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Abstract

:

We present a design of an ultra-broadband metamaterial absorber in the visible and near- infrared regions. The unit cell structure consists of a single layer of metallic truncated-pyramid resonator-dielectric-metal configuration, which results in a high absorption over a broad wavelength range. The absorber exhibits 98% absorption at normal incidence spanning a wideband range of 417–1091 nm, with >99% absorption within 822–1054 nm. The broadband absorption stability maintains 95% at large incident angles up to 40° for the transverse electric (TE)-mode and 20° for the transverse magnetic (TM)-mode. Furthermore, the polarization-insensitive broadband absorption is presented in this paper by analyzing absorption performance with various polarization angles. The proposed absorber can be applied for applications such as solar cells, infrared detection, and communication systems thanks to the convenient and compatible bandwidth for electronic THz sources.
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1. Introduction


Nowadays, the metamaterial absorber (MA) has drawn substantial attention for both fundamental studies and practical applications due to its high applicability in the microwave MA with near-unity absorption intensity [1], the surface-enhanced sensing, and ultra-sensitive sensing [2,3]. Generally, the subwavelength MA structure is designed based on the metal–dielectric–metal (MDM) interface. The interface can be tailored flexibly owing to the generation of artificial meta-atoms at the interface. The MDM configuration enables the enhanced absorption intensity of the MA [4,5]. The absorption property plays a particularly important role in solar cells and high-performance photodetectors [6,7,8,9,10,11,12,13,14,15,16,17]. Up to now, many technologies have been proposed to enhance the light absorption of the plasmonic metamaterial structures in both the intensity and broadband. For instance, various metallic reflectors and gratings where patterned surfaces with different shapes and sizes are designed and deposited on the dielectric layer have been reported.



The absorption peaks can be tuned by optimizing the shaped metallic grating structure located at the top of the MA. Recently, many efforts have been studied to widen the absorption bandwidth by using multi-shaped metallic configurations stacking of dielectric-meta layers [18,19], hole-arrays working as resonators [20], the shaped rectangular grating [21], shaped L grating [22,23], cylinder array [24], epsilon-near-zero (ENZ) materials [25,26], nanoporous materials that exhibit high efficiency in terms of broadband absorption, as well as their high applicability in sensors and easily fabricable devices [27,28,29,30]. However, these MA structures still have many disadvantages such as narrow absorption bandwidth, and polarization sensitivity due to the asymmetry structures having a low order of rotational symmetry, whereas many practical applications require the polarization-insensitive feature. For instance, a subwavelength nanostructure based on the MDM configuration with top crossed trapezoidal array silver geometry was proposed in the literature [31]. It can obtain a 71% average absorption in the visible region with a bandwidth of 300 nm (from 400 to 700 nm), while an absorber with a quasi-periodic gold nano-cone-shaped grating can reach an absorption of 87.4% in the range of 300–700 nm [32]. Moreover, the configuration of a thin-material nanostructure with a periodic array of titanium and silicon dioxide cubes, and aluminum as a bottom film can realize a 90% absorption bandwidth over 700 nm (from 354 to 1066 nm) [19]. However, Lei et al. did not explain the mechanism of the MA through the numerical analysis of the effective parameters, e.g., the effective impedance z [4]. Furthermore, the wavelength band over 712 nm is still not enough to meet the increasing requirements of harvesting solar energy applications, which require an inherently ultra-wideband with near-perfect absorption.



In this paper, we introduce an innovative wideband MA from visible light to near-infrared light regions based on a thin metamaterial nanostructure with a truncated-pyramid metallic resonator. In the previous study, the efficiency of the rectangular metallic-shaped gratings and the taper-shaped metallic gratings was demonstrated in a high-index contrast medium [12]. As a result, a plasmonic structure with metallic rectangular gratings had high reflection due to the significant mismatch between the entrance and exit faces of the impedance of the structure. We proposed the tapered metallic grating to enable impedance matching and reflection reduction over a broad bandwidth. The device structure is an MDM configuration composed of a periodic array of titanium (Ti) truncated-pyramid metallic gratings, a silicon dioxide (SiO2) dielectric spacer layer, and an optically thick titanium nitride (TiN) as a bottom film. Our simulation results show an extremely high absorption (>98%) with a broad bandwidth from visible light to near-infrared light regions. Furthermore, the physical mechanism of the MA structure is explained through the effective impedance parameter of a homogeneous structure by using the retrieval method [33].




2. Structure Design and Methods


The geometric structure of the proposed truncated-pyramid MA is shown in Figure 1. The MA structure was designed on a 250 nm supporting metallic substrate made from titanium nitride (TiN). We utilized the commercial software package COMSOL Multiphysics® Version 5.5 software (COMSOL, Inc. Stockholm, Sweden) [34] to simulate the periodic structure of the MA device with appropriate boundary conditions. We set-up a periodic structure with the boundary conditions using a Floquet-port at the apex and bottom of the structure, and the corresponding perfectly matched layers (PML) were applied to excommunicate the surface scattering. The electromagnetic wave is polarized as a plane wave along the z-axis, and they will be reflected or absorbed depending on the impedance matching of the MA structure and the surrounding environment. Therefore, the effective impedance z is exploited through a periodic structure with reflection (S11) and transmission (S21) parameters. The relationship between the z, S11, and S21 parameters will be shown in the next section. The dispersive properties of TiN, SiO2, and Ti layers were extracted from the material library of the commercial software package COMSOL Multiphysics software while the surrounding medium was air. The refractive indices of Ti and TiN have been calculated by Rakić et al. [35] and Pflüger et al. [36], respectively, and the refractive index of the SiO2 is 1.45.



For the device, the absorption band can be extended significantly with the higher absorptivity in the visible and near-infrared regions through the optimized process. Based on the optimized results, we determined that the optimized geometrical parameters of metallic truncated-pyramid gratings were as follows: The height of the grating (h), upper face of the grating (Wi), and lower face the grating (Wo) are 140, 70, and 140 nm, respectively. The periodicity P is 200 nm. The thickness of the SiO2 layer (td) is 25 nm to separate the two metallic layers. In the study, the absorption of the MA structure can be calculated through the relationship between absorption (A) and reflection (R) by the simple expression of A = 1 − R due to the thickness of the back reflector metallic layer in this structure being larger than the penetration depth of the TiN material (~63.2 nm at 413.3 nm wavelength), i.e., the transmission is zero. We will present a concise and precise description of the optimal simulated results, the physical mechanism of the MA structure, and the conclusions in the next sections.



The proposed truncated-pyramid MA can be fabricated by focus-ion-beam (FIB) technology [37]. A phase mask of various ion doses can be designed for generating the array of Ti-truncated pyramids using a pattern generator. The pattern can be transferred into the Ti film by direct milling.




3. Results and Discussion


The proposed truncated-pyramid MA structure (as seen in Figure 1) is expected to be able to generate localized surface plasmon resonance (LSPR) modes [38] at the top truncated-pyramid grating-insulator-metallic film layer interfaces. In addition, these LSPR modes can couple to the propagating surface plasmon resonance (PSPR) modes [39] occurring at the interface of the SiO2 layer and TiN back metallic reflector film that results in the enhancement of absorption spectra in the MA device. As demonstrated in our previous work [6], the tapered metallic grating activates the impedance matching in order to enhance light absorption over a broad bandwidth. It is expected to enhance absorption intensity in the same way as the other kind of metallic gratings [40].



The absorption spectra of the proposed MA device at normal incidence are shown in Figure 2. It exhibits a high absorption of 95% over a broad bandwidth of 781 nm (from 390 to 1171 nm) and a near-perfect absorption of approximately 98% over a wavelength range from 416 to 1094 nm, indicating a broad bandwidth of 678 nm from the visible to near-infrared regimes. In addition, a broad bandwidth of 232 nm (from 822 to 1054 nm) with >99% absorption is also exhibited around a resonant wavelength of 955 nm. The absorption mechanism of the MA device can be clarified by the theory of the plasmonic effect of metallic nanoparticles [41]. The effect causes extremely strong electromagnetic resonances at the various resonant wavelengths. The plasmonic mechanism is generally based on the LSPR modes and the PSPR modes, and the coupling of both LSPR modes and PSPR modes dominates the absorption. Moreover, the coupling of the light and the air-slot is generated from the tapered grating corners between the adjacent unit cells that results in the generated surface plasmon polaritons (SPPs) [42]-induced light absorption. The presence of SPPs can be verified in the absorption spectra of the proposed MA structure with its planar counterpart, as shown in Figure 2. The absorption of the proposed MA structure is significantly stronger than that of the planar structure in the whole wavelength region from the visible to near-infrared due to the SPPs enhancement.



To clarify the physical mechanism of the proposed MA structure, we investigated the current density, electronic field distribution, and magnetic field distribution under TE-polarization at the three resonant wavelengths, corresponding to the three peaks of the absorption spectrum. Figure 3 shows the current density, and electric and magnetic field distributions at various resonant wavelengths of 454, 568, and 954 nm in the XZ-plane, respectively. The current density is mainly located in the truncated metallic grating and partially in the dielectric gap where the LSPR is excited by the interface of the MDM configuration, as seen in Figure 3a–c. The enhancement of broad bandwidth absorption can be clarified by the current density distribution causing the energy loss [19]. Furthermore, we investigated the electrical distribution to confirm the presence of SPPs confined in the dielectric layer and located around the corners of the truncated metallic grating. Figure 3d–f shows the presence of SPPs. At the resonant wavelength of 954 nm, a strong coupling between the air-slot and the truncated metallic grating is exhibited in Figure 3f. The physical explanation can be understood when the MA structure has the presence of a propagating electromagnetic wave inducing the electric fields and currents in the patterned truncated grating and the dielectric layer. The strong field located in the truncated grating is due to the high charge concentration at these metallic edges. On the other hand, the electric fields and currents are generated in the opposite direction from the conductive back metallic film TiN to that of fields in the truncated grating thanks to the near-field coupling, resulting in the antiparallel currents creating the magnetic field in the gap dielectric layer.



Figure 3g–i show the magnetic field distribution for light absorption. The excitation of the LSPR modes generated at the truncated grating/dielectric layer interface and PSPR modes excited at the dielectric layer/TiN back reflector interface are observed. We see that at 954 nm (as in Figure 3i), the magnetic field enhancement is strongly located in the dielectric gap between the truncated grating and metallic reflector, indicating evidence for this coupling. Therefore, it provides strong confinement of incident light in the truncated resonator, which results in the enhanced light absorption.



In the simulated model, we set-up a periodic structure with the boundary conditions using the Floquet-port at the two ends of the structure, and a perfectly matched layer (PML) was used to eliminate the surface scattering. By using numerical analysis, we extracted the effective impedance z from Equation (1) [33], where S11 and S21 are the reflections and the transmission parameters exploited from the two-port model of the structure.


  z =   ±        (  1 +  S  11    )   2  −  S  21     2       (  1 −  S  11    )   2  −  S  21     2       



(1)







Due to the MA being backed by a metallic film, Equation (1) will be shortened as follows,


  z =   ±        (  1 +  S  11    )   2       (  1 −  S  11    )   2        =    |    1 +  S  11     1   −    S  11      |   



(2)







The broadband absorption of the device can be realized by the values of the effective impedance z including the real part (near 1) and imaginary part (near zero), as seen in Figure 4. This indicates that the absorption is greatest and the perfect wideband as the real part of z matches completely to free space (i.e., equal to 1 or unity), while the imaginary part is zero in the whole range of interest. Otherwise, when z between the MA device and free space is not matched, it results in increased reflection and reduced absorption. Furthermore, the dispersion properties of metallic components in the MA structure are also an important factor determining the efficient absorption. As shown in Figure 4, the values of z in the imaginary part indicate that the values are near zero in the corresponding wavelength range with absorption bandwidth at the resonant peaks, as shown in Figure 2. In addition, the real part of z is near-unity, which further reinforces the correctness of the mechanism.



Absorption for oblique incidences plays a very important role in the optical distribution of the MA structure. The performance decreases gradually from large oblique angles. To better understand the performance of the proposed MA device, we calculate the absorption as a function of incident angles from 0 to 85° by a step of 5° for both the TE-mode and TM-mode. Figure 5 shows the specific simulated results. The proposed truncated MA device exhibits stability absorption at small incident angles from 0 to 40° for the TE-mode, as depicted in Figure 5a, and from 0 to 30° for the TM-mode, as depicted in Figure 5b. For the TM-mode, one more resonant peak broadened beyond 1600 nm appears in the absorption spectra due to the enhancement of the coupling of resonant modes at longer wavelengths. Here, the absorption intensity is estimated higher than 98% in the range of wavelengths from 1500 to 1600 nm at an incident angle of 62°. For the TE-mode, the absorption bandwidth is unchanged essentially for incident angles less than 40°, while for the TM-mode, this range is decreased when the angles are over 20°. It can be seen that, at angles over 20°, the absorption bandwidth in the TE-mode is wider and more stable than the absorption bandwidth of the TM-mode because the optical cavities create temporal and spatial interference in the dielectric layer and the truncated grating resonators in which plasmonic resonant modes modify the angular response.



Figure 6 shows the absorption ability of the metallic truncated grating and ground plane serving as a back reflector. The absorption loss is significantly dominated by the top resonator while that of the bottom film dominates slightly in the wavelength range of interest. There are two characteristic peaks at 500 and 1340 nm in the absorption spectra of the bottom metallic film, indicating the role of PSPR and LSPR resonances, respectively. Moreover, the physical mechanism in the absorption of the truncated metallic resonator can be explained as follows. The top resonator allows the impinging incident waves to tunnel and the energy to squeeze through the truncated grating to the spacer when the light wave propagates through the device. The obtained absorption is perfect only if the coupling conditions are satisfied such as the permittivity and thickness of the top metallic grating exciting the cavity modes, as well as the intensity of the coupling between cavity modes and the incident waves. That is the reason why the top metallic grating significantly affects the strength of absorption and absorption bandwidth, which is the criteria to optimize the designed absorber.



Next, polarization insensitivity is evidenced in Figure 7, which depicts the simulated absorption spectra under normal incidence with various φ polarization angles. As seen in Figure 7, the polarization direction of the incident plane wave and electric (or magnetic as well) field is represented by the polarization angle φ. As the angle of polarization increases from 0 to 80° with the step of 20°, the absorption bandwidth is almost unchanged, which indicates that the absorption is completely independent to the polarization angle of the incident plane waves. As analyzed above, the broadband absorption is formed by the coupling of strong resonant frequencies. The coupling resonances of neighboring unit cells is weaker than those of the discrete elements. Thus, the polarization insensitivity can be performed thanks to the polarization-insensitive elements.



The polarization insensitivity is investigated for various oblique angles. Figure 8 depicts the results for both the TE-mode (as shown in Figure 8a–c) and TM-mode (as shown in Figure 8d–f) with incident angles of 20°, 30°, and 40°, respectively. The bandwidth-absorbing spectrum maintains a highly insensitive polarization until the angle of incidence is 30°, where the absorption spectra are slightly affected in the longer wavelength range while the polarization insensitivity is impossible at 40 ° in the whole wavelength range of interest.



Furthermore, the geometric effects of the truncated pyramid resonators are also investigated in Figure 9. The influence of the pyramid height (h) on the absorption performance is shown in Figure 9a. The ideal value of h is around 140 nm to achieve the highest absorption efficiency over the broad bandwidth as in the marked range. The absorption efficiency decreases significantly with the decrease or increase in h due to the relevant lossy cavity. As depicted in Figure 9b, the ratio of the pyramid (i.e., Wi/Wo) is a function of the lower face (Wo) of the pyramid. The effect of the upper face (Wi) and the lower face (Wo) of the pyramid is evaluated through the ratio Wi/Wo. Accordingly, the values of the ratio Wi/Wo to obtain an ideal average absorption as in the marked range are around 0.5 (i.e., Wi equal to 70 nm) and 140 nm, respectively. The change in Wi/Wo results in the change in the filling factor of the structure, which is related to the SPP resonances affecting the absorption performance.



In addition, the absorption efficiency of pillars replacing the pyramid in the system is shown in a broadband spectrum (Figure S1 from Supporting Information).




4. Conclusions


In summary, we have designed a truncated-pyramid MA structure in the visible and infrared regions based on a periodically patterned metal–dielectric–metal structure. The absorber exhibits a near-perfect absorption with a magnitude of absorption of 98% over a broadband of 674 nm from 417 to 1091 nm, while a 232 nm bandwidth (from 822 to 1054 nm) with >99% absorption is also obtained at around 954 nm. The strong coupling of plasmonic resonances between metals enables the enhanced absorption bandwidth. The absorption levels maintain 98% at angles up to 40° for the TE-mode and 20° for the TM-mode. In addition, the structure can achieve broadband polarization-independent absorption, which is expected to be applied in many practical applications i.e., detection, imaging, sensing, and defense applications. In addition, the MA structure is a potential candidate for light-harvesting applications in the visible and infrared ranges both in terms of extreme magnitude and broadband.
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Figure 1. Sketch of the proposed truncated-pyramid metamaterial absorber (MA) structure. (a) 3D view of MA structure. (b) Magnified 3D view unit cell of MA. (c) Top view of tapered resonator shape. 
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Figure 2. Absorption spectra for the proposed MA (red solid line) compared to its planar counterpart (black dashed line). 
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Figure 3. (a–c) Current density norm distributions (in units of A/m2) indicating the origin of the energy loss resulting in the enhancement of the broad bandwidth of absorption, (d–f) E-field norm distributions (in units of V/m) indicating the excitation of surface plasmon resonances at metal–dielectric–metal interfaces, (g–i) H-field norm distributions (in units of A/m) indicating the local surface plasmon resonances located in the dielectric gap. All these distributions are observed at the resonant wavelengths of 454, 568, and 954 nm in the XZ-plane, respectively. 
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Figure 4. The retrieved effective impedance (z) of the MA structure under normal incidence based on the retrieval method. 
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Figure 5. Absorption spectra as a function of various incident angles for (a) TE-polarization light and (b) TM-polarization light. 
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Figure 6. Absorption ability of the components in the proposed MA structure. 
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Figure 7. Absorption curves for different polarization angles under normal incidence. 
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Figure 8. Absorption spectra of various polarization angles under the different oblique incidence angles of 20 °, 30 °, and 40 ° for TE-mode (a)–(c) and TM-mode (d)–(f), respectively. 
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Figure 9. The geometric effects of the truncated pyramid resonator on the absorption performances: (a) The pyramid height (h), and (b) the ratio of the pyramid (i.e., Wi/Wo) and the lower face (Wo) of the pyramid. 
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