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Abstract
A near-perfect absorber for the visible regime based on metal-dielectric-metal subwavelength grating
structure with the refractory metals is designed and demonstrated numerically. The absorber presents an
average absorption over 98.4% in the visible regime at normal incidence. Angle-relative analysis shows
that the proposed structure has good angle-tolerance. The high average absorption (86.6%) in the visible
region can be maintained with the incident angles up to 60°. Through the analysis of the magnetic �eld,
the physical origin is veri�ed that this excellent absorption performance mainly stems from the
cooperative effect of surface plasmonic resonances and the intrinsic broadband spectral responses by
the refractory metals. In addition, the dependence of the absorption spectrum of the proposed absorber
on the structural parameters is analyzed. This work provides an idea for the design of high-performance
absorbers and has potential applications in advanced light energy capture and integration systems.

Introduction
Since Landy et al. �rst demonstrated a perfect metamaterial absorber (MA) at 11.5 GHz, MAs have
attracted great interest because of their wide applications, such as solar cells, plasmonic sensors,
photodetectors, and thermal emitters [1–27]. Adjustable-band, omnidirectional, and polarization-
independent absorbers based on the metamaterial or meta-surface have been investigated. Under
appropriate conditions, the absorption can be enhanced by intrinsic electron resonance and magnetic
resonance, including surface plasmon resonance (SPR), cavity mode resonance (CMR), Mie resonance
(MR) or hybrid resonance [5–10]. In the previous studies, a lot of research work focuses on infrared band,
or longer band absorption [4–5]. In recent years, with the rapid development of micro-nano processing
technology, people gradually pay attention to the absorber working in the visible regime [10, 28–34]. For
example, Qinyu Qian proposed and experimentally demonstrated an ultrathin meta-surface perfect
absorber based on coupled Mie resonances with dielectric Si nanopillars and metallic Cr nanopillars [10].
Sunwo Han et al. numerically investigated and analyzed the electromagnetic resonances on a 2D tandem
grating and its application for broadband absorption in the visible spectrum [28]. Minghui Luo et al.
proposed a broadband absorber based on a metallic substrate and a 1D subwavelength metallic grating
with the grooves �lled with dielectric material in the visible regime [29]. Recent literature shows that the
combination of meta-surface and the refractory material can achieve e�cient broadband absorption in
the visible band. Yuyin Li proposed an ultra-broadband perfect absorber composed of the insulator-metal-
insulator grating on the metal-insulator-metal (MIM) �lm stacks utilizing refractory materials, achieving
over 90% absorption in the wavelength range from 570 nm to 3539 nm with an average absorption of
97% [24]. These structures mentioned above are very sensitive to structural parameters, so there are strict
requirements for machining means, which limit practical device applications. Although some progress
has been made, further research on broadband absorbers using refractory materials and refractory
materials is needed.

In this paper, a wide-angle near-perfect absorber incorporating metal-dielectric-metal subwavelength
grating with refractory materials is presented. An average absorption of 98.4% for the whole visible
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regime at normal incidence is attained. Particularly, near-perfect absorption (about 99.6%) is achieved at
λ = 600 nm. Moreover, the high average absorption (86.6%) can be maintained in the visible region with
the incident angle varying from 0 to 60°. The high broadband absorption is attributed to the cooperative
effect of surface plasmonic resonances supported by the multi-layered structure and the intrinsic
broadband spectral responses by the refractory metals. Additionally, the absorption spectra of different
structure parameters are studied. The near-perfect absorber presented in this paper has potential
application prospects in color-printing, solar-energy harvesting, and other �elds.

Simulation And Discussion
Figure 1 shows the schematic diagram of the proposed absorber, consisting of the bottom metal layer of
the refractory material tungsten (W), the dielectric layer (SiO2), and the subwavelength metal (W) grating
layer. The heights of them are h1, h2, and d, respectively. The metal grating in this structure is also
characterized by the period p, the ridge width w, and the duty cycle F (F=w/p). The refractive index of W is
�tted by the Drude-Lorentz model [35]. The refractive index of the dielectric layer is 1.5. In the structure,
the bottom W layer with the thickness larger than the skin depth is employed to hinder the transmission.
The subwavelength metal grating arrays are symmetric along the X and Y directions, indicating that the
desirable polarization-independence could be deservedly obtained. In order to simplify, the TM-polarized
light incident from the top air side at an angle of θ is selected for analysis. The simulated absorption (A),
re�ection (R) and transmission (T) is performed using the rigorous coupled analysis (RCWA) method
[36–37].

Figure 2 shows the simulated R, T and A at normal incidence for the visible region, respectively, where
p=280 nm, F=0.5, h1=80 nm, h2=50 nm, and d=30 nm. As shown in Fig. 2, the average absorption is about
98.4% from 400 nm to 700 nm and the absorption peak (A ≈ 99.6%) appears at the wavelength of λ = 
600 nm. Figure 3 shows the absorption spectra for TM-polarized light in the visible region with the
incident angle varying from 0° to 60°. The average absorption is still over 86.6% when the incident angle
adds up to 60°. The above simulation results show that the proposed absorber has robust angle
tolerance, which is crucial and needful for the applications in color-printing and harvesting solar energy.

To understand the physical mechanism of the broadband absorption of the proposed absorber, the
magnetic �eld at the absorption peak (λ = 600 nm) and several non-absorption peak positions (λ = 400
nm, 500 nm, and 700 nm) is presented in Fig. 4. From Fig. 4, it is found that the magnetic �eld is mainly
con�ned within the multi-layered structure at these wavelengths. As can be seen from Fig. 4(a), at λ = 400
nm, the magnetic �eld is mainly con�ned at the interface between the bottom metal layer and the
dielectric layer, just below the metal grating groove, indicating the excitation of local surface plasmon
resonance (SPRs) [24, 38]. At λ = 500 nm, λ = 600 nm and λ = 700 nm, the effect of the localized SPRs at
the interface between the bottom metal layer and the dielectric layer underly the metal grating groove is
weakened. However, the enhanced magnetic �eld is mainly located at the region con�ned by the periodic
subwavelength grating ridges and the bottom metal layer. In this case, the SPRs excitation on the lower
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surface of the subwavelength metal grating and the upper surface of the bottom metal layer and their
coupling result in strong absorption [24, 38].

To further analyze the physical mechanism of the proposed absorber, the Poynting vector distributions at
λ = 400 nm (non-absorption peak) and λ = 600 nm (absorption peak) for TM-polarized light is presented in
Fig. 5. At λ = 400 nm, most of the incident energy �ow passes through the grooves of the metal grating
into the bottom metal layer, and a small amount of energy �ows into the area below the metal grating
ridges. At λ = 600 nm, most of the incident energy �ows into the area below the metal grating ridges, and
part of them �ows through this area and then into the bottom metal layer. Finally, the energy will be
dissipated by the Ohmic losses of W. Therefore, the designed structure can permit high polarization-
independent absorption in the visible regime. Most of the energy is found to be trapped in the multi-
layered structure, which gives a solid proof that the SPRs play a key role in the absorptive behavior in the
structure.

The dependence of the absorption spectra of the TM-polarized light on the period (p), the height (d), and
the duty cycle (F) of the subwavelength metal grating are demonstrated in Fig. 6 (a), Fig. 6 (b), and Fig. 6
(c), respectively. As can be seen from Fig. 6 (a), when the period varies from 250 nm to 350 nm, the
absorption in the whole visible band is about 98.0%. From Fig. 6 (b), it is indicated that the broadband
character is also controlled by d. If d is too large (> 60 nm), the re�ection of W will be obvious, leading to
a decrease in absorption e�ciency. When F varies from 0.4 to 0.6, the proposed structure absorbs
e�ciently in the whole visible band, as shown in Fig. 6 (c). From the production feasibility point of view,
the best parameter for wide bandwidth is F=0.5. The dependence of the absorption spectrum of the TM
polarized light on the height (h2) of the dielectric layer is demonstrated in Fig. 6 (d). It is obvious that h2 is
extremely signi�cant for broadband character. When h2 is in the range of 20 nm - 80 nm, the structure has
good broadband absorption performance. When h2 changes from 80 nm to 150 nm, the absorption
performance decreases sharply, because the coupling of surface plasmon waves decreases. When h2 is
greater than 150 nm, it shows the characteristics of narrow band absorption. From the above analysis, it
can be seen that the designed structure has greater tolerance for structural parameters, so it can reduce
the rigor of the process.

The in�uence of metal materials on the absorption performances of the proposed absorber by replacing
the W layer by Ti, Cr and Al while keeping the geometry parameters constant are analyzed in Fig. 7(a).
And the absorption spectrum without the corresponding metal grating layer is shown in Fig. 7(b). It can
be inferred from Fig. 7 (a) that when using W, Ti or Cr, the absorption spectrum exhibits superior
performance with an broadband perfect absorption (over 90%). When using Al, the absorption in the
visible region is signi�cantly reduced. The discrepancy observed here is decided by the metal’s intrinsic
dispersion property. In the proposed structure, for the refractory metal of W, Ti or Cr with an appropriate
thickness satis�es the impedance match conditions and thus achieves high absorption in the visible
range [39]. In Fig. 7(b), it can be seen that when there is no metal grating at the top, the corresponding
absorption e�ciency decreases signi�cantly. It is further demonstrated that the absorption is enhanced
due to the surface plasmon resonance excited by the metal grating in our proposed structure. Through
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the detailed analysis above, it is con�rmed that the excellent absorption performance mainly comes from
the synergy of surface plasma resonance and the inherent broadband spectral response of the refractory
metals.

Conclusion
In this work, a near-perfect absorber incorporating metal-dielectric-metal subwavelength grating structure
with refractory materials is numerically and theoretically analyzed. The average absorption of TM-
polarized is 98.4%, and the peak absorption can reach 99.6%. This excellent absorption performances are
due to the synergy of surface plasma resonance and the inherent broadband spectral response of
refractory metals. The advantage of this structure is that its absorption performance has good tolerance
for structural parameters, which can reduce the strict requirements for manufacturing process. The
results of this paper can provide reference for the design of absorbers working in the visible with
refractory materials, and are expected to �nd potential applications in structural color, solar-energy
harvesting, and other optical devices.
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Figures

Figure 1

Schematic diagram and geometric parameters of the proposed absorber.
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Figure 2

The simulated re�ection (R), transmission (T) and absorption (A) spectrum at normal incidence,
respectively.
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Figure 3

Absorbance spectra as a function of the incident angle for TM-polarized light.
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Figure 4

Calculated magnetic �eld distributions for TM-polarized light at normal incidence: (a) at λ=400 nm. (b) at
500 nm. (c) at 600 nm. (d) at 700 nm.
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Figure 5

Calculated the Poynting vector distributions for TM-polarized light at normal incidence: (a) at λ=400 nm.
(b) at 600 nm.
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Figure 6

Dependence of the absorption on the parameters of the proposed absorber: (a) the period of the metal
grating (p). (b) the height of the metal grating (d). (c) the duty cycle of the metal grating (F). (d) the height
of the dielectric layer (h2).
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Figure 7

Absorption spectra using metals of W, T, Cr and Al.


