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Abstract

:

The ability of fine-tuning wavelengths in a high-Q resonance has been applied to various optical applications, particularly that of the development of nanoscaled, ultrathin photodetectors that realize next-generation optical sensors. However, designing a nanopatterned surface in a photodetector to induce intriguing optical effects inevitably deteriorates the electrical properties due to the increased roughness and defects, which cause the significant recombination of the photogenerated carriers. Moreover, light absorption in a semiconductor fundamentally decreases the Q factor of a resonance and ultimately limits the spectral sharpness. Thus, there is a trade-off between the applications of nano-optics for the fine control of wavelengths and the matured photodetector platform for electrical stability. In this work, we propose an alternative type of optical design for a photodetector by effectively decoupling the functionality of nano-optics for high-Q resonances and the electrical properties of semiconductors for the extraction of efficient photocarriers. By optimally balancing the loss of scattered radiation in a high-Q resonance and the loss of absorption in a semiconductor, we achieve a nano-optics-based photodetector with high-Q absorption and polarization sensing without a significant deterioration in the electrical properties. We believe that the suggested design rule can be effectively applied for the realization of emerging nanoscaled photodetectors for various applications of next-generation optical sensors.
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1. Introduction


Harnessing nanoscaled resonances with a relatively high-quality (high-Q) factor have drawn attention from researchers over the last decades due to their potential applications to diverse fields in spectrometry, such as bio-optics, optical communications, and hyperspectral imaging [1,2,3,4]. High-Q resonance demonstrates the benefits of fine-tuning wavelengths to control, and it detects various types of optical information and can be used to mimic idealized optical filters. Such advancements in the nanoscaled high-Q platform are particularly important for the development of next-generation optical sensors as the era of IoT technology emerges. For example, high-Q metasurfaces operating at visible or near-infrared wavelengths can be integrated with compact form factors, such as augmented reality glassware or solid-state optical lidar, to manipulate light in an extraordinary way at the nanoscale level [5,6]. To accomplish the nanoscaled resonance with a high-Q factor, significant research efforts have been undertaken by exploring various nanostructures including surface relief gratings, photonic crystals, and metasurface-based bound states in the continuum (BIC) [7,8,9,10,11,12,13].



To progress the scientific efforts that have been undertaken to develop nanoscaled resonance at the device level, particularly that of developing a photodetector that targets the applications of optical sensors, various types of nanophotonic-based light detection mechanisms have been proposed and investigated. For example, by designing a surface patterned as a grating or nanopost array, researchers have demonstrated the ultrathin types of photodetectors that absorb the targeted wavelength of light with relatively high-Q spectra [14,15,16,17,18,19,20,21,22,23,24,25,26]. Despite the progress that has been made, the Q factors of such proposed photodetectors are typically constrained by absorption in constituent, nanostructured semiconductors. Because the Q factor of a resonance is fundamentally limited by the dominant loss in the absorption or the scattered radiation from a resonator, inevitable absorption loss occurs in a resonant photodetector, which decreases and constrains the sensitivity of the spectral linewidth in spite of the strong confinement and negligible, scattered loss of light in a designed resonator [14,15,16,17,18]. Moreover, the patterning of a photodetector's surface typically induces significant photocarrier recombination and deteriorates the total performance of the photodetector by hindering internal quantum efficiency [19,20,21,22,23,24]. Thus, there has always been a trade-off between the employment of an emerging type of nanophotonic technology and the matured platform of conventional photodetectors in their optical and electrical efficiency.



In this work, we propose an alternative type of metasurface-based photodetectors that has both the optical advantage of nanoresonators and the electrical advantage of conventional photodetectors. Such an achievement is realized by effectively decoupling the high-Q resonance in nanostructured materials and the absorption in a conventional semiconductor layer. First, we design the Si3N4-based metasurface with high-Q, quasi-bound states in continuum (Q-BIC) to effectively capture and confine the incident light and thus enhance the Q factor, which is placed on top of a typical silicon photodetector. By effectively balancing the strength of the Q-BIC resonance in the Si3N4 layer with guided-mode resonance (GMR) in the silicon film, we can create a photodetector with enhanced spectral sensitivity without a significant decrease in quantum efficiency that typically occurs because of the recombination in nanostructured surfaces.




2. Design and Working Principles


The proposed device is schematically illustrated in Figure 1a. It consists of a silicon thin film, which is highlighted in red on a SiO2 substrate in the figure. Moreover, the array of silicon nitride (Si3N4)-based nanoposts with an elliptical cross-sectional geometry is patterned on the silicon thin film. Additionally, metal electrodes are deposited at each end of the silicon film for extracting the current.



First, the elliptical nanopost array using silicon nitride (green) is designed on the silicon thin film to launch a Q-BIC through symmetry breaking. Next, the guided-mode resonance (GMR) upon the silicon thin film is excited through coupling with the Q-BIC along the Si3N4 pattern. The low radiative loss (high-Q factor) of the GMR and Q-BIC can be matched with the low absorption loss of the silicon at the near-infrared spectral region, and thus high-Q absorption with a FWHM of 0.86 nm and a Q factor of 1148 at the silicon layer is achieved, as depicted in Figure 1b. More information regarding the coupling between the two resonances can be found in Figure 1c. It shows a strong electric field at the nanopost array by the excitation of Q-BIC under the x-directed linearly polarized light. In addition, an intense field is generated within the silicon film through the GMR in conjunction with the fields at the nanopost array. Owing to this strong field at the absorptive silicon layer, enhanced absorption can be achieved at the resonant frequency of interest. The detailed sizes and properties of the materials in the designed nanostructures are described in Figure 2. To evaluate the optical properties, simulated analysis using the finite-difference time-domain (FDTD) method is performed. The silicon film, which has a height of 160 nm (refractive index from the handbook of the optical constants of solids by Edward D. Palik, as shown in Supplementary Note S1 in Supplementary Materials file), is deposited on the glass substrate (refractive index of 1.45). Arrays of Si3N4 elliptical nanoposts (refractive index of 2.1) with a height of 300 nm are arranged on the silicon. Due to its moderate refractive index for Q-BIC coupling, the lossless property in the NIR region is compared with the significant losses in metal or silicon, and for acceptance in contemporary CMOS processes, Si3N4 is an effective option for high-Q resonance in optical applications. The period of arrays is designed to be 850 nm for both the x- and y-directions (Px, Py). The elliptical geometry is designed with the sizes of the long and short axes being 364 nm and 276 nm, respectively. The orientation angles of the long axis are a combination of 45° and 135°. All the parameters are targeted toward the NIR region for high-Q absorption in the silicon film. Moreover, the minimum gap between the nanoposts is set to be larger than 100 nm for a reliable practical fabrication process, as described in Supplementary Note S2. In the unit cell, the periodic boundary condition is applied along the x- and y-directions, and the perfectly matched layer absorbing boundary conditions are applied along the z-direction. Transmission and reflection are calculated by monitoring the power in a far-field regime. Absorption is calculated using the transmission and reflection values.



2.1. Quasi-Bound States in the Continuum (Q-BIC) at the Nanopost Array


To better understand the operating principles of the proposed photodetector, Figure 3 shows the analysis of the Q-BIC that is excited by the Si3N4 nanopost array. Firstly, to analyze the Q-BIC without coupling with the GMR, Figure 3a–d show the analysis of the metasurface without the addition of the silicon film, i.e., with silicon thickness (hf) being 0 nm. A true BIC or symmetry-protected BIC is a state that can only exist for ideal cases. It has an infinite value for the Q factor and a zero full-width at the half-maximum (FWHM). Any variation that breaks the in-plane inversion symmetry turns the true BIC into the Q-BIC with a finite but still high-Q factor. The difference (δ) in the length between the ellipses’ major and minor axes is an asymmetry parameter in our design. The Q-BIC can be excited by placing elliptical nanoposts (δ > 0) tilted with θ being 45° and 135° diagonally. Two opposing y-directed resonant dipoles (arrows in Figure 3c) are induced, and the support dark mode resonance (Q-BIC) is induced when the long axis of the ellipsoids is oriented as a combination of 45˚ and 135˚. This is visualized through the magnetic fields that are oriented out of the plane by momentum transfer under x-polarized light (Figure 3c). Due to the geometric properties of the unit cells that satisfy C4 symmetry, such a Q-BIC can be also observed under y-polarized light with different field distributions with two oppositely x-directed electric dipoles. The sharp Lorentzian shape in the reflection spectra of Figure 3d is due to the high-Q nature of the Q-BIC. Figure 3b,c show the strong electric and magnetic fields at this resonant frequency.



Next, the behavior of the Q-BIC with the presence of the silicon film that has a 160 nm height supporting the GMR is depicted in Figure 3e–h. The field distributions in Figure 3f,g exhibit that the Q-BICs akin to those in Figure 3b,c are excited. However, additional coupling with the GMR with absorptive silicon leads to a different spectral shape in the absorption, reflection, and transmission spectra, as displayed in Figure 3h. Fano-shaped spectra can be seen in the transmission and reflection, thereby indicating the mutual coupling between the two distinct modes. The high field intensity in the absorptive layer due to the coupling produces a high-Q absorption spectrum (Figure 1c).




2.2. The Control of the Asymmetrical Parameter to Match the Radiation Loss with the Absorption Loss of a Silicon Thin Film


It is important to understand the relationship between a Q factor and the losses that occur in a resonant system. Losses in a resonant system are accounted for two factors, i.e., an absorption loss and a radiation loss. The first factor of absorption loss is caused by the absorption of light in a material, which is intrinsically induced as far as the specific condition is satisfied whereby the bandgap energy of a material is smaller than the photon energy of light. Thus, inevitable loss is included in a resonant photodetector system that is operated through being based on solid-state semiconductors. The second factor of radiation loss is generated by the scattering or re-radiation of light during a resonance occurring in a resonant system. While the significant energy portion of incident light is typically coupled with the resonant system, the partial energy portion of the light is scattered by the reflection from the nanostructured surface of a designed material. In addition to being scattered by the reflection, the coupled light, which is confined to the resonant system, is re-radiated toward the free space or back toward the superstrate of the side of light incidence after circulating inside the resonator. Such re-radiation is also inevitable as long as the resonant system is not completely closed from the free space. In other words, an open resonant system couples the incident light from the free space and re-radiates it back toward the free space after the resonance that is based on the fundamental reciprocity mechanism in optics. In particular, nanostructured resonant systems or nanophotonic systems show relatively inferior abilities in confining light compared with the micro-resonant system, such as whispering gallery modes in the microsphere, and thus the scattering or re-radiation of light from the nanophotonic system is more significant than the traditional micro-optic examples. Thus, it is an attractive field of research, and significant research has been conducted to enhance light confinement in a nanostructured resonant system. Based on the aforementioned mechanism, the total Q factor of a resonant system is determined by the Q factor constrained by the absorption loss and the Q factor constrained by the radiation loss, i.e., scattering and re-radiation during a resonance. Notably, the total Q factor (Qtot) is dominantly constrained by the minimum value in the Q factor by absorption (Qabs) and the Q factor by radiation (Qrad) and is thus expressed by the following equation:


1/Qtot = 1/Qabs + 1/Qrad



(1)







The absorption Q factor (Qabs) increases as the imaginary part of the refractive index of a material decreases since a decrease in the degree of absorption enhances light confinement inside a resonant system. The radiation Q factor (Qrad) increases as the designed resonant system effectively confines the coupled light inside a resonator and radiates less back toward the free space, which increases the circling cycle of light in a resonator. Since the Qabs is determined through the properties of the materials, i.e., the imaginary part of the refractive index, Qrad is typically engineered by structuring the nanostructures to enhance the quality factor of an entire resonant system, i.e., to enhance the sharpness of the resonant spectra.



As the next stage, to maximize the absorption rate, the effect of the geometric variation in the ellipses on the absorptivity is analyzed. Such a geometric perturbation is conducted by breaking the geometric symmetry of the nanoposts, which are denoted as δ, to create a minor axis and a major axis, as indicated in Figure 2c. Since this perturbation launches the Q-BIC, the degree of perturbation leads to the different coupling strengths against light, and such strength of coupling is typically estimated by the degree of Q factors, i.e., the radiation Q factor of the Q-BICs can be modified by adjusting geometrical perturbation δ. For example, as the perturbation increases, light is more strongly coupled with and more strongly re-radiates from the resonator, and the Q factor decreases as the leakage of light by the radiation increases.



Based on the aforementioned principles, the absorption of the designed photodetector is analyzed by changing the degree of asymmetry, as illustrated in Figure 4. To represent the difference in axes compared with the overall size of the ellipse, we set the relative asymmetry parameter α according to the following equation:


α = 2 δ/D



(2)







From Figure 4a, the absorption peak near the wavelength of 940 nm is observed in the overall changes in α. To maintain the resonant frequency, we control the relative asymmetry parameters of δ ranging from 0 to 50 nm. Specifically, the absorptivity gradually increases to the maximum value as the α changes from 0 to 0.14 and then decreases as the α continues to increase over 0.14. The spectral peaks of the absorption are evaluated and visualized in Figure 4b, which shows that the absorption monotonically increases as α increases up to 0.14 and reaches the maximum value of 0.71. Figure 4c shows the three representative spectra at the α of 0.06, 0.14, and 0.31, which show the maximized absorption at the α of 0.14. It is important to note that the FWHM of the spectra monotonically increases and the spectra broaden as the α increases. This means that the radiation Q factor (Qrad) continues to decrease as the α increases. At a design range of α below 0.14, although the Qrad decreases with an increased α, the Qrad is relatively higher than the absorption Q factor (Qabs), or, equivalently, the radiation loss is lower than the absorption loss. In this condition, the Qabs constrains the enhancement of the total Q factor (Qtot) and is the limiting factor. On the other hand, as the α increases above 0.14, the Qrad is lower than the Qabs, and the Qrad thus becomes the limiting factor against the enhancement of the Qtot. At the α of 0.14, the Qrad closely matches the Qabs, which optimizes the coupling of light and thus maximizes the absorption.





3. Results


3.1. High-Q Photodetector with Polarization Sensing


To find the effect of the lattice size and different θ values of the metasurface geometry on the property of high-Q resonances, Figure 5 illustrates the absorption contrast under each orthogonal, linearly polarized light. As shown in Figure 5a, the metasurface designed at the rectangular lattice (Px = 875 nm and Py = 825 nm) exhibits the shifting and switching of the absorption peaks depending on the state of linear polarization. For each linear polarization, the magnetic fields at each resonant frequency of 941 nm and 945 nm are shown in Figure 5b,c, respectively. The distributions of the magnetic fields under x- and y-polarizations in Figure 5b,c are akin to the result of the square lattice depicted in Figure 3g. This confirms that the near-identical mode of the BIC resonance can be supported under both forms of linearly polarized light. In Figure 5b under the x-polarized incident light, the strong magnetic field-oriented out-of-plane direction induces electric dipoles in the y-direction. In Figure 5c, under the y-polarized incident light, the strong magnetic field is displayed, and electric dipoles are induced in the x-direction by the magnetic field as opposed to the y-directed electric dipoles depicted in Figure 5b. It is also worth noting that a slight blue shift (940 nm) in the spectral peak of absorption compared with the original design in Figure 4 occurs because of a modest decrease in Py. On the contrary, due to the increased Px, the redshift in the absorption peak at (944 nm) is observed. Similarly, the resonance frequency under each linearly polarized light varies and can be controlled by designing the difference between Px and Py.



Furthermore, the analysis of the high-Q photodetector with the ellipsis orientations of θ = 0˚ is shown in Figure 5d,e. Notably, when θ = 0, the x-polarized incident light induces x-directed electric dipoles, which are in opposite directions to the dipole orientation of the adjacent cells. The overall field distribution under the y-polarized light in Figure 5c and the overall field distribution under the x-polarized light in Figure 5d are close to being identical to the direction that is parallel to each polarized direction. There is a minor difference in the modified orientations (θ) of the elliptical nanoposts in Figure 5d compared with the case in Figure 5a in the splitting of the resonant peaks in the opposite way which was observed for them. As a result, when θ = 0, the higher Px causes the resonance frequency under the x-polarized light to redshift, and significant absorption happens at 944 nm under the x-polarized light. Similarly, under the y-polarized light (Figure 5e), the field resembles that which was observed under the x-polarized light (Figure 5b), and the decrease in Py causes a blue shift in the absorption spectra.



Based on the presented design and analysis, the targeted polarization and wavelength can be adjusted through the lattice parameters (Px, Py) and appropriate symmetry breaking (θ) without any significant modifications in the analyzed high-Q resonant mode, which confirms the effective utilization of the designed metasurface as a photodetector used for polarization sensing.




3.2. High-Q Photodetector for Refractive Index Sensing


Refractive index variations can be detected by observing the shift in the optical resonant frequency of the sensors when a certain target material is present on its surface. A high-Q factor of the optical sensor is necessary in order to identify tiny variations in refractive index. Most of the reported metasurface-based refractive index sensors make use of either transmission or reflection in their sensing of the index since the Q factor of the absorption is relatively low and is difficult to use for subtle changes in the optical environment. Figure 6 illustrates how the designed photodetector has the ability to overcome these limits. Figure 6 displays the absorption spectra of the metasurface at different superstrate refractive indices ranging from 1 to 1.3. As the refractive index of the superstrate increases larger than 1, the absorption peak is redshifted. Such a redshift is caused by the increase in the effective index of the metasurface layer which is the mixture of resonant Si3N4 nanoposts and superstrate index. It is important to note that the high-Q absorption peak can function as a steady refractive index sensor because it only varies in resonant frequency and not in FWHM or absorption rate. The slight shift can be distinguished owing to its high-Q factor and small spectral width. Figure 6b illustrates the significant shift in resonant frequency (67 nm per refractive index resolution (RIU)). These results imply that the resonant frequency of the high-Q photodetector can be easily tuned by the subtle changes of the background refractive index, which shows the potential applications to biosensing in the NIR spectral range.





4. Discussion


Table 1 summarizes and compares the optical performance with the previously remarkable design of photodetectors based on metasurfaces. The FWHM of the devices was fundamentally limited by the dominant loss among the absorption of the high refractive index materials like germanium. Additionally, patterning a photodetector surface usually results in a large amount of photoelectron recombination, which potentially lowers the overall performance of photodetectors by hindering internal quantum efficiency. Alternatively, designs using cavities or two-dimensional materials have been reported, which could be a promising solution for future photodetectors; however, there was limited compatibility with the sophisticated platform of conventional photodetectors.



Our alternative type of metasurface-based photodetector shows enhanced spectral sensitivity with a FWHM of 0.82 nm without a cavity structure and 2D materials such as graphene. Moreover, this induces absorption in a silicon thin film and minimizes the defects that may arise during the patterning processes, which ultimately could achieve a high absorption rate of over 0.7.




5. Conclusions


In summary, we propose a high-Q metasurface photodetector that can be achieved by effectively decoupling the absorption in a conventional semiconductor layer with the high-Q resonance in nanostructured materials. We designed a highly narrow resonance with a moderate absorption rate, which was excited by the Q-BIC, by achieving the proper degree of symmetry breaking. Furthermore, the proposed photodetector has improved the spectral sensitivity without appreciably lowering its quantum efficiency by effectively preventing the significant carrier’s recombination, which occurred in a resonant nanostructured surface.



With the proposed photodetector, we demonstrate efficient polarimetric detection and refractive index sensing for the potential applications of spectropolarimetry and biosensing. Moreover, our design concepts, which make use of a lossless nanoposts array and an absorptive thin film, are expected to be applied to a variety of wavelength ranges, including visible and MIR ones, in addition to the proposed NIR region. The presented study has the potential to reveal new possibilities for numerous optical applications, including next-generation optical sensors.
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Figure 1. Proposed high-Q NIR photodetector. (a) Schematics of the high-Q NIR photodetector system consisting of an array of elliptical nanoposts (green) between the metal electrode (yellow) on the silicon guided layer (red). The closed circuit is formed by wire bonding at each electrode, and the photocurrent is measured by current meter as depicted by symbol A. (b) Simulated values of the absorption spectra of the proposed photodetector. (c) Electric field distribution unit cell elliptical nanoposts at the wavelength of 942 nm under the x-directed, linearly polarized light. 
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Figure 2. Geometric parameters of the unit cell structure. (a) Schematic view of the unit cell composed of the glass substrate, silicon thin film, and nanoposts with Si3N4. (b) Side view of the unit cell with the 300 nm height of the nanopost (hp) and the 160 nm height of the silicon film (hf) (c) Top view of the unit cell with the Px and Py of 850 nm, D of 320 nm, δ of 22 nm, and θ of 45˚. 
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Figure 3. Analysis of a Q-BIC at the nanopost array. (a) Schematics of the metasurface with a silicon thickness (hf) of 0 nm. (b,c) Simulated electric and magnetic field distributions. Arrows in (c) indicate the directions of the electric field. The black solid lines indicate the boundaries of elliptical nanoposts. (d) Absorption, transmission, and reflection spectra of the metasurface. (e) Schematics of the metasurfaces with a silicon thickness (hf) of 160 nm. (f,g) Simulated electric and magnetic field distributions. Arrows in (g) indicate the directions of the electric field. The black solid lines indicate the boundaries of elliptical nanoposts. (h) Absorption, transmission, and reflection spectra of the metasurface. 
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Figure 4. Control of the relative asymmetry parameter to match the radiation loss with the absorption loss. (a,b) Absorption spectra for the continuously changing asymmetry parameter α (2δ/D) of the high-Q photodetector under x-polarized incident light (a) and the maximum absorption at the spectral peaks of each α value (b). The vertical arrows in the panels highlight the geometric design evolved from circles to ellipses. (c) Absorption spectra of the high-Q photodetector with α = 0.06 (blue), α = 0.14 (orange), and 0.32 (yellow). 
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Figure 5. High-Q NIR photodetector for linear polarization sensing. (a) Absorption spectra of the proposed photodetector with rectangular lattice under both linear polarizations. (b,c) Simulated field distribution under x- and y-polarized incident light at each resonant frequency. Arrows indicate the directions of the electric field. The black solid lines indicate the boundaries of elliptical nanoposts. (d) Absorption spectra of another type of symmetry breaking (θ = 0˚) under each orthogonal, linear polarization. (e,f) Simulated field distribution for x- and y-polarized light at each resonant frequency. Arrows indicate the directions of the electric field. The black solid lines indicate the boundaries of elliptical nanoposts. 
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