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The optical absorption device plays a crucial role as a component of the infrared astronomical telescope and possesses a significant impact on astronomical observations. A simple metamaterial absorber with substitutable middle materials is made for short-wave infrared sensing. The absorber is designed as a hollow square column, using a patterning approach for the top-layer structure of metamaterials. The absorption characteristics are verified using the impedance matching method, which involves extracting S-parameters and then performing inverse calculations to determine the absorber’s equivalent impedance. The result shows the highest absorption peak is at 3.25 μm, reaching 99.71%, with an impressive average absorption rate of 99.01% between 1.52 and 3.66 μm. The results demonstrate that this absorber shows polarization insensitivity while maintaining high absorption even at large angles of incidence. The distribution of the electromagnetic field within the absorber, the electromagnetic losses within individual layers, and their impact on the absorptive performance are analyzed in detail. Polarization angles, transverse magnetic polarization, and transverse electric polarization are further explored. The parameters of each layer have been discussed. An investigation of the intermediate dielectric layer has been conducted. The proposed absorber shows the potential to achieve exceptional absorption performance under various dielectric conditions, rendering it a promising candidate for use in astronomical observation, medical tests, infrared detection, invisible short-wave infrared systems, radar and various optical devices.
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1 INTRODUCTION
The infrared telescope plays a crucial role in astronomical observation. (Honniball et al., 2022; Jakobsen et al., 2022). Infrared detection equipment assists researchers in discovering previously unknown stars, planets, and galaxies, as well as studying cosmic dust clouds and interstellar matter. As a crucial element of infrared detection equipment, the infrared absorber must not only possess high sensitivity, but also adhere to strict requirements regarding size, material and other factors. Metamaterials are a category of artificial composite materials with a subwavelength size (Bertoldi et al., 2017). In contrast to natural absorptive materials, metamaterials not only possess ultra-thin characteristics but also relatively small unit sizes. Metamaterial perfect absorbers (MPAS) can achieve exceptional electromagnetic characteristics by manipulating their shape, structural parameters, and periodic arrangement. This resolves the constraints imposed by the inherent electromagnetic properties of materials. Owing to advancements in nanotechnology, research on metamaterials has made significant progress and has attracted increasing public interest in recent years. Light plays a pivotal role in our lives. The understanding and investigation of light have significantly deepened alongside the advancements in science and technology. Maxwell’s equations reveal that light is a special form of electromagnetic wave from a mathematical perspective (Bliokh et al., 2016). The theoretical framework of electromagnetic waves has advanced significantly. Employing electromagnetic theory to investigate and explain optical phenomena has emerged as a reliable and effective methodology. MPAS demonstrate outstanding electromagnetic tunability and have garnered considerable attention in the field of optics.
In 2008, Landy and colleagues pioneered the design and implementation of MPAS within the millimeter-wave range (Landy et al., 2008). Over the last decade, many researchers have shown significant interest in the optical absorption properties of MPAS. The spectral research range of MPAS has been further expanded to include visible light (Cao et al., 2014; Lin et al., 2019), near-infrared (Ding et al., 2016; Lei et al., 2018), mid-infrared (Ma et al., 2013; Zhao et al., 2021; Li et al., 2023; Zhang et al., 2024), long-wavelength infrared (Ruan et al., 2021; Qin et al., 2022; Wang et al., 2024), terahertz (Liu and Song, 2021; Wang et al., 2022), and microwave (Hou et al., 2021; Xu et al., 2021) bands. Metamaterials have a wide range of applications in multiple fields, including solar energy absorption (Lin et al., 2020), filters (McCrindle et al., 2013), and imaging (Fan et al., 2017). Infrared sensors are an important component of thermal imagers and they can be used for military night vision reconnaissance (Gade and Moeslund, 2013). Infrared sensors can be used to detect biomolecules and prevent diseases, making them widely applicable in the medical field (Aslan et al., 2017). Infrared sensors can also be utilized for detecting combustion systems and are commonly employed in industrial settings (Goldenstein et al., 2017). As technological capabilities advance, the limitations of narrowband absorption are no longer sufficient to meet the demands of applications such as infrared detection and radar technology. In recent years, numerous research reports in the field of metamaterials have focused on achieving broadband absorption. Employing multilayer structures through stacking is an effective method for enhancing the absorption performance of MPAS. Su et al. utilized a combination of graphene and MgF2 as a set of materials and integrated them into a multilayer structure, leading to the attainment of high broadband absorption in the terahertz band (Su et al., 2015). They explained the importance of electromagnetic resonance in the absorption of light energy by analyzing the distribution of the electromagnetic field. Liu et al. employed tungsten nanospheres in conjunction with SiO2 as a set of materials for a metal-dielectric stack (Liu et al., 2017). They vertically assembled eight sets of metal-dielectric materials, achieving an absorption rate exceeding 90% across the visible light and near-infrared spectral ranges. The high absorption performance primarily arises from the presence of surface plasmon resonance and multilayer Fabry-Pérot (F-P) resonance cavities. Zou et al. employed a traditional metal-dielectric-metal structure with the Gosper curve as the top periodic pattern (Zou et al., 2020). The multi-size resonant coupling of the top periodic structure excites electric resonances at multiple wavelengths, resulting in high broadband absorption within the mid-infrared spectrum. Li et al. introduced a classic metal-insulator-metal (Cr-Al2O3-W) MIM structure (Li et al, 2022). The average absorption is 94.84% from 800 nm to 3,000 nm. The top layer featured a set of four metal rings, each of varying in size, used as periodic structures. The analysis of the electromagnetic field distribution reveals that localized plasmon resonance is a crucial factor that influences absorption performance across the entire desired wavelength range. Moreover, there are alternative approaches to achieve high broadband absorption in MPAS, such as incorporating metamaterial elements (Bakır et al., 2016; Khuyen et al., 2017) and utilizing unique materials like graphene (Li et al, 2022; Huang et al., 2022). Infrared technology is advancing towards interdisciplinary applications, and multi-band broadband absorption has the potential to broaden the range of applications for absorptive materials. Enhancing the absorption performance of MPAS remains a significant challenge, particularly in the context of achieving broadband absorption. While previous reports have described broadband absorbers in the short-wave infrared region, there is still potential for enhancing absorption performance. Previous studies on MPAS focused mainly on using fixed materials, providing limited alternative options. The substitutability of dielectric materials augments the absorber’s potential for broader and more adaptable applications in related fields.
The proposed metal-dielectric-metal (MDM) absorber consists of a hollow square column. The characteristics of the proposed absorber are analyzed using the Finite-Difference Time-Domain (FDTD) method (Qian et al., 2021). The results indicate that the average absorption of our proposed absorber is as high as 99.01% in the wavelength range from 1.52 to 3.66 μm, with absorption rates exceeding 90% between 1.22 and 3.92 μm. Based on the impedance matching theory, we investigate the relationship between the equivalent impedance of the absorber and the impedance of free space. Our findings demonstrate that surface plasmon resonance improves absorption performance. This is determined by studying the distribution of the electromagnetic field at the absorption peaks. Additionally, Fabry-Perot cavities are involved in the absorption of incident light. In this paper, we investigate the impact of structural parameters on absorption performance. Furthermore, we discuss the polarization angles and incident angles for both transverse magnetic (TM) and transverse electric (TE) polarizations. InP, SiO2, and Si3N4 can be used as alternative intermediate dielectric layers in addition to GaAs. The MPAS introduced in this paper exhibits polarization independence, insensitivity to wide incident angles, and broadband high absorption characteristics. We propose a broadband absorber with a periodic unit cell of hollow square columns based on a metal-dielectric-metal structure. The features of our proposed absorber position it for potential applications in various optical devices, such as astronomical observation, medical tests, and infrared detection.
2 DESIGN AND THEORY
The traditional metal-dielectric-metal (MDM) structure achieves excellent absorption performance in MPAS through the implementation of a distinctive periodic structure on the upper plane (Yu et al., 2018). We propose a hollow square column absorber based on the MDM structure. The array structure of the proposed MPAS is shown in Figure 1A. Figures 1B–D represents the unit cell, the top view, and the side view of MPAS, respectively. Our proposed MPAS consists of titanium (Ti) as the metal layer and gallium arsenide (GaAs) as the dielectric layer. The bottom section of the MPAS is constructed using Ti as the metal component. The metal substrate is a square column with equal length and width and a thickness of H3 = 260 nm. The proposed absorber comprises a central dielectric layer with a thickness denoted as H2 = 110 nm. The top layer consists of a periodic structure made of hollow square columns, constructed from titanium metal. The square column on the top layer has a side length denoted as L = 380 nm. The inner cavity within the proposed absorber possesses a radius denoted as R = 180 nm. The thickness (H1) of the top periodic structure is 550 nm. The unit size (P) of the absorber is 660 nm. The mesh size is set 5 nm × 5 nm × 5 nm.
[image: Figure 1]FIGURE 1 | MPAS model structure. (A) Structural array of the proposed absorber. (B) 3D view of the unit structure. (C) Top view of the unit structure. (D) Side view of the unit structure.
In this paper, the proposed absorber is modeled using FDTD calculation software. Periodic boundary conditions are applied in the x and y directions, while a perfect absorbing layer is set up in the z direction. The simulation periodicity size is defined as 660 nm. A reflectance monitor (R(ω)) is positioned 2 μm above the absorber, while a transmittance monitor (T(ω)) is situated 2 μm below the absorber. We choose a plane wave as the incident light source for the absorber. As illustrated in Figure 1A, the incident light travels in the negative direction of the Z-axis, with the electric field oriented along the X-axis and the magnetic field along the Y-axis. The absorption rate can be expressed as A(ω) = 1- R(ω)- T(ω). The thickness of the lower metal reflector in the absorber significantly exceeds the skin depth of the incident light. Virtually no light waves can penetrate the absorber. The absorption can be expressed as A(ω) = 1- R(ω). Our proposed MPAS consists of titanium (Ti) as the arsenide (GaAs) as the dielectric layer. Data for both Ti and GaAs are sourced from Palik’s handbook (Palik, 1998). The real and imaginary components of the permittivity are shown in Figure 2. As an excellent lossy metal, Ti possesses a significantly large imaginary part of the permittivity in the infrared range, which enhances its absorption performance.
[image: Figure 2]FIGURE 2 | Permittivity data of Ti and GaAs.
We conduct extensive computational simulations and provide micromachining technology for the manufacturing and processes involved in this design. Ti film is deposited on a silicon substrate using ion beam sputtering. InP or GaAs thin films are deposited using Metal Organic Chemical Vapor Deposition (MOCVD). SiO2 or Si3N4 are deposited using Plasma Enhanced Chemical Vapor Deposition (PECVD). The high-precision photolithography steps transfer the designed pattern, while Inductively Coupled Plasma (ICP) technology is used to, etch this pattern.
The MPAS has the capability to adapt the effective impedance of the absorber to align with the free-space impedance by designing a unique top periodic structure that incorporates multi-size resonant coupling. This ensures that incident light is absorbed by the MPAS with minimal reflection back into free space. To verify its absorption characteristics, we extract the S-parameters of the proposed absorber. S11 and S21 denote the reflection and transmission values, respectively. Figure 3 illustrates the equivalent impedance of the absorber. By impedance matching theory, the closer the equivalent impedance of the absorber is to the free-space impedance, the higher the absorption performance (Jung et al., 2015; Huang et al., 2020):
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[image: Figure 3]FIGURE 3 | Parameter values of the absorber. (A) The values of S-parameters. (B) Equivalent impedance of the absorber. (C) The value of reflection loss. (D) Comparison of simulation and computational results. Absorption (A), Transmission (T) and Reflection (R) of the absorber.
In Eqs 1–4, Z represents the normalized equivalent impedance of the absorber, Γ is the reflection coefficient, RL signifies the reflection loss and A represents absorption. As depicted in Figure 3B, the real part of the equivalent impedance closely approximates 1, while the imaginary part tends toward zero within the wavelength range of 1.22 μm–3.92 μm. It indicates that the proposed absorber achieves impedance matching with free space, leading to absorption performance that closely approaches perfection. To visually understand the impact of impedance matching on reducing the reflection of incident light waves, we calculate the reflection coefficient (Γ) and reflection loss (RL) through the utilization of S-parameters. As shown in Figure 3C, the reflection loss registers below −10 dB across the wavelength range from 1.22 to 3.92 μm. As depicted in Figure 3D, the absorption rate exceeds 90% across the wavelength range from 1.22 to 3.92 μm, and the average absorption rate reaches an impressive 99.01% between 1.52 and 3.66 μm within the wavelength spectrum. The results obtained from the calculation of equivalent impedance are consistent with the simulation results. This further confirms the authenticity of the results. Three absorption peaks are observed at wavelengths of 1.73, 2.53, and 3.25 μm. The reflection loss is RL = −25.62 dB, the effective impedance is Z = 0.92–0.072i, and the absorption is A = 99.45% at 1.73 μm. The reflection loss is RL = −30.83 dB, the effective impedance is Z = 0.96–0.042i, and the absorption is A = 99.02% at 2.53 μm. The reflection loss is RL = −40.19 dB, the effective impedance is Z = 1.00–0.019i and the absorption is A = 99.71% at 3.25 μm.
To demonstrate the impact of the structure on absorption, we analyze the electromagnetic field distributions of the absorber at three absorption peaks. The incident light’s influence triggers collective oscillations among groups of free electrons at the metal-dielectric interface, ultimately leading to the formation of surface plasmon resonance (SPR) (Zhang et al., 2007; Chen et al., 2014):
[image: image]
In Eq. 5, P represents the unit size of the absorber, while i and j denote the order of SPR resonance. εd and εm stand for the permittivity values of the dielectric and metal, respectively. As shown in Figure 4, there is an electric field enhancement phenomenon occurring at the top layer. Electric field enhancement occurs at the four corners of the square column, while it is observed in the y-axis direction of a cylindrical cavity. The enhancement of the electric field in the top layer indicates the excitation of local surface plasmon resonance (LSPR), which contributes to absorption enhancement. The enhancement of the electric field within the cavity decreases progressively as the wavelength of light increases from 1.73 to 3.9 μm. The main factor contributing to absorption enhancement is the electric field enhancement induced by the LSPR at the outer boundary of the square pillar. Figures 5A–C shows the magnetic field distribution on the top layer. The magnetic field is primarily enhanced in the Y-axis direction within the cavity and at the boundary of the square pillar. Figures 5D–F shows the magnetic field distribution in the X-Z plane. It indicates that magnetic field enhancement occurs not only at the top layer but also at the intermediate dielectric layer. The increase in the magnetic field at the edge of the dielectric layer indicates the excitation of propagating surface plasmon resonance (PSPR). Both LSPR and PSPR synergistically enhance the absorption capabilities of our proposed absorber. Electromagnetic loss contributes to the absorption of incoming light. Figure 6 shows the energy consumption of the proposed absorber. This suggests that the primary cause of absorption is the electric loss from LSPR in the top layer, while the magnetic loss from PSPR in the middle dielectric layer also contributes to absorption.
[image: Figure 4]FIGURE 4 | Electric field distribution at three absorption peaks. (A–C) Electric field distribution in the X-Y plane of the top layer at 1.73, 2.53 and 3.25 μm, respectively. (D–F) Electric field distribution in the X-Z plane at 1.73, 2.53 and 3.25 μm, respectively.
[image: Figure 5]FIGURE 5 | Magnetic field distribution at three absorption peaks. (A–C) Magnetic field distribution in the X-Y plane of the top layer at 1.73, 2.53 and 3.25 μm, respectively. (D–F) Magnetic field distribution in the X-Z plane at 1.73, 2.53 and 3.25 μm, respectively.
[image: Figure 6]FIGURE 6 | Power loss distribution at three absorption peaks. (A–C) Power loss distribution in the X-Y plane of the top layer at 1.73, 2.53 and 3.25 μm, respectively. (D–F) Power loss distribution in the X-Z plane at 1.73, 2.53 and 3.25 μm, respectively.
3 RESULTS AND DISCUSSION
The influence of the structural parameters on absorption performance is discussed. The structure and size of the absorber impact LSPR. Modifying the structural parameters can alter the electromagnetic properties of the absorber. By making precise adjustments to the relevant structural parameters, the performance of the absorber can be optimized. To explore the specific effects of various structural parameters on the absorption performance, the controlled variables method is employed. We modify the value of one parameter while keeping the other parameters constant. The top-layer periodic structure not only influences the impedance matching between the absorber and free space but also contributes to the absorption of incident light by inducing SPR. Figure 7 illustrates the impact of different parameter values in the top-layer structure on the absorption performance. As shown in Figure 7A, the cavity radius increases from 20 to 180 nm in increments of 40 nm. The absorption bandwidth undergoes a redshift as the cavity radius increases, while the absorption performance remains largely unchanged at longer wavelengths. Based on the electric field distribution depicted in Figure 4, it is evident that the LSPR at the cavity edge is significantly attenuated at longer wavelengths. As the wavelength redshifts, the electric field at the cavity edge gradually becomes stronger. As shown in Figure 7B, the side length (L) of the square pillar increases from 380 nm to 580 nm in increments of 50 nm. As L increases, the absorption performance steadily decreases across the entire wavelength range. The LSPR at the periphery of the square pillar significantly contributes to the absorption performance across the entire wavelength range. As L increases, it diminishes the plasma resonance at the periphery of the square pillar. On the other hand, the absorber experiences a greater impedance mismatch with free space. This leads to a higher reflection of incoming light back into free space, thereby reducing absorption performance. As shown in Figure 7C, when the thickness of the top layer increases from 350 to 550 nm, the average absorption gradually improves. However, the average absorption gradually decreases as the thickness increases from 550 to 750 nm, and the range of absorption exceeding 90% also diminishes. This indicates that both excessive and insufficient thickness of the top layer have adverse effects on plasmonic resonance. We selected a thickness of 550 nm as the optimal choice to achieve the best absorption performance.
[image: Figure 7]FIGURE 7 | The impact of top layer structural parameters on the absorption performance. (A) The influence of cavity radius on the performance of absorption. (B) The influence of the top cube side length on the absorption performance. (C) The impact of the top layer thickness on the performance of the absorption.
The impact of dielectric thickness (H2) on absorption performance is depicted in Figure 8A. The H2 increases from 50 nm to 110 nm, leading to a gradual improvement in the average absorption rate and an expanded absorption bandwidth that exceeds 90%. When the dielectric layer thickness is increased from 110 nm to 170 nm, the average absorption rate progressively decreases. Based on the magnetic field distribution depicted in Figure 5, it is evident that PSPR occurs in the intermediate dielectric layer. This indicates that modifying the thickness of the dielectric layer can regulate PSPR and impact absorption performance. The reflection and interference of incident light between the top and bottom metal layers influence the configuration of the resonant cavity formed by the dielectric layer. Ultimately, we have chosen a thickness of 110 nm for the optimized dielectric layer. Figure 8B demonstrates the effect of unit size (P) on absorption performance. When p = 460 nm, the distance between adjacent top-layer periodic units is small. In addition to being influenced by incident light and LSPR, the cavity pillar of the top layer also experiences resonance coupling with the surrounding adjacent periodic units. This phenomenon leads to changes in the LSPR of each cavity pillar, ultimately reducing its absorption performance. When P increments from 560 nm to 860 nm in 100 nm intervals, there is a redshift in the absorption bandwidth. The range of wavelengths where absorption exceeds 90% decreases. The impact of different dielectrics on absorption performance is described in Figure 9. By fine-tuning the structural parameters, high absorption in the near-infrared to mid-infrared wavelength range is achieved using the same fundamental structure. The structural parameters of our proposed absorber with interchangeable materials are presented in Table 1. The substitutive capability of the dielectric material within the same structure significantly enhances the versatility of the absorber. The proposed absorber demonstrates an absorption rate of over 95% with four different dielectric materials. Therefore, we conclude that the proposed absorber demonstrates material substitution characteristics. As shown in Figures 10A, D, the polarization angles of the vertically incident light vary from 0° to 90°. The absorption performance of the top periodic structure is unaffected by the polarization angle due to its hollow square column shape, which is centrally symmetric. The polarization angles and incident angles of the incident light can vary significantly. Therefore, designing an absorber that is insensitive to changes in polarization angles and incident angles can accommodate various complex conditions. As shown in Figures 10B, E, the incident angles for TE polarization increase from 0° to 60°. As the incident angles increase, the absorption performance gradually decreases, and the absorption bandwidth undergoes a redshift. An absorption rate exceeding 90% is achieved within the bandwidth ranging from 1 μm to 3.47 μm when θ = 50°. However, the absorption sharply decreases when θ = 60°. As shown in Figures 10C, F, the TM polarization incident angles increase from 0° to 60°. With the increase in polarization angle, the absorption performance gradually decreases within the wavelength range of 1μm–4.7 μm. Even when θ = 60°, the absorption rate remains above 80%. The proposed absorber is insensitive to both TE and TM polarization angles. As shown in Table 2, our proposed absorber demonstrates excellent performance and material substitutability.
[image: Figure 8]FIGURE 8 | The influence of the dielectric layer and unit size on the performance of the absorption. (A) The influence of the dielectric layer thickness on the performance of absorption. (B) The effect of unit size on the performance of absorption.
[image: Figure 9]FIGURE 9 | The absorption spectrum varies with different dielectrics based on the same hollow square column structure. (A) The absorption spectrum with a SiO2 dielectric layer. (B) The absorption spectrum with an InP dielectric layer. (C) The absorption spectrum with a Si3N4 dielectric layer. (D) The absorption spectrum with a GaAs dielectric layer.
TABLE 1 | The parameters of the absorber with substitutable materials.
[image: Table 1][image: Figure 10]FIGURE 10 | The influence of polarization angle (φ) and incident angle (θ). (A, D) The absorption spectrum with the polarization angle ranging from 0° to 90°. (B, E) The absorption spectrum with the incident angle ranging from 0° to 90° for TE polarization. (C, F) The absorption spectrum with the incident angle ranging from 0° to 90° for TM polarization.
TABLE 2 | Reports about broadband infrared absorber.
[image: Table 2]4 CONCLUSION
We proposed an absorber with a hollow square column based on the MDM structure. The average absorption is 99.01% within the wavelength range of 1.52–3.66 μm, with the highest absorption reaching 99.71% at 3.25 μm. The proposed absorber consists of a single metal material (Ti) and a single dielectric material (GaAs). The absorption curve has been verified and fits well based on impedance matching theory. Additionally, we investigated the distribution of the electromagnetic field at three absorption peaks, revealing the contribution of plasmonic resonances to the absorption performance. There is a regulating effect on the electromagnetic properties for structural parameters. We calculate the impact of the structural parameters of each part of the absorber on the absorption performance and determine the optimal parameter values. The study examines the impact of various dielectric materials on the performance of the absorber. By adjusting the structural parameters of the absorber while keeping the basic design unchanged, the substitution of different dielectric materials allows the absorber to maintain exceptional performance, achieving over 95% absorption. The proposed absorber is insensitive to polarization angles. Under TE and TM polarizations, with incident angles less than 50°, the absorption rate remains above 90%. A new structure that we proposed achieves near-perfect absorption in the short-wave infrared region. The substitutability of dielectrics allows the proposed absorber to have a wider range of potential applications in optical devices.
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