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Abstract

:

Infrared detection technology has important applications in laser ranging, imaging, night vision, and other fields. Furthermore, recent studies have proven that hot carriers which are generated by surface plasmon decay can be exploited for photodetection to get beyond semiconductors’ bandgap restriction. In this study, silicon nanopillars (NPs) and gold film at the top and bottom of silicon nanopillars were designed to generate surface plasmon resonance and Fabry–Perot resonance to achieve perfect absorption. The absorption was calculated using the Finite Difference Time Domain (FDTD) method, and factors’ effects on resonance wavelength and absorption were examined. Here we demonstrate how this perfect absorber can be used to achieve near-unity optical absorption using ultrathin plasmonic nanostructures with thicknesses of 15 nm, smaller than the hot electron diffusion length. Further study revealed that the resonance wavelength can be redshifted to the mid-infrared band (e.g., 3.75 μm) by increasing the value of the structure parameters. These results demonstrate a success in the study of polarization insensitivity, detection band adjustable, and efficient perfect absorption infrared photodetectors.
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1. Introduction


Infrared photodetection has been widely used for telecommunication [1,2], imaging [3], surveillance [4], and military purposes. Common photodetectors are mainly based on the mechanisms of photoconductance, photovoltaic, and so on. One type of photogenerated carrier is captured by the defect state, etc., in a photoconductance device, while the other is cycled through the device’s channel multiple times through being pushed by an electric field to add photoconductance gain. Higher photoconductance gains can be achieved by extending the lifetime of a few carriers or by using channel materials with high mobility. However, the response of photoconductance components is generally slow, in the order of ms to s. The detector based on the photo-volt effect relies on the electric field built in the junction to separate the photogenerated electron–hole pair and generate the photogenerated potential difference or photogenerated current. Photovoltaic detectors usually have a fast response speed, but due to the lack of a gain mechanism, the responsiveness of the device is not high. Photoconductance and photovoltaic devices are usually limited by the bandgap of semiconductor materials [5]. In recent years, surface plasmon has attracted much attention because the hot electrons can be transferred quickly and photoelectric conversion can be realized.



Surface Plasmons (SPs), coherent oscillations of free electrons in metal nanostructures that can excite with electromagnetic waves, provide a novel means of enhancing light–matter interaction at the nanoscale [6,7,8]. SPs can generally be divided into two classes: Localized Surface Plasmon Polariton (LSPP) (also commonly referred to as Surface Plasmons Resonance, SPR), residing on metal nanoparticles (approximately zero-dimensional structure), and Propagating Surface Plasmon Polariton (PSPP), which exists at the metal–dielectric interface. The electromagnetic field of surface plasmons is localized in a region much smaller than the wavelength scale. The energy of incident light will converge in deep subwavelength or even nanoscale space through SPs, which can greatly enhance the energy density and local electric field intensity of light, forming hot spots [9]. Following excitation, plasmons undergo non-radiative relaxation, during the electron collective oscillation process. Then, electron–electron collisions (time scales of 10 to 100 fs) lead to the de-coherence of the plasmons. The energy of the plasmons is converted to quantized electrons by the excitation of in-band electron transitions (sp band) and inter-band electron transitions (d band–sp band) [10,11]. This process produces highly energetic electrons, also known as “hot electrons”, which can escape from the plasmonic nanostructures, then over-stride the metal-semiconductor Schottky junction. Finally, hot electrons will be collected by the electrode. Therefore, SPs can significantly enhance the interaction between light and matter. Due to the strong local constraint of SPs, the light field and energy are limited to the sub-wavelength scale. Thanks to state-of-the-art fabrication techniques such as electron-beam (EBL) and focused ion-beam (FIB), as well as commercially available numerical design tools like FDTD, in addition to research on self-assembled nanostructures [12,13], the design and fabrication of metallic nanostructures for infrared range has now become very effective. It shows great potential applications such as subwavelength light confinement within ultra-small mode volume [14], ultra-compact lens and waveplates [15,16], ultrasensitive sensing [17,18], hot carrier generation for photodetection and photochemistry [19,20,21,22,23,24], etc. Among them, the hot electrons produced by SPR excitation can be transferred rapidly and photoelectric transfer can be realized. In this case, the response wavelength of the device is determined by the contact barrier between the materials rather than the band gap of the semiconductor. This working mode breaks the bottleneck that the response band of the traditional detector is limited by the semiconductor band gap, so it has a great advantage in the field of infrared detection. The electromagnetic field localization caused by the plasmon resonance effect can also significantly enhance the light absorption of the material [25] and improve the photoelectric conversion efficiency. However, the main drawbacks of previously demonstrated hot electron detectors are their low photoresponsivity [26,27] and poor light absorption [28,29]. Recent studies report significant advances in detector efficiency and absorption efficiency by exciting propagating SPP using metal gratings [30] or combining gratings with deep trench cavities [31]. Therefore, plasmonic grating is a widely studied nanostructure that can achieve hot electron detection, but polarization dependence and extra bandwidth response are unexpected.



In this study, we have designed a hot-electron perfect absorption photodetector based on Au/Si-NPs arrays/Au, which is capable of photodetection in the near-infrared range. We can attain polarization angle insensitivity as a result of this. Our Schottky diode-based hot-electron photodetectors have great photoresponsivity in the near-infrared region, which is below the Si energy gap, thanks to the ideal absorber integrated with n-Si. The stable and efficient absorption was achieved by adjusting the structural parameters of the Si-NPs arrays. The SPs generated by Au/Si-NPs arrays and Fabry–Perot resonance generated by the top and bottom gold film effectively improved the optical absorption efficiency. Specifically, by studying the relationship between the parameters of the perfect absorber and resonant wavelength, we realized the detection in the mid-infrared range.




2. Structure Design and Simulation Model


Figure 1a shows the schematic of our perfect absorption photodetectors, which consist of n-type Si NPs arrays substrate, forming a 2D optical grating, with a 15 nm gold film deposited on the surface and bottom. As shown in Figure 1b, the metal film is naturally separated into top and bottom plasmonic stripe resonators. Orthogonally arranged Si NPs covered with metal are used to excite a strong electric field, which can boost hot carrier generation [26]. Importantly, the thickness of the plasmonic resonator is only 15 nm, less than the electron diffusion length [32], ensuring that the hot carrier has a high probability of diffusing to the metal–semiconductor interface. The 3D finite-difference time-domain (FDTD) simulation is performed using commercial software (Lumerical FDTD Solutions 2020 R2) to investigate the optical properties of the proposed structure. A Three-Dimensional (3D) simulation model was built based on the FDTD method to study the Perfect Photodetectors Absorption property for the dependency of Si NP of height, diameter, and period. The periodic boundary conditions were adopted for a unit cell in both x and y directions, and the perfectly matched layers (PML) were applied in the z condition to eliminate the interference of double scattering. In the structure of gold, we used discrete mesh with a size of 5 × 5 × 2 nm3. In order to ensure the convergence of simulation results, the simulation time is set to 3000 fs. FDTD simulations were performed using the experimental dielectric function from Palik [33] for the gold and silicon materials. The incident source is a linearly polarized plane wave (1100 nm–2000 nm) propagating along the negative Z direction with the E field polarization to the X direction.




3. Result and Discussions


The FDTD method was used to investigate the optical absorption of the structure of Au/Si NP arrays/Au. Two monitors were used to calculate the reflection (R) coefficient and transmission (T) coefficient during the simulation. Furthermore, the absorption (A) coefficient can be calculated by A = 1-R-T. As shown in Figure 2a, it is seen that a broadband optical absorption in the near-infrared region has a maximum value of ~96% and a FWHM of ~1785 nm. We did not further tweak the parameters to bring the optical absorption close to one, as we focused more on the research of the law of change. The physical origin of perfect absorption is the interaction of propagating SPR, LSPR, and Fabry–Perot resonance [34]. Another approach is the anti-reflection of nanostructures [35] to increase optical absorption. To characterize the hot-electron response, Figure 2b shows the electric-field intensity distribution at the X-Z section at the wavelength (1285 nm) with the highest absorption. In the X-Z section, this structure can be known as Au/silicon/Au “sandwich” nanostructure. Qianyi Shangguan et al. [36] proposed an ultra-narrow band graphene refractive index sensor, consisting of a patterned graphene layer on the top, a dielectric layer of SiO2 in the middle, and a bottom Au layer. They achieved absorption efficiency of the absorption sensor of 99.41% and 99.22% at 5.664 THz and 8.062 THz by exciting the plasma of graphene. It can become conscious of two-part local enhancement effects. One of the biggest electric fields is around the bottom corner of the gold film, because the gold attached to the Si NP arrays can generate SPs [37].



Brongersma et al. [10] describe the photoexcitation and relaxation of metallic NP arrays with a four-step model. In this model, based on the law of conversion of electromagnetic energy, which is also called Poynting’s theorem [38], Jiaming Hao et al. [39] studied the losses associated with light passing through a medium, in which both the dielectric permittivity and magnetic permeability are dispersive and absorptive. In their research, the time-averaged dissipative energy density in the case of the magnetically dispersive medium can be written as:


  Q ( r , ω ) =  1 2   ε 0  ω Im ( ω ) |  E →  ( r , ω )  | 2   



(1)




where  ω  represents the incident light frequency,   Im ( ω )   represents the imaginary part of the metal permittivity, and    E →  ( r , ω )   represents the local electric field. Therefore, Equation (1) shows that the absorption intensity is proportional to the square of the total electric field amplitude [40]. Another local enhancement effect electric field presents to the bottom of Si NP, which is caused by a Fabry–Perot resonance. Compared with the no-bottom gold film structure in Figure 2c,d, this structure does not have the bottom enhancement effect. Additionally, it has lower absorption than the first structure. Hence, gold arrays and Fabry–Perot resonance have optical coupling, so that the structure with top and bottom gold film can show higher absorption.



Enhancing the absorption is the first step to achieving photoelectric detection. The structure of Au/Si NP arrays/Au can realize the high optical absorption based on gold arrays and Fabry–Perot resonance optical coupling. There are three steps where the light current collected from the optical absorption to the electrodes, as shown in Figure 3, step (1) corresponds to hot electron generation. The plasmonic field can cause electrons to move from occupied to unoccupied by causing plasmons to non-radiatively decay into hot electrons (optical absorption). The distribution of hot carriers is then influenced by the shape of Si NP, the electronic structure, and other factors. In most cases, the spatial distribution of hot carrier generation from photon absorption can be written as:


  G =   ( 1 −  P r  ) Q   ℏ ω    



(2)




where the    P r    is the resistive loss of absorbed photon energy, which is dissipated without hot electron generation arising from the finite carrier lifetime. Step (2) Diffusion to the Schottky interface. Hot electrons transport to the metal–semiconductor interface before thermalization; Wang et al. used a typical metal–insulator–metal (MIM) structure to achieve a strong chiral effect in hot carrier generation, and the hot electron excitation is considered as a surface quantum effect formalism from carrier scatting by the metal surface [21]:


  R a t  e  o v e r − b a r r i e r   =  1 4   2   π 2       e 2   E f 2   ℏ    ( ℏ ω − △ E )   ℏ  ω 4         ∫ S    |   E  n o r m a l    |      2  d S  



(3)




where   △ E   is the potential barrier height,    E  n o r m a l     is the component of the electric field normal to the surface, taken inside metal, and the integral is taken over the metal surface. Step (3) Transmission to the conduction band of the semiconductor: hot electrons injected into the conduction band of the semiconductor through internal photoemission. The hot carrier injection efficiency  η  is a crucial factor to determine device performance, which is described as the number of electrons with sufficient energy to overcome the barrier [26]:


  η =  C F      ( ℏ ω − Δ  E b  )  2    ℏ ω    



(4)




where    C F    is the Flower emission coefficient,   ℏ ω   is the photo energy, and   Δ  E b    is the Schottky barrier energy height between gold and silicon. In our work, we simulated the distributions of electric fields for two different structures. According to Equations (1)–(4), we can describe the contribution of optical absorption to the hot carrier by its electric field.



To intuitively know the effects of Si nanostructures on optical absorption, the relationships between structure parameters and the optical absorption were obtained by changing the period (P), height (H), and radius (R) of the Si nanoarrays. Firstly, absorption curves were plotted in a 3D system of coordinates, shown in Figure 4a. It cannot clearly show the change rule. The relationships between structure characteristics with different periods and the maximum absorption are therefore shown using a much simplified method. Figure 4b–f displays the simulated absorption spectra with the period of Si arrays increasing from 200 nm to 600 nm, the radius increasing from 50 nm to 90 nm, and the height increasing from 50 nm to 130 nm, respectively. It is intuitively seen that the absorption coefficient is decreased and the highest absorption peaks present greater height and radius values as the p value increases. Meanwhile, absorption efficiencies at resonance wavelengths apparently decline, which depends on the weaker plasmonic resonances in the structure of Au/Si NP arrays/Au. More specifically, either a larger period or a smaller radius makes a wider gap between the gold films above the Si NPs, which weakens the magnetic dipole resonance.



In the previous part, we researched the relationships between structure parameters and the highest optical absorption coefficient. In addition, it is meaningful to examine the influence of the period, height, and radius of Si NPs on the absorption spectrum. Figure 5a–c shows the absorption of Au/Si NP arrays/Au with fixed height H = 0.11 μm, D = 0.12 μm, and various period P, fixed diameter D = 0.12 μm, period P = 0.2 μm, and various height H, fixed height H = 0.11 μm, period P = 0.2 μm, and various diameter D, respectively. Analogously, we used the same method where two parameters were fixed and the remaining one was changed to observe the influence of parameter change on the absorption of Au/Si NP arrays; the result is shown in Figure 5d–f. To obtain the relationship between the absorption wavelength and parameters of the Si NP arrays, the absorption wavelength can be obtained by using the SPP dispersion equation, which is shown as below [41]:


  β =  k 0       ε d  +  ε m     ε d   ε m       



(5)




where    k 0    is the wave-vector in a vacuum,    ε d    is the relative permittivity of the dielectric, and    ε m    is the dielectric function of the metal which can be described by the Drude model. When the periodical NPs are introduced, the SPP wavevector is expressed as [42]:


  β =    ε d     k 0  sin θ +   2 π n    λ p    (  x ^  +  y ^  )  



(6)




where  θ  is the horizontal angle of the incident wave vector,    λ p    is the grating period, and  n  is an integer. From Equation (6), it can be seen that absorption wavelength depends only on the horizontal dimension rather than the [43] vertical dimension [44]. The horizontal dimension includes period and diameter. Firstly, the period mainly affects the density of the NP arrays for constant diameter data. When the periodicity increased from 200 nm to 600 nm, the average absorptivity decreased by 54.2%; the result is shown in Figure 5a. The absorption decreased with an increase in periodicity because the area ratio of the Si NP arrays was reduced. As shown in Figure 5d, structures without gold at the bottom also show the same pattern. The height H of Si NP also influenced the absorption, as shown in Figure 5b,e. For the structure of Au/Si NP arrays/Au with an increase in H, the absorptivity between 50 and 130 nm increased slightly. Additionally, the absorption peak showed a small redshift with increasing Si NP height. Compared with the structure of Au/Si NP arrays, there is no redshift. Therefore, the resonance wavelength is redshifted by the Fabry–Perot resonator. The distinct feature of SPR, as can be observed in Figure 5c, is that the absorption peak results from the SPR and the resonant wavelength of the absorption peak redshifts as the diameter of the Si pillars increases. Compared with Figure 5f, the structure without gold at the bottom also shows the same pattern.



The polarization dependence of the designed perfect absorption photodetectors is also numerically investigated. As shown in Figure 6a,b, the structure with and without metal at the bottom is absorbed in a polarization angle of 0–90 degrees, respectively. A polarization angle equal to zero means that polarization direction is along the x direction (TE polarization), and equal to 90 means that polarization is along the y direction (TM polarization). Unsurprisingly, the absorber has the same resonance wavelengths under 0–90 polarization degrees at normal incidence due to the symmetrical arrangement of Si NP arrays. Polarization independence means the stable absorption of the absorber [45]. Therefore, the absorber that shows polarization independence has more application potential.



Taking advantage of the high photoresponsivity and tunability of the structure Au/Si-NPs arrays/Au, we can further achieve mid-infrared photodetection. Based on previous studies in the near-infrared range, we understand the parameter dependence and polarization dependence of the perfect absorption photodetectors. It is known that the resonant wavelength of the absorption peak redshifts as the diameter of the Si pillars increases. Next, we try to use larger structural parameters to make the resonant wavelength move to the mid-infrared band. The result is shown in Figure 7; with the thickness of the gold constant, the radius, period, and height increase so that the resonant wavelength moves to 3.75 μm; meanwhile, optical absorption in the mid-infrared region has a maximum value of ~80%. Based on the previous research results, we did not optimize the absorption peak parameters of the mid-infrared band and still maintained absorptivity over 80%. It is intuitively seen that the resonant absorption peak is redshifted as D, P, and H values increase, which is related to the weaker plasmonic resonances in Au/Si-NPs arrays/Au. Therefore, by adjusting the structural parameters, the perfect absorber can work in the mid-infrared band.



In addition, metamaterials present intriguing strategies for active tuning and provide flat, high-efficiency alternatives to conventional optical systems based on bulky components [46]. Xingyu Wang et al. [47] proposed a tunable sensing detector based on Bulk Dirac semimetals (BDS); the result achieved three perfect absorption peaks with absorptivity greater than 99.8% in the range of 2.4–5.2 THz.




4. Conclusions


In summary, we have designed and prepared a hot-electron photodetector based on Au/Si NP arrays/Au structure, which can operate in the near-infrared range well below the Si bandgap energy. Realizing near-unity absorption within ultrathin plasmonic nanostructures, it allows the efficiency of the hot electron transfer process to be significantly enhanced. Therefore, the Au-Si Schottky architecture allows us to preserve a broadband, polarization invariant, resonance wavelength adjustable absorber. This ultra-compact, CMOS-compatible Si-based photoelectric detection can also be readily integrated into on-chip optoelectronics and can be scaled to the solar spectrum, leading to enhanced efficiencies in hot-electron-based photodetection, photovoltaic, and photocatalysis systems.
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Figure 1. (a) Schematic of the proposed Au/Si NP arrays/Au perfect absorption photodetector. (b) The structure parameters are t1 = 1 μm, t2 = 0.015 μm, H = 0.12 μm, D = 0.13 μm, and P = 0.2 μm. 
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Figure 2. (a) Simulated optical reflection, transmission, and absorption for Au/Si NP arrays/Au. (b) Simulated electric field distribution in the structure of (a). (c) Simulated optical reflection, transmission, and absorption for Au/Si NP arrays. (d) Simulated electric field distribution in the structure of (c). 
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Figure 3. Schematic of the hot electron transfer process over the Schottky barrier formed by the metal-semiconductor interface. Steps 1 to 3 correspond to hot electron generation, diffusion to the Schottky interface, and transmission to the conduction band of the semiconductor. 
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Figure 4. (a) Schematic diagram of the three-dimensional relationship between absorption and radius, height, and wavelength. Si under the period of (b) 0.2 μm, (c) 0.3 μm, (d) 0.4 μm, (e) 0.5 μm, and (f) 0.6 μm. Height ranges from 0.05 μm to 0.13 μm with a step size of 0.02 μm. The radius factor ranges from 0.05 μm to 0.09 μm with a step size of 0.01 μm. 
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Figure 5. (a–c) Calculated absorption spectra of the Au/Si NP arrays/Au with a varying period, height, and diameter, respectively. (d–f) Calculated absorption spectra of the Au/Si NP arrays with varying periods, heights, and diameters, respectively. 
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Figure 6. The polarization angle dependence for (a) the structure of Au/Si NP arrays/Au and (b) the structure of Au/Si NP arrays. 
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Figure 7. Simulated optical absorption for Au/Si NP arrays/Au. The structure parameters are t1 = 1 μm, t2 = 0.015 μm, H = 0.5 μm, D = 0.82 μm, and P = 2 μm. 
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