inaccuracies in the height of our metagrating samples led to a decrease in the measured diffraction efficiency.





5. Discussion and Conclusions


We assessed the disparities between the simulated and actual measured efficiencies of homogeneous metasurface gratings made from GaAs and Si. The data in Figure 5e indicate that the actual measured efficiency of the Si metagratings closely aligns with the simulated diffraction efficiency. However, Figure 6e reveals a significant divergence between the simulated and actual measured efficiencies for GaAs. This discrepancy primarily stems from slight etching on the sidewalls at the top of the GaAs nanopillars, as illustrated in Figure 4c. Such structural variations cause deviations from the original design of the actual nanopillars, consequently diminishing the measured efficiency.



In summary, we focused on the simulation of high-efficiency Si metagratings, with an emphasis on maximizing the overall efficiency while ensuring eye safety. By maintaining the degree of freedom for the phase (δ), the number of unit cells (N), and the lattice constant (U) of the unit cell, we were able to optimize the metagrating to enhance performance. Furthermore, we fabricated metagratings using Si and GaAs, validating the effectiveness of our design approach.



Specifically, the Si metagrating demonstrated an overall diffraction efficiency of 51.3% at a diffraction angle of 60.3°. Similarly, the GaAs metagrating we developed achieved an impressive overall average efficiency of 65.5% at a diffraction angle of 30°. This performance is 1.6 times higher than that reported in the literature, marking a significant advancement in the field [23]. This also showcases the potential of our design method.



Our selection process for the metagratings focused on those with the highest average efficiency. However, should we opt to specifically choose patterns demonstrating the highest efficiency for TM and TE polarizations, it stands to reason that we could achieve a further enhancement in efficiency.



It is important to note that both types of metagrating, designed with a propagation phase, exhibited a higher diffraction efficiency of TM polarization. This finding suggests that further improvements in the overall efficiency can be achieved by controlling the polarization direction of light. Such technological advancements are anticipated to enhance the energy efficiency and extend the transmission distance of light sources, offering substantial potential for applications in LiDAR [28,29], VR [30,31], and depth sensing [14]. This research not only paves the way for the development of more efficient and safer optical devices but also opens new avenues for innovation in photonic technologies.
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Figure 1. (a) The schematic shows the measurement setup using metasurfaces and a laser to measure diffraction efficiency. (b) The schematic illustrates the definition of polarization relative to the diffraction plane (y–z plane). 
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Figure 2. (a) Calculated transmission and phase coverage for square Si nanopillars as a function of their width, operating at a wavelength of 1550 nm. The inset represents a nanopillar in hexagonal arrangement. (b) Simulated diffraction efficiency (for TM mode, TE mode, and their average) at a deflection angle of 60.3° versus different DOFs of the overall add-on phase. (c) Diffraction efficiency range of Si metagratings in TM mode, TE mode, and average mode with a diffraction angle of 60.26°. 
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Figure 3. (a) Fabrication flow of Si metagratings. (b) Side-view SEM image of fabricated Si-based metagratings. (c) Close-up SEM image of the sample. 
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Figure 4. (a) Fabrication process of GaAs metagratings. (b) Side-view SEM images of GaAs fabricated metagratings. (c) Close-up SEM image of the sample. 






Figure 4. (a) Fabrication process of GaAs metagratings. (b) Side-view SEM images of GaAs fabricated metagratings. (c) Close-up SEM image of the sample.



[image: Photonics 11 00392 g004]







[image: Photonics 11 00392 g005] 





Figure 5. Experiment results for the Si metagratings. (a) Measured beam spots projected onto a far-field screen at z = 10 cm from the metasurface samples. The diffraction angles of the samples demonstrate their design in the range from 19.0° to 60.3°. (b) Side-view photography of the optical setup. Overall efficiency results of the simulations and measurements in (c) TM mode and (d) TE mode, and (e) the average efficiency for Si metasurfaces. 
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Figure 6. Experiment results for the GaAs metagratings. (a) Measured beam spots projected onto a far-field screen at z = 10 cm from metasurface samples. The diffraction angles of the samples demonstrate their design in the range from 19.7° to 49.3°. (b) Side-view photography of the optical setup. Overall efficiency results of the simulations and measurements in (c) TM mode and (d) TE mode and (e) the average efficiency for GaAs metasurfaces. 
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