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Abstract

:

Unrestricted manipulations on terahertz (THz) waves are highly desired in integration-optics, but THz devices based on conventional materials are usually bulky in size. Although all-silicon metasurfaces have exhibited great capabilities in manipulating THz waves, most of them are less efficient and have limited functionalities. In this work, we first design a silicon meta-atom structure consisting of a high-aspect-ratio (AR) micro-pillar that exhibits nearly perfect transmission and large transmission phase of THz wave, and systemically study how the fabrication quality (e.g., steepness of the sidewall and the vertical thickness distribution) may influence the final performance of a functional metasurface constructed with such meta-atoms. After experimentally examining how two working phases in the deep-reactive-ion-etch technology (i.e., the etch and passivation phases) influence the quality of the fabricated meta-devices, we develop an optimized Bosch process to realize high-AR (~20:1) all-silicon metasurfaces by balancing two working phases. We finally design/fabricate a high-AR silicon metasurface and experimentally demonstrate that it behaves as a high-efficiency half-wave-plate for THz waves in transmission geometry. Our results pave the avenue to realize ultra-compact THz meta-devices with high performance in transmission geometry, which is highly desirable for THz applications.






Keywords:


transmissive metasurface; Bosch process; terahertz; polarization control; high aspect-ratio












1. Introduction


The arbitrary control on a terahertz (THz) wave is highly desired due to tremendous application demands, such as biological sensing, security, information communications, etc. However, traditional THz devices usually suffer from issues such as low working efficiency, bulky sizes, limited wave-control functionalities and difficulties for optics integration. The inherent reasons are due to the weak interactions between THz waves and their weak interaction with naturally existing materials, which exhibit limited variation range in permittivity and permeability.



Metasurfaces, 2D metamaterials constructed from planar subwavelength units (e.g., meta-atoms) with pre-designed electromagnetic (EM) responses globally arranged in certain sequences, have attracted immense research interest due to their strong capabilities in manipulate EM waves at different wavelength ranges. Many fascinating wave-manipulation effects have been demonstrated with metasurfaces exhibiting certain phase distributions [1,2], such as anomalous deflection [3], conversion from propagating waves to surface waves [4], meta-holograms [5,6], meta-lens imaging [7,8,9], polarization manipulation [10,11,12] and many others [13,14,15,16,17,18,19,20]. Metasurfaces were also proposed as ultra-thin and efficient THz devices, such as wave-plates [21], meta-lenses [13,22], beam deflectors [23], THz special beam generators [24,25] and so on [26]. However, THz meta-devices made from metals are usually of limited working efficiencies due to inevitable metallic losses. To overcome such an issue, researchers proposed to use low-loss dielectric materials to construct metasurfaces, and realized many high-efficiency meta-devices in different frequency regimes [7,8,14,15,27]. Some high-efficiency polarization controls of propagation wave, plane waves and guided waves [10,11,12] have been achieved with all-dielectric metasurfaces. At THz frequencies, silicon has been considered as an ideal material to construct meta-devices, thanks to its low-loss properties and mature COMS fabrication technology.



Through reviewing the performances of silicon meta-surfaces realized so far in the THz regime [17,24,28,29,30,31,32,33,34,35,36,37,38], most of them still suffer from the issues of low working efficiency and narrow working bandwidth, especially for transmissive meta-devices. The inherent reasons are that the adopted meta-atoms are usually not well designed since an optimized design is difficult to realize due to restrictions on sample fabrication. As discussed in our recent work [39], in order to realize the desired wave-front manipulation on THz waves, each meta-atom should exhibit a wave-range of phase modulation and a high transmission efficiency simultaneously, which requires that the constitutional silicon meta-atom should possess a high aspect-ratio (AR) and a good fabrication quality. Unfortunately, making such high-quality silicon meta-structures is challenging with current fabrication technologies.



Here, we develop a fabrication technology to realize high-performance silicon meta-devices for controlling THz waves with diversified functionalities. We first design a silicon meta-atom consisting of a high-AR micro-pillar (see Figure 1a), and then systematically study how the fabrication quality can affect the final performance of a meta-device constructed from such meta-atoms. We next examine how two crucial steps in deep-reactive-ion-etch (DRIE) technology [40,41,42] (i.e., the etch phase and the passivation phase) influence the quality of the fabricated structure, based on which we develop an optimized Bosch process to fabricate silicon meta-devices with the best qualities by balancing the two working phases. Finally, we employ the developed Bosch process to fabricate a silicon THz meta-device with an AR of 12:1, and experimentally characterize its polarization-control performance.




2. Design of the Transmissive Silicon Meta-Atom


We start by presenting how to design the transmissive THz silicon meta-atom exhibiting high transmittance, a high polarization conversion ratio and a transmission phase covering a sufficiently large range, which can be the basic element to construct performant metasurfaces with different functionalities [17,24,28,29,30,31,32,33,34,35,36,37,38]. Although silicon structures using Mie resonances can manipulate the transmission amplitude and phase [43,44,45,46], it is very difficult to achieve these requirements simultaneously with low-AR silicon design. As demonstrated in our recent work [39], though the silicon pillar structure with high AR can well achieve the above-mentioned demand, it is impossible to fabricate it in free-standing geometry. In practice, the micro-pillar should be deposited or etched on a substrate, and the presence of a substrate will dramatically modify the performance of the free-standing meta-atoms design. To clarify this point, we perform a full-wave simulation to demonstrate the polarization conversion effect of free-standing meta-atoms and the micro-pillar with a substrate, which are arranged in a square lattice with a periodicity of 157 μm (with following geometrical parameters:   H = 400  ,   h = 30  ,     d   1   =   d   2   = 132  ,     w   1   = 33  ,     w   2   = 50 ,       d   3   = 62 ,   all in units of μm). Here, we take the meta-half-wave-plate (MHWP) design as an example. As shown in Figure 1b, the metasurface composed of the free-standing micro-pillars can function well as a half-wave-plate (HWP) with a polarization conversion ratio (PCR) (PCR=            t   x x   −   t   y y         2    /  4    , where     t   x x     and     t   y y     denote the complex transmission coefficients for the x- and y-polarized waves) near to 1 at a working frequency of 0.65 THz, where all the input power of the incident right circular polarized (RCP) THz wave can be fully converted into the left circular polarized (LCP) component. Actually, the presence of the substrate largely modifies the PCR performance of the ideal free-standing MHWP, as illustrated by the blue line in Figure 1b, which was associated with the additional reflection induced by the impedance mismatch at the interface of the substrate and air. To compensate such an effect, the carefully designed silicon micro-resonators are added to another side of the substrate as an anti-reflection layer, which can efficiently reduce the reflections induced by the substrate. Consequently, as shown in Figure 1a, our proposed meta-atom consists of three silicon layers, including a 400 μm high micro-pillar with a rectangular cross-section, a 62 μm thick continuous substrate and a 30 μm high micro-resonator with optimized dimensions to obtain high transmission for the whole meta-atom design at the desired working frequency. One can see that our tri-layered meta-atom design exhibits almost perfect HWP performance at 0.65 THz and a working bandwidth of about 0.1 THz. It is worth mentioning that by changing the geometrical parameters of a tri-layered meta-atom with high AR, one can realize many different functionalities, with high transmittance and large transmissive phase coverage, such as meta-lens and beam deflectors.



In practice, the fabrication of tri-layered all-silicon metasurfaces with such high AR can technically be carried out by conversional photolithography and plasma etching in the Bosch process with an altering multi-stepped etch cycle and passivation cycle [40,41,42], as shown in Figure 1c. However, it is quite difficult to achieve the perfect etching control in both the lateral and vertical direction for dielectric metasurfaces with high AR, which will determine the sidewall profile and vertical thickness distribution (VTD) (i.e., especially for the thickness of continuous substrate), respectively, as illustrated in Figure 1d.



We now illustrate how the structural effects, including the sidewall profile and thickness of the continuous substrate, affect the performance of our designed MHWP, numerically calculating the transmittance and transmission phase with a Finite Difference Time Domain (FDTD) simulation. In our simulations, the refractive index of silicon is set as     n   S i   = 3.45  . The simulated results in Figure 2 illustrate the influence of the sidewall profile on the performance of the designed MHWP with three typical cases. Here, we only consider the sidewall profile in one direction, defined as the ratio between the bottom width (d2) and the top width (d1) of the micro-pillar, with all other parameters fixed as the designed ones (see the inset in Figure 2c). The designed meta-atom has a straight sidewall profile with d2/d1 = 1, as shown in Figure 1a. Usually, the sidewall slope will decrease with the d2/d1 due to the imperfect lateral control of the DRIE fabrication process. The simulation results shown in Figure 2a illustrate that the PCR of the designed MHWP will significantly decline with the decrease in d2/d1. Here, the simulated spectra of the PCR were obtained by calculating the power ratio between the LCP transmitted THz wave and the incident RCP THz wave based on the FDTD simulation. The simulated transmission amplitude spectra along the x and y direction shown in Figure 2c,d illustrate that the sidewall slope slightly influences the transmission of the meta-atom. Meanwhile, it did largely modify the phase difference between two crossed-polarized THz waves, as shown in Figure 2b. In particular, the phase difference changed from 180° to 90° and to 45° for these three cases, respectively. The underlying physics of this effect is related to the anisotropic design of the micro-pillar with rectangular shape. The sidewall profile reduces the effective refractive index of the silicon pillar at different vertical positions, making the meta-atom exhibit less anisotropic properties, which results in the decrease in the phase difference of the two cross-polarized transmitted THz wave. In addition, the pronounced dip in the spectra of the PCR origins from a Fabry–Perot resonance of the anti-reflection layer, which can be remedied by optimizing the geometrical parameter of the micro-resonators, or shifted away from the working bandwidth of our device by changing the periodicity of the structure, as shown in the Supplementary Materials.



To illustrate the influence of the connecting layer thickness on the performance of the MHWP, we perform a similar FDTD simulation with three different thickness of the connecting silicon layer d3(see the inset to Figure 3c). Here, all the parameter of the tri-layered meta-atom are fixed, except the height of the micro-pillar determined by H = 400 − d3. As can be seen in Figure 3a, d3 can significantly affect the polarization conversion performance of the designed MHWP. The simulated results plotted in Figure 3b illustrate that the imperfect thickness control on d3 slightly affects the phase difference between the two linearly cross-polarized THz waves, since the VTD almost did not influence the anisotropy property of the micro-pillar design with a straight sidewall. Meanwhile, the variation in the VTD of the meta-atom will lead to a frequency shift of the prefect transmittance for both the x- and y-polarized THz waves, as shown in Figure 3c,d, respectively. The underlying physics of such a phenomenon might be the mode mismatch between the resonant design for the anti-reflection layer and the structure of the modified two top layers. Consequently, it is not surprising to find the performance decay of the MHWP, since the PCR is strongly dependent on the transmittance for two co-polarized THz waves.



Actually, the sidewall slope and the incorrect VTD of the meta-atom might happen at the same time in the real fabrication process, resulting in a more complex effect on the performance of meta-devices. In addition, the micro-grass effect in silicon etching should also be seriously considered to realize the correct VTD control [47,48]. Thus, it is important to find the correct fabrication receipt to realize the ideal tri-layered meta-atom with high AR, straight sidewall and correct VTD. It is worth emphasizing that our design strategy is applicable to realize different high-efficient dielectric meta-atoms with large transmissive phase coverage at different working frequency regimes, which can form the ideal building blocks to design transmissive meta-devices with different functionalities, such as multifunctional wave-front control, vectoral beam generations [49,50], and so on.




3. Fabrication Process for High-AR Silicon Metasurfaces


The fabrication of the tri-layered all-silicon THz metasurfaces, with a straight sidewall and correct VTD, was carried out with a three-step process based on standard photolithography and the Bosch silicon etch process, as shown in Figure 4a. Firstly, a spin-coating photoresist (PR) layer (AZ5214) is covered and patterned on the top side of the double-sided polished (DSP) silicon wafer with a thickness of 500 μm. A set of cross-shaped silicon marks is transferred onto the silicon wafer using the standard RIE process. Next, the pattern of silicon micro-resonators is transferred onto the bottom side of the silicon wafer, making good alignment with the help of the cross-shaped marks on the top side of the wafer. Then, the silicon resonators with a height of 30 μm on the bottom side of the wafer are realized by utilizing the Bosch etching process with the advanced silicon etcher (Surface Technology System, MUC-21). In the third step, after making good alignment with both the top and bottom structure, we transfer the patterns of the micro-pillar onto the thick PR (AZ 4620) covered with a wafer for protection. Finally, the high-AR silicon micro-pillar array on the top side of the wafer is carried out with another optimized Bosch etch process.



As shown in Figure 4b, the Bosch process is a time-multiplexed silicon etching procedure consisting of multiple switches between the etching cycle and the passivation cycle [40,41,42] to guarantee a highly directional etch. In the passivation active cycle, a thin film of fluorocarbon, also called the inhibitor, is deposited all over the structures. In the following etch-active cycle, the reactant will first remove the inhibitor, then etch the silicon in depth. In return, the etch rate in the horizontal direction is dramatically different from the vertical direction, since the sidewall of the silicon has been well protected by the inhibitor. Therefore, the anisotropic etch in the vertical and lateral directions in the silicon substrate can be realized by switching these two cycles in time.



In the Bosch process, side effect control is the key technique to promoting the etch profile. Usually, when the balance between etch step and passivation step is disturbed, the side effects occur [51]. We perform different fabrication processes to find the influence of fabrication setting parameters on the etch profile of a fabricated sample. The comparison experiments on different fabrication parameters, as shown in Figure S1 in Supplementary Materials, shows that the sidewall slope will decrease with the increase in the platen power, because the platen can accelerate the reactant ion to enhance the lateral etch. Although, adjusting the platen power can make the high-AR micro-pillar with a straight sidewall slope, it also risks inducing the presence of a micro-grass effect on the bottom of the silicon substrate. By gradually increasing the passivation active time in each cycle, we find that the long passivation time can enhance the micro-masking, which will also induce a micro-grass effect. Figure S1 illustrates that the etch rate will drop with the increasing passivation in the whole working cycle, because the overdosed residual inhibitor will slow down the etching reaction on the bottom side of the substrate and make the etch reaction more difficult.



To the best of our knowledge, the experimentally realized THz silicon metasurfaces reported in recent literature possessed an etch depth of barely larger than 200 μm with AR values larger than 10:1 [17,24,28,29,30,31,32,33,34,35,36,37,38]. This is due to the difficulty to control the sidewall effect related to the etching process, especially for cases with high AR. In the Bosch process, the etch and passivation steps not only cooperate with each other but also compete against each other. The different combination of etch and passivation will lead to very different sidewall effects, thus finding the balanced state between these two steps is crucial to achieve the high-AR silicon etch [51].



As shown in Figure 5, if the passivation step continuously suppresses the etch one, the reactant cannot sufficiently react with the inhibitor, leaving residue on the bottom of the silicon to form micro-masking [48]. The roughness of the bottom surface of the substrate will be enhanced after multiplex working cycles, resulting in the presence of micro-grass on the bottom [47]. Such an effect, also known as the black silicon effect, can be readily illustrated with case #3 shown in Figure 5.



On the other hand, when the etch step suppresses the passivation step, the reactant will exhaust the inhibitor on the surface of the etched structures, and eventually lead to an isotropic etch in the vertical and lateral directions. In this case, the inhibitor on the sidewall will first be removed, and the sidewall of the structure will be etched, resulting in lateral etching. As the time-multiplexed process proceeds, the undercut of the bottom region of the structure will move further in the lateral direction of the pillar, and finally lead to the sidewall slope, even collapsing the micro-pillars, as shown with case #2 in Figure 5.



Fortunately, once the balance between the etch and passivation cycles has been found, the perfect high-AR silicon etch can be achieved as shown with case #1 in Figure 5. In particular, our fabricated MHWP is of an AR of 20:1 (as show by the yellow dashed line area in the SEM image; the width of the fabricated micro-pillar is about 20 μm) and the height of pillar of 400 μm. After optimization of the etch profile by finding the balanced process, we still need to precisely control the etch depth which directly affects the VTD of our tri-layered meta-device. Notice that the presence of the silicon cubes on the bottom side of the silicon wafer will induce non-uniform heat distribution on the bottom side of the wafer, which might lead to a non-uniform etch rate at the bottom side of the structures or causes a micro-grass effect. In order to avoid such negative influences, we adopt a gradient parameter recipe consisting of different processing cycles and platen power in multistage steps, to maintain the balanced state for high-AR silicon etching, as shown in Figure 6. At the beginning of the etching process, the structure is well protected by the thick PR; thus, we apply the etch recipe with a great number of working cycles and a low platen power to increase the etch efficiency and lower the damage to the PR from the reactant. With the increase in the etching depth, the etch rate drops significantly, since it become more difficult for the reactants to reach the bottom of the structure. We increase the platen power, providing a directional accelerating electric field, to maintain the etch profile balance. The increased platen power can also increase the temperature of the substrate and PR, thus increasing the etch rate of the PR. To compensate such an effect and provide better control over the etch depth, we reduce the number of working cycles to lower the substrate temperature. Finally, we established an optimized multi-stepped etching process with a gradual decrease in the number of working cycles and a gradual increase in platen power to fabricate tri-layered meta-devices with HAR, as shown in Figure 6.



In this subsection, we demonstrate the importance of the balance between the etch and passivation in the etching process to obtain the straight sidewall profile, and we proposed a multi-stepped etching process with adjusted working cycles and platen power to help us control the quality of the fabricated silicon metasurfaces in both the lateral and vertical directions. It is worth noting that our proposed fabrication techniques can be applicable to realize dielectric metasurfaces working at infrared even visible regimes with smaller etch feature sizes. Recently, the cryogenic reactive ion etching techniques [52] and modified three-step Bosch process [53] have been adopted to achieve the silicon structures with an AR reaching to 50:1 [54].




4. Optical Characterization


We utilize THz time-domain spectroscopy (TDS) to characterize the polarization conversion performance of the fabricated samples of different quality to demonstrate the importance of the meta-atom design and the fabrication method. We evaluate the PCR by measuring the transmission amplitude and phase with x- and y-polarized incident THz waves, respectively. Here, we take the transmission amplitude through a fixed aperture without a sample as the reference signal for both polarizations. Figure 7b–d present the measured spectra of the transmission amplitude for x- and y-polarized waves and phase difference between two cross-polarized waves for the three samples with different fabrication quality. The SEM images of these fabricated samples are presented by the insets in Figure 7b–d, with the etch profiles shown by cases #1–3 shown in Figure 5. As shown in Figure 7a, the PCR of sample #1 with a straight sidewall (i.e., aspect ratio (AR) is about 12:1) and a correct vertical thickness distribution, nearly reach 100% at the working frequency of 0.65 THz. Here, we can readily find that our experimental and simulation results are in good agreement for the sample #1 with good fabrication quality. At the working frequency of 0.69 THz, the low PCR caused by resonance can be remedied by optimizing the geometrical parameter of the micro-resonators. The discrepancy between the experimental and simulation results on the Q-factor of resonance at ~0.67 THz might be related to the fabrication imperfection of our device, including the imperfect thickness control of the micro-pillar and connecting layers or/and the etch profile of the micro-pillar. In addition, the working bandwidth of our MHWP can be further improved by carefully designing the periodicity of the structure (see Figure S2 in Supplementary Materials).



In contrast, sample #3 without precise quality control on the VTD exhibits very poor polarization conversion capabilities with a PCR of ~25%, as shown by the red tri-angles in Figure 7a. From the measured spectra shown in Figure 7b–d, one can notice the phase difference between the x- and y-polarized transmitted THz waves decrease to 90°, and the transmission amplitude for both polarizations also drops significantly at the designed working frequency. The main reason might be related to the distorted anisotropy properties of meta-atoms, due to the presence the micro-grass effect, as illustrate by the inset in Figure 7d.



Due to the serious sidewall slope issue for sample #2 (e.g., inverted cone shape or collapse of the micro-pillars), its anisotropic property can be completely ruined (see the inset in Figure 7c). The blue dotted lines in Figure 7b–d illustrate that the measured transmission amplitude spectra for x- and y-polarized THz waves are of similar line shape, and the phase difference between the two crossed-polarizations is only about 20°. Both facts illustrate that the serious sidewall slope issue almost totally destroys the anisotropic property of the designed meta-atom. Here, since the presence of the micro-grass effect and the sidewall slope issue are too complex to numerically simulated, we cannot compare the experimental results with the simulated ones for samples #2 and #3.



From our optical characterization, it can be concluded that our tri-layered silicon meta-atom design is an ideal candidate to design transmissive THz meta-devices, which simultaneously exhibit high transmittance with a large enough transmission phase coverage. Additionally, the adopted fabrication methods, especially the balanced etching process, can help to realize silicon metasurfaces with high AR.




5. Conclusions


In this paper, we propose a fabrication technology with an optimized Bosch process to realize high-performance silicon meta-atoms in a THz regime with different functionalities in transmission geometry. We first designed the high-performance meta-atom consisting of high-aspect-ratio (AR) micro-pillars and systematically demonstrated the influence of fabrication quality on the final performance of the designed meta-device serving as a THz meta-half-wave-plate. After demonstrating the importance of finding a proper Bosch process with balanced working phases, we successfully fabricated a meta-device consisting of high-AR meta-atoms, 400 μm in etch depth and a high aspect ratio of 20:1, by employing the optimized Bosch process with a gradient parameter recipe. At last, we conducted experimental characterization of the polarization-control performance for the designed meta-device. Our findings not only provide a design concept to realize ultra-compact THz meta-devices with high-performance transmission geometry, but also improve the Bosch process to fabricated high-AR micro-structures, paving the avenue for future THz meta-devices for applications in bio-sensing, tele-communication and so on.
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Figure 1. (a) Schematic of silicon tri-layered meta-atoms functioning as a half-wave-plate at a designed working frequency, with the following geometrical parameters:   H = 400  ,   P = 157  ,   h = 30  ,     d   1   =   d   2   = 132  ,     d   3   = 62  ,     w   1   = 33  ,     w   2   = 50  , all in units of μm, and the arrows represent the LCP and RCP light. (b) Simulated spectra of the polarization conversion ratios (PCR) of three transmissive metasurfaces based on a free-standing micro-pillar(blue line), pillar-on-substrate(blue line) and tri-layer meta-atom(red line) for the RCP incident wave. (c) Schematics of time multiplexed etch and passivation step in the Bosch process for deep silicon etch. (d) Illustration of the structural effect caused by imperfect etching control in the lateral and vertical direction for a tri-layered silicon meta-atom with high AR. 
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Figure 2. Simulated spectra of the polarization conversion ratio (a) and phase difference (b) between the x- and y-polarized transmissive THz wave, and the transmission amplitudes for the x-polarized (c) and y-polarized (d) transmissive THz light for the meta-atom with different sidewall slopes characterized by d1 and d2, the gray area in the figure covers the meta device working frequency. 
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Figure 3. Simulated spectra of the polarization conversion ratio (a) and phase difference (b) between x- and y-polarized transmissive THz wave, and the transmission amplitudes for the x-polarized (c) and y-polarized (d) THz wave of the meta-atom with different thickness of the connecting layer characterized by d3, the gray area in the figure covers the meta device working frequency. 
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Figure 4. Schematics of the workflow of the tri-layered silicon metasurfaces with high AR in three steps (a) and the Bosch etch process (b) based on the time-multiplexed deep etching technique, where the etch cycle and the passivation cycle switch between each other during the process. 
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Figure 5. The etch profile of the fabricated silicon metasurfaces with different combinations of etch phase and passivation phase. Over-etching leads to an undesired sidewall slope of the micro-pillar, while under-etching leads to the micro-grass effect on the bottom of the substrate. The balanced process will guarantee the HAR silicon etch with a straight sidewall profile. 
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Figure 6. Schematics of the multi-stepped etching process with a gradual decrease in cycle number and a gradual increase in platen power for the fabrication of tri-layered metasurfaces. 
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Figure 7. Optical characterization of the fabricated sample with different fabrication quality with the measured spectra of the polarization conversion ratio (a) and phase difference (b) between x-and y-polarized transmissive THz waves, and the transmission amplitudes for x-polarized (c) and y-polarized (d) THz waves. The grey lines are simulated results for sample #1 and the insets (b–d) are the SEM images of the three different fabricated samples, respectively, the gray area in the figure covers the meta device working frequency. 
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