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As the core device of the quantum information field, the single photon avalanche photodiode (SPAD) is a solid-state single photon detector with a pico-second level time-resolution, low bias voltage, high signal-to-noise ratio, and a low cost. However, the photon detection efficiency (PDE) of SPAD is not ideal. The traditional method is to optimize the device structure, while the dark count or time resolution characteristics of the device might be sacrificed. The metasurface integrated on SPADs provides a novel approach to achieving higher PDE. As a result, the SPAD device structure could be independently designed to realize a low dark count rate and a good time resolution. In this paper, many kinds of metasurface structures that could enhance the incident photons absorption, are analyzed. Those structures compatible with CMOS or other easily mass produced processes are attractive for revolutionary changes to conventional SPAD. As a result, a metasurface integrated SPAD would greatly push its applications in the field of quantum information, single photons imaging, life medicine, and other low-level light detections.
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INTRODUCTION
Quantum information technology is considered to be a key technology for the future. Quantum communication, quantum computing, and quantum measurement make up its main research directions [1–3]. In recent years, quantum information technology has greeted “the second revolution of quantum” and is accelerating from being experimental to real world application. Its potential in national security, national defense, economic development, and science technology is slowly emerging [4]. Along with the push of the rapid development of quantum information technology, the single photon avalanche photodiode (SPAD) as a core device is being taken more seriously by more people.
SPAD is a solid-state single photon detector with pico-second level time-resolution. After adding reverse bias on its p-n junction, the incident light will be absorbed and produce a light current. The reason this photodiode called SPAD is the phenomenon of a Geiger avalanche generation is because the reverse bias is beyond the breakdown voltage. Compared with regular PIN type photo diodes, the SPAD has extremely high responsiveness, and could resolve single photons. Furthermore, SPAD also has advantages in high signal-to-noise ratio, operation in the room temperature, and is cost effective. Thanks to these advantages, SPAD is extensively applied in medicine [5], quantum computing and measurement [6], molecular imaging [78], and other aspects, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | (A) Packaged SPAD optical imager. Source: Reproduced from Ref. 7. (B) applications of SPAD. (C) the Silicon-based SPAD structure diagram compatible with CMOS process. Source: Reproduced from Ref. 15.
However, the photon detection efficiency (PDE) of SPAD is not ideal. For example, the PDE of Silicon-based SPAD is not good in a near-infrared wavelength, which limits the detection performance in the application of LiDAR, etc. Recently, with the development of metasurface [9–12], the SPAD integrated with nano-structures (i.e., metasurface) was presented to overcome this drawback [13]. When this new SPAD accepted the perpendicular incidence of photons, some photons would change their direction in the nano-structure and the travel path in the absorbed layer of these photons was increased, which improves the PDE dramatically [14]. The resonant cavity to create an optical resonance in the vertical direction could also be used. Moreover, the SPAD integrated with the metasurface not only performs well in PDE, but also holds other SPAD performance metrics well, such as dark count rate, after the pulse, and time resolution [14]. The SPAD structure could be independently designed to realize a low dark count rate and a good time resolution without considering the effect of PDE on the device structure, therefore, the metasurface integration is a revolutionary technology for the development of SPAD, which would strongly push its applications in the quantum information fields.
METASURFACE STRUCTURES AND THE FABRICATION METHODS
Many types of metasurface structures and corresponding fabrication methods are discussed below. Some metasurface are directly integrated on the bottom of the SPAD device. Some, used in solar cells and other fields, can be further applied to SPAD to improve its PDE.
Nano Pyramidal or Conical Array
The light-trapping SPAD is a typical mesa-type, shallow-junction SPAD fabricated using a complementary metal oxide semiconductor (CMOS) compatible process. Si epitaxial layers with a total thickness of 2.5 μm are grown on an SOI substrate. As shown in Figures 2A and 3, the nano-structure is etched as an inverse pyramid, with 850 nm period in a square lattice pattern. Unlike the resonance peaks found in the responsivity of resonant-cavity-enhanced (RCE) detectors, the light-trapping SPAD has broadband responsivity enhancement. The enhancement of external quantum efficiency (EQE) mainly comes from the anti-reflection effect of the nano-structures, and the contribution from nano-structure diffraction [13]. As shown in Figures 2 B and C, the enhancement effect of EQE is more obvious for the longer wavelength.
[image: Figure 2]FIGURE 2 | (A) Three-dimensional (3D) cross-sectional schematics of layer configurations of control (left) and light-trapping SPADs (right). (B) EQE measurements of control (blue solid) and light-trapping SPADs (red solid); dashed black lines correspond to theoretical absorption of 3, 12, and 25 μm thick Si from left to right. (C) EQE enhancement: ratio of light-trapping SPAD EQE compared to control SPAD. Source: Reproduced from Ref. 13.
[image: Figure 3]FIGURE 3 | Structure of control SPAD (A) and light-trapping SPADs (B), both with 50 μm diameter. Scale bar in both 20 μm. (C) SEM image (top-down view) of inverse pyramid nano-structure on light-trapping SPAD. Scale bar, 1 μm. Source: Reproduced from Ref. 13.
[image: Figure 4]FIGURE 4 | Image of nano-textured Silicon pyramids (A) and micro-textured Silicon pyramids (B). (C) Overview of hemispherical total reflectance measured on micro-, nanotextured and reference wafers. Nano-texture surface possesses excellent antireflective properties over a wide wavelength range. Source: Reproduced from Ref. 21.
Fabrication of anti-pyramid nanostructures [13]. First, a 2.5 µm Silicon layer is epitaxially grown on a SOI substrate. A reduced pressure chemical vapor deposition (CVD) is used to place 220 nm silicon on the oxide layer of 400 nm. Then, 200 nm of low temperature oxide (LTO) is deposited in a low-pressure chemical vapor deposition reactor at 400°C, a hard mask for etching nanostructures. The holes with square or hexagonal patterns were opened in the LTO mask layer by lithography and plasma using NF3 gas etching. The entire wafer is then immersed in tetramethylammonium hydroxide to wet etch silicon at 70°C and forms a 600 nm deep etch inverse pyramid which is a nanostructure. After surface texturing, different mesa diameters were designed to be plasma etched in HBr, Cl2, and O2 gas environments, then cleaned and thermal oxidation passivated at 1,000°C. After manufacturing, HF wet etching was used to open the holes, and 10 nm Ti and 200 nm Al were deposited as the readout electrode. This fabrication method has great commercial value, because it is compatible with CMOS process and obtains the potential of large-scale integration and low-cost applications.
The random vertical and inverted pyramids can increase light absorption by decreasing the broadband reflection, which scatters and captures incoming light efficiently, regardless of the angle of incidence photons [16–20]. The broadband reflection can be further reduced by using the nanotextures [21] as shown in Figure 4. This is because when the size of the nanostructure is smaller than the wavelength of the incident light, the optical coupling can be enhanced by the refractive index grading effect. Nanostructures are usually fabricated by wet chemical etching, dry etching, or a combination of photoetching and dry etching [22–25]. By combining the mixed micro/nano textures on the Silicon surface, the broadband reflection can be suppressed to less than 10%, even without the use of any additional anti-reflection coating on the mixed textures [26–28].
The nano cone array on the silicon as shown in Figure 5 can be made by self-assembled nanosphere lithography technology [29]. In the fabrication of arrays, different sizes of polystyrene sphere (PS) can adjust the period, the height and basal diameter of the nano cone array can be controlled by diverse etching time of the RIE procedure, and the deposition process can decide the thickness of the Au layer.
[image: Figure 5]FIGURE 5 | The fabrication of nano cone array with Au layer. Source: Reproduced from Ref. 29.
As shown in Figure 6A, this nano cone array structure (Figure 5E) can decrease optical reflection of the Si surface and increase absorption effectively in the visible spectrum. After the Au layer deposition on the Si nano cone array structure (Figure 5F), the high light absorption efficiency was significantly realized within the near infrared wavelength of 1,200–2,400 nm. This is because metallic nano-structure on the Silicon substrate causes surface plasma, which can enhance absorption and overcome the limitation of a silicon band gap. Moreover, the presence of the Au film can dramatically restrain reflection and transmission, resulting in a high absorption. This novel method is suitable for mass production and provides a way for infrared photon detection by Silicon-based SPAD.
[image: Figure 6]FIGURE 6 | The absorption efficiency of nano cone arrays with or without Au layer. H and D is the height and diameter of the nano cone. Source: Reproduced from Ref. 29.
The two-dimensional periodic array of the nano pyramid was studied by Q. Han [30] as shown in Figure 7. The material of the pyramid is Ge. Through the nano pyramid array structure and various control methods, we would like to discuss the influence of thickness and height of the silicon substrate on absorption. As can be seen from Figure 7C, the average absorption rate improves with the increase of underlaying Si-layer thickness, which is compatible with SPAD with a chip thickness of several hundreds of microns. The nano pyramid array extends the optical path providing more Fabry-Perot resonances, which means that the absorption can be improved by increasing the nano pyramid height. As shown in Figure 7D, the efficiency of light absorption tends to be stable when the height is 0.9 μm.
[image: Figure 7]FIGURE 7 | (A) Three-dimensional structure; (B) side view (C) Curve of absorbance with underlayment thickness, (D) The influence of the height of the quadrangle on the absorptivity. Source: Reproduced from Ref. 30.
Fabrication of the nano pyramid array [30]. A 1 μm thick germanium film was coated on the Silicon layer by electron beam evaporation. A focused ion beam instrument (FEI NOVA200 Nanolab) was used for the nanometer processing experiment, with a 30 KeV ion source with a tip current of 4pA–19.7 nA and an ion beam with a limiting pass-through aperture of 25 –350 μm. With the aid of a computer program, the intensity of the ion beam varies according to the milling depth. During milling, the ion beam and ion dose were 20 pA and 0.25nC/μm2, respectively. The working distance from the sample surface to the ionic cylinder is 20 mm. The electron mode of focused ion beam milling is selected to mill germanium films. After continuous milling, the square area of the pyramid structure is completed, as shown in Figure 8. Most traditional focused ion beam processing is two-dimensional. This three-dimensional processing is difficult and the operator's proficiency and operational experience requirements are high.
[image: Figure 8]FIGURE 8 | Under different magnification, the SEM image of the processed nanometer four-pyramid array is obtained. (A) in a 20 μm field of view; (B) at 3 μm: (C) at 200 nm. Source: Reproduced from Ref. 30.
Nanowire Arrays
Figure 9A shows the geometry of the nanowire array. The structure consists of a GaAs substrate and periodic axial p-i-n junction GaAs nanowires by gas-liquid-solid growth. As a simulation, the diameter of the nanowire (D) was set as 250 nm, the D/P determined by the minimum repetition unit period (P) and D was fixed at 0.5. The influence of height, D/P, and P on the light absorption performance of the nanowire arrays was explored [18]. As shown in Figures 9 B and C, when the nanowire height or D/P increases, the light absorption of the nanowire array gradually becomes stronger, the wave peak moves to the long wavelength, and the absorption spectrum is wider. From Figure 9D, we can see that the absorption peak moves to the long wavelength with the increase of the nanowire diameter.
[image: Figure 9]FIGURE 9 | (A) Schematic diagram of minimum repeat unit in regular nanowire array, (B) Opticalabsorption performance of nanowire arrays with different heights, (C) Optical absorptivity performance at different D/P ratios, (D) Optical absorptivity performance of nanowires with different diameters. Source: Reproduced from Ref. 31.
Nanostructures could form on the Silicon surface from the bottom to the top using the self-assembly of silicon atoms [31]. Such methods include gas-liquid-solid growth, supercritical fluid growth, and oxidation catalysis growth. The growth principle of Si nanowires by gas-liquid-solid growth is shown in Figure 10. The growth of gas-liquid-solid mainly takes advantage of the catalytic effect of metal and combines it with gaseous reactants to grow silicon nanowires on the silicon surface. The Au particles deposited on the Si substrate react with the Si and Au-Si alloy droplets are formed at a certain temperature. As shown in Figure 10B, the eutectic point of the Au-Si alloy is greatly reduced. Si atoms are deposited on the substrate after SiCl4 and H2 are mixed. The Au-Si droplets continuously absorb Si atoms from the vapor so that the droplets maintain a supersaturation state. Since the melting point of Si (1,414°C) is far higher than the melting point of eutectic, Si atoms are precipitated out of the droplets and form a cylinder, and the droplets are lifted away from the substrate to form nanowires. Figure 10C shows the process of Si atom absorption, diffusion, and precipitation. Compared with the traditional gas-solid growth method, the advantage of the gas-liquid-solid growth method is that the activation energy required for growth is low, the nanowires grow only in the region where the catalyst exists, and the diameter is basically determined by the size of the Au catalyst. However, the biggest problem of nanowire arrays is that the periodic structures are difficult to fabricate accurately, which limits its real application.
[image: Figure 10]FIGURE 10 | (A) Growth of whisker catalyzed by Au-Si liquid alloy formed on Si substrate, (B) phase diagram of Au-Si, (C) diffusion path of source reactant molecule through gold droplet, (D) growth of whisker catalyzed by solid catalyst. Source: Reproduced from Ref. 31.
Nano Spherical Structure
The aspect ratio (DW) of the concave array was simulated for the assessment of surface reflectivity [32]. Figure 11 shows the reflection curves of the structure with aspect ratios of 0, 0.2, 0.4, 0.6, 0.8, 1, and 2. The reflectivity decreases rapidly with the increase of the aspect ratio, and then tends to be smooth. Compared with the flat structure, the reflectivity of nano dimples or convex balls array structure is greatly reduced.
[image: Figure 11]FIGURE 11 | (A) The reflectance curves of nano dimples structure with DW of 0, 0.2, 0.5, 1, and 2 respectively, and corresponding average reflectivity (B). (C) The reflectance curves of nano convex balls structure with DW of 0, 0.2, 0.5, 1, and 2 respectively, and corresponding average reflectivity (D). Source: Reproduced from Ref. 32.
An example of convex balls array structure, the surface textured SPAD was proposed [33]. The schematic of epitaxial layer and surface textured SPAD and the fabricated results of SPAD and the surface nano-structure are shown in Figures 12A–C. The period of the convex balls array structure is 800 nm. Compared with the controlled SPAD (without convex balls array structure), the reflection measurement from the Si-air interface shows that the surface textured SPAD obtains higher light absorption efficiency (Figure 12D). PDE vs. the dark count rate plot in Figure 12E shows that there is an obvious increase of PDE for surface textured SPAD from 6.1 to 7.8%, which is a relative 28% added absorption over the control SPAD. This improvement is a contribution of the effects of anti-reflection and weak light trapping with photons scattered by the surface texturing structure.
[image: Figure 12]FIGURE 12 | (A) Schematic of epitaxial layer and surface textured SPAD. (B) Fabricated SPAD. (C) Surface nano-structure. (D) Reflection measurement from Si-air interface, control SPAD mesa top and surface textured SPAD mesa top (E) PDE vs. DCR for both SPADs. Source: Reproduced from Ref. 33.
Fabrication of Si SPADs for surface texture [33]. First, epitaxial growth of a wafer takes place on a lightly boron doped substrate in a reduced-pressure chemical vapor deposition (RPCVD) system. As shown in Figures 12A–C, after the 2.3 μm oxide layer is grown, a thick contact layer is formed on the top. The 800 nm cycle photoresist was etched on the light etched column. The photoresist pillars refluxed and baked into a cone. Then the nano-cone pattern is transferred from photoresist to silicon, etched in CHF3 and O2 environments, passivated at high temperatures to form protective rings, and finally opened and deposited metal. This fabrication method is compatible with CMOS process and has a good business prospect.
An example of dimples balls array structure, random Silver nanostructures were formed on the top of the planar surface of Silicon, and the surface deformation of the nanostructures was carried out by the etching process [34], as shown in Figures 13A–C. A significant reduction in reflection can be obtained from the prepared silicon sample, with a reflection of about 2% over a wide spectral range between 300 and 1,050 nm (Figure 13D). The etching depth can be controlled between 100 nm and 10 µm by controlling the etching time. This feature is critical because accurate etching depth control is critical for photon detection absorptivity. This work demonstrates the potential of the etching process for manufacturing high-efficiency, low-cost Si-SPAD.
[image: Figure 13]FIGURE 13 | Schematic illustration of the fabrication process of nanostructured Si: (A) Silver film was deposited on the Si surface; (B) Silver nano-particles were formed after annealing silver film in a furnace; and (C) Si sample after etching in the HF and H2O2 solution. (D) Measured reflection spectra from nano-structured Si films with 9 nm silver film and different etching times. Source: Reproduced from Ref. 4.
Plasma resonance (SPR) as a regular technology, can be used to improve the absorption performance. Through the characteristics of SPR, reflection can be reduced, and light absorption can be promoted [35]. The structure of gold coated nanospheres is shown in Figures 14 A and B, which is formed by coating polystyrene microsphere array in hexagonal close arrangement. The bottom layer of the simulation model is a gold film. If the nanosphere array structure is coated with gold and filled with gold, the gold coated nanosphere shell array can be formed. In this model, the refractive index of the dielectric substrate is set to 1.43, i.e., The diameter of nanospheres is 630 nm. It can be seen from Figures 14 C and D, with the thicker coating thickness, the reflectance is lower, and the change is smaller. Under the thinner coating thickness, although there is a lower reflection trough, the wave the band width is too narrow. Therefore, the dependence of reflectance on different wavelengths gradually stabilizes, which is beneficial to a real fabrication process. For the detection of photons at specific wavelengths, the SPR nanosphere shell structure is a particluarly good choice.
[image: Figure 14]FIGURE 14 | (A) It is the SEM picture of the nano spherical. (B) Schematic diagram of nanospheres. (C, D) The dependence of reflectivity on wavelength with different coating thickness. Source: Reproduced from Ref. 35.
The technological process of the fabrication of a nano-spherical shell structure [35]. As shown in Figure 15, a bottom layer of gold film is first evaporated on the substrate, then a single layer of hexagonal close-row microsphere film is formed on a silicon wafer through microsphere self-assembly technology, and the monolayer is transferred to the gold-plated substrate. Finally, the resistance evaporation film is applied again to form the structure of gold coated nanospheres.
[image: Figure 15]FIGURE 15 | The technological process of fabrication of nano-spherical shell structure. Source: Reproduced from Ref. 35.
Deep-Trench Microstructures
The Silicon with a wide band gap of 1.12 eV is the key to the development of Silicon-based near infrared photodetectors. This results show that the microstructure can excite SPPs with wide frequency band and standing wave resonance of the plasma resonant cavity formed in the deep trench, thus producing a high frequency band and a high near infrared absorption in the range of 1,000–1,500 nm, as shown in Figure 16 [36]. It breaks through the absorption limit of Silicon and greatly expands its near-infrared absorption to 1,500 nm. When the groove becomes deeper, the absorption bandwidth and intensity of near-infrared absorption increases sharply. The microstructure makes it possible to achieve wide band and bloom response in the near infrared range from 1,000 to 1,500 nm.
[image: Figure 16]FIGURE 16 | The deep-trench microstructures (A, B) and corresponding response in the near infrared range from 1000 to 1500 nm with D = 2.4 μm (C). Source: Reproduced from Ref. 36.
The optical properties of the SMART texture of crystalline Silicon was researched and optimized [37]. First, a pronounced nanotexture is imprinted into a high temperature stable silicon oxide (SiOx) sol-gel layer. Subsequently, the nanostructures are smoothed by spin-coating a titanium oxide (TiOx) sol-gel, which preferentially fills the void between the protrusions of the nanostructure. In the single-layer approach, a thin SiOx layer is sputtered on top of the smooth nanostructure. For the double-interlayer system, an additional silicon nitride (SiNx) layer is deposited prior to the SiOx layer. As a result, the absorption of the SMART texture structure is higher than that of the planar reference (Figure 17B).
[image: Figure 17]FIGURE 17 | (A) the fabrication process of SMART texture of crystalline Silicon. (B) Comparison of absorption in 11 μm thick layers of silicon for two different nanostructures with lower (green) and higher (blue) filling fraction (FF) and height (h) as well as a planar reference interlayer stack (black). The experimental structures (solid) are compared to a 1-dimensional effective medium model with scattering model (dotted). Source: Reproduced from Ref. 37.
PROSPECT
Many kinds of metasurface structures that could improve incident photons absorption are analyzed in this paper. Structures that are compatible with CMOS or other easy to mass produce processes are attractive structures to be adopted to make revolutionary changes to conventional SPAD. As a result, the metasurface integrated SPAD would greatly push forward its applications in the quantum information, single photons imaging, life medicine, and other low-level light detections.
In ultraviolet band detection, the underspectral transfer can be carried out by preparing a spectral conversion layer on the SPAD surface, which will be a good research direction for SPAD to perform underspectral conversion. There are now some crystal materials that can carry rare earth ions for photoelectric conversion, such as YAG:Ce [38] and SrAl2O4 [3940]. YAG:Ce can absorb photons at short wavelengths, transform it into photons of long wavelengths, achieve the ultimate efficiency improvement in ultraviolet band detection. Similarly, in the near-infrared and infrared bands, rare earth ions can also absorb multiple long-wave radiation emitted by photons and convert them into short-wave radiation, a process known as upper-conversion luminescence. This material is of great significance in laser technology, optical fiber communication technology, fiber optic amplifier, and other fields [41]. At present, other researchers have also researched conversion materials [42–44].
Furthermore, the metamaterial could be used for multispectral imaging, by integrating it on the CMOS SPAD image sensor. Recently, an array of high-transmission mosaic filters was developed, each of which was completed by a single-step lithography process and was implemented by a plasmonic metasurface [45]. Integrated on the CMOS-SPAD array, the mosaic filter was reconstructed at the microphoto level of an average of five photons per pixel, and multispectral data at low-light levels was obtained simultaneously using three-color active laser lighting or broadband white light. This represents the first single-photon color image reconstruction achieved using a SPAD image sensor integrated with a mosaic filter array.
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