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Many optical systems benefit from elements that can absorb a broad range of wavelengths over
a wide range of angles, independent of polarization. In this paper, we present a nearly perfect absorber with dual broadband and polarization-independent in the visible regime that exploits strong
symmetric and asymmetric resonance modes of electromagnetic dipoles. It makes use of a bilayer
hollowed-out cross pattern structure which is simple, having five layers that include two stacks of
metal film with hollowed-out ribbon in cross patterns, two dielectric spacers, and a metal reflecting
layer. Simulations show that the design exhibits a significantly enhanced absorption property when
compared to a device with a normal cross pattern structure. The nearly perfect absorption efficiency
of the device is above 98.5% at two resonances regimes: from 5.57 × 1014 to 6.08 × 1014 Hz and
from 6.75 × 1014 to 7.05 × 1014 Hz, and its stable absorption characteristics can be maintained over
a wide range of polarizing angle – up to ±90°. This strategy can, in principle, be applied to other
material systems and could be useful in diverse applications, including thermal emitters, photovoltaics, and photodetectors.
Keywords: metamaterials, visible absorber, polarization-independent, nearly perfect absorption.

1. Introduction
The energy of light is regarded as one of the most abundant yet least harvested, sources
of renewable energy. Metamaterials that are characterized by their unique perfect or
nearly perfect absorption properties have attracted substantial attention along with their
development in many applied fields such as color filters [1, 2], photodetectors [3, 4],
photovoltaics [5–7] sensors [8, 9], bolometers [10], optical lithography [11], and thermal emitters [12, 13]. Much more effort will be devoted in the future to developing
highly efficient light absorption.
The prior literature describes the extensive efforts that have been devoted to various
absorption structures such as nanodisks, nanowires, nanocones, and arrays of nanoholes; and the working frequency bands of these nanostructures have steadily moved
to higher frequencies while retaining unique optical and electric characteristics for
light absorption [14–24]. However, the earlier versions of absorption structures had
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relatively narrow bandwidths; recently, more attention has shifted to saw-toothed
metamaterials made by stack structure of multilayer materials that exhibit extraordinary electromagnetic properties, and had wilder absorption bands with higher absorption [25, 26] – particularly the polarization independent metamaterial absorbers and
their thermo-photovoltaic applications [27, 28]. The spectrum selective absorption of
metamaterials is based on the resonance mechanism of nanostructures, where the absorption bandwidth and intensity can be engineered by controlling the size and geometry of the nanostructures, and different resonance modes result in different absorption
mechanisms. Not only do metamaterials promise unprecedented flexibility in controlling the flow of light in sometimes counterintuitive ways, they suggest new opportunities to incorporate electrical and optical functions in a unified platform [29]. This
is because the metallic nanostructures that provide engineered plasmonic behavior for
the metamaterial can also fulfill the conventional roles of metals for voltage bias, carrier injection, and current extraction. The plasmonic absorbers using phase-change
metamaterial have been most extensively studied in visible and mid-infrared [30–34].
Moreover, CUI et al. recently reported a 1D metamaterial based sawtooth-shaped absorber that shows good absorption in the middle infrared waveband [25]. LIANG et al.
developed a 2D pyramidal-shaped metamaterial absorber that shows surprisingly high
absorption over an extraordinarily broad waveband ranging from the near infrared to
long infrared [26]. Both of these studies are focused on absorption in the infrared waveband mainly. The absorption bandwidth is broad but the geometric structure is complex. Different treatment methods have been used to deal with different absorption
characteristics in multilayer architectures [35], metamaterials [36–38], and nanostructures with subwavelength gratings [39].
The visible band from 3.8 × 1014 to 7.8 × 1014 Hz accounts for nearly half of the
total energy in the solar spectrum; thus, the development of an absorber that functions
well in the visible band is necessary. Here, we propose an efficient absorption structure
based on strong symmetric and asymmetric resonance modes of electromagnetic dipoles;
we employ numerical simulation to determine its wide-polarizing angle absorption
properties, its sensitivity to the polarization state of the incident light, and its bandwidth.
Two stacks of hollow-out cross sheet-metal provide the resonance mechanism for absorption, and a metal functional layer can prevent light transmission effectively. Additionally, the performance of our device is almost independent of the angle of incidence
from 30° to 90° as well as the incident light. We believe that such a design will enhance
the functionality of metamaterial absorbers and should be valuable in many applications such as sensors, solar cells, and metamaterials in general.

2. Dual broadband, polarization-independent,
and nearly perfect absorption design
Figure 1 illustrates the geometry and important properties of the structure. Silicon dioxide
and silver were chosen for their desirable optical properties over the frequency range
of interest. The bilayer silver (Ag) nano hollowed-out cross (HC) patterns structure
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Fig. 1. Schematic diagram of the proposed polarization-independent, wide-angle and broadband visible
absorber with improved viewing angle employing electromagnetic dipoles resonance behaviors in highly
absorbing metamaterials (a). Simulated absorption spectrum obtained from bilayer HC pattern structure
and bilayer NC pattern structure configurations under different polarization light incident (b).

(Fig. 1a) provide both symmetric and antisymmetric resonances, along with the angle
-sensitive, polarization insensitive broadband absorption properties. The device structure simply consists of a Ag functional layer on the bottom, followed by a SiO2 layer,
the third layer of Ag nano HC pattern with angular offsets of 45° from the x-axis, then
another SiO2 layer, and the last layer of Ag nano HC pattern with angular offsets of
θ = 45° with respect to the previous Ag nano HC pattern layer. The length l and width w
of the Ag nano HC pattern are 300 and 100 nm, respectively. The thickness t of Ag
nano cross patterns, SiO2 layer and Ag functional layer are 33, 70, and 70 nm, respectively. The unit size p is 350 nm. With these optimized geometric parameters it is possible to achieve dual-band and broadband absorption characteristic with nearly perfect
absorption efficiency in the visible range, as shown in Fig. 1b. It is obvious that the
absorption spectrum is greatly broadened by introducing an additional resonance for
HC stacks as compared to the normal cross (NC) pattern structure. SiO2 material is
utilized in semiconductor devices, the forbidden bandwidth variability of SiO2 can be
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exploited for its use as a light absorption layer in thin film amorphous silicon solar cells
to improve the efficiency of broadband light absorption [40, 41], and Ag functions as
a reflective mirror since it is highly reflective and has the lowest absorption loss among
noble metals. The overall absorption could be even enhanced by employing loss metals
such as aluminum (Al), copper (Cu), and chromium (Cr), which are often used in the
microwave band. However, for high-frequency bands such as visible light, they can
be affected by metal skin effect. So Al or Ag is used in high-frequency bands, and we
chose Ag in this visible absorber. We aim at designing the structure with the improved
absorption property only in the cross pattern layers, thus potentially extending the
range of possible applications, including tandem PV systems. In our absorber design,
the thickness of a top metallic film is designed to be optically transparent (33 nm) so that
it allows incident light to pass through a middle dielectric layer to create an additional
resonance at different wavelength, thereby making the bandwidth broad, whereas a bottom metallic function layer is 70 nm that is thick enough to prevent any transmitted
light, thus validating the equation A = 1 – R, where A is the total absorption and R is
the reflection.
This HC pattern structure has multiple effects which include the extraordinary optical transmission (EOT) and chirality. The overall structure of the three layers of metal
is mingled with dielectric layers in which two layers of metal of the HC pattern are
thin enough (33 nm, less than the skin depth of the incident wave) and can let the incident light through. At the same time, the design of the hollowed-out can increase the
EOT effect. The bottom and top layer of HC pattern has a certain angle to produce chiral. The bottom of the metal function layer is thick enough (70 nm) to prevent light
from passing through.
First, a simulated absorption spectrum of the proposed HC structure device (blue
solid line) is described along with that of the NC structure (black dashed line) for the
comparison in Fig. 1b. As can be seen from the figure, our proposed HC structure exhibits two broader nearly perfect absorption bands: from 5.57 × 1014 to 6.08 × 1014 Hz
and from 6.75 × 1014 to 7.05 × 1014 Hz performance of 98.5%, which arises from four
distinctive resonances regimes appearing at around 5.57 × 1014, 6.08 × 1014, 6.75 × 1014,
and 7.05 × 1014 Hz, while the NC structure also shows four resonances 5.25 × 1014,
5.64 × 1014, 6.11 × 1014, and 6.35 × 1014 Hz. At 0° to 90° polarizations incidence of
linearly polarized beam, the absorption of HC remains constant, which proves that the
structure has the polarization independent characteristics for linearly polarized light
from 5.5 × 1014 to 7.5 × 1014 Hz.
The cross pattern metamaterial is essentially an electric ring resonator (ERR), and
evolved from metallic cut-wire. YE et al. studied the metallic cut-wire structure proceed
system [42]. In the metallic cut-wire, electric dipole resonance can be produced at both
ends of wire and have opposite polarity. Electric dipole resonance produced oscillation
in contrast to the metal surface, to at the same time equivalent magnetic dipole, with
the strong magnetic field response by magnetic dipole resonance resulting electromagnetic wave absorption effect. But single metallic cut-wire absorber is more sensitive
to the polarization direction of incident wave, in addition to missing magnetic compo-
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Fig. 2. Simulated geometric parameters of hollow-out cross pattern resolved absorption spectrum for
HC structure: length (a) and width (b).

nent for the plane wave incidence in the tangent direction to it. On the contrary, the
orthogonal cross structure is insensitive to the angle and to polarization direction incidence for both have the x and y component. Based on a similar resonant frequency
of the bilayer orthogonal cross structure, the absorption bandwidth can be extended.
Next, we examine the dependence of the absorption efficiency on the length and
width change in the HC structure as shown in Fig. 2. In Figure 2a, the calculated curves
of the optical absorption as a function of the length of HC structure and the frequency
are shown, given fixed thickness of the sheet-metal and dielectric layers. The absorption spectrum shifts to the higher frequency when we reduce the length of HC structure,
and the absorption bandwidth is narrowed. In addition, the number of perfect absorption peaks is gradually reduced, from six resonance perfect absorption peaks reduced
to two, that is because metal loss increases under the influence of the skin effect of
metal by reducing its size. In Fig. 2b, the calculated curves of the optical absorption
as a function of the width of structure and the frequency are shown, given fixed thickness of the sheet-metal and dielectric layers. The absorption spectrum shifts to the lower frequency when we reduce the hollow-out width of HC structure, and the absorption
bandwidth is narrowed. In addition, the number of perfect absorption peaks is also reduced, from six resonance perfect absorption peaks to two.
The magnetic dipole resonance absorption frequency of the cross structure is mainly caused by the length of the tangent, so the absorption bandwidth can be extended
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Fig. 3. Simulated absorption spectrum obtained from different incident angles: 30°, 60° and 90°.

by superposition of different resonant frequencies. Different tangent lengths of bilayer
orthogonal cross structure increased the difficulty of the metamaterial preparation. By
adjusting the thickness of the dielectric layer between each orthogonal cross layer, the
free space impedance matching of each orthogonal cross layer can be achieved, respectively. The thickness of the dielectric for each metal layer decides about the electric
dipole resonance strength and the magnetic resonance strength of the functional layer.
So by adjusting the thickness of the dielectric layer one can also modulate the impedance, in order to achieve the free space impedance matching, and to achieve maximum
absorption efficiency purpose [43].
More detailed investigations on what is the influence on the absorption of the incident
angle are presented in Fig. 3. Figure 3 shows simulated absorption spectra of the proposed HC structure at 30° to 90° incidence, where the absorption A is obtained from
equation A = 1 – R. As is seen from the figures, the broadbands 100% of perfect absorptions are achieved at the resonance absorption peak regimes, respectively from the
simulation. When linear polarized lights incidence is with 30°, 60° and 90°, the absorption band moves to the low frequency direction with the increase of the incident angle
as shown in Fig. 3. However, the absorption bandwidth increased with the increase in
the incident angle. Thus, a high absorption band above 92.5% is from 3.98 × 1014 to
4.50 × 1014 Hz and two nearly perfect absorption bands above 98.5% at resonance regimes from 5.57 × 1014 to 6.08 × 1014 Hz, and from 6.75 × 1014 to 7.05 × 1014 Hz are
obtained by linearly polarized light incident perpendicularly.

3. Physical mechanism of the absorption
In order to understand the mechanism of the resonances for the HC structure design, we
studied the surface current distributions as shown in Fig. 4. Here we take 5.65 × 1014 Hz
as an example. In hollow-out space of the first layer of sheet-metal, where the current
distribution directions of the upper and the lower surface are antiparallel and forms
an asymmetric resonance mode. In non-hollow space of the first layer of sheet-metal,
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Fig. 4. The simulated surface current distribution for HC structure at perfect absorption resonance frequency
5.65 × 1014 Hz. The cones in red show the direction and magnitude of the surface current. The magnitude
of the surface current is also shown by the color on the wires, with red and blue corresponding to largest
and smallest values.

where the current distribution directions are parallel and forms a symmetric resonance
mode. At the second layer of sheet-metal, the current distribution directions of the upper and lower surface are antiparallel both in hollow-out space and out of it. In the first,
the second, and the functional sheet-metal layers, the current direction in the interfaces
of the sheet-metal are opposite. The current distribution shows that the cross pattern
pairs can be viewed as a chiral version of the short wire pairs [44], which has similar
current distributions in the symmetric and asymmetric resonance modes.
This HC pattern structure has multiple effects which include the extraordinary optical
transmission (EOT) and chirality [43]. Compared with NC pattern structure, the hollow
structure can enhance the coupling between units and achieve greater magnetic losses.
But beyond that, in the light-matter interaction, the incident light transforms into evanescent wave. Based on the above two points, the hollow structure achieves a wider
absorption band [45, 46].

4. Conclusion
In summary, we have demonstrated bilayer HC pattern structure with very adaptable
properties, and we have demonstrated a polarization-independent, dual broadband, and
nearly perfect absorption in the visible range utilizing the symmetric and asymmetric
resonance mode effects in the HC structure. In contrast to the first nearly perfect absorption band of NC pattern structure, the HC structure’ first nearly perfect absorption
band is more than two times as broad. This intersection angle introduces symmetric
and asymmetric resonance modes of electromagnetic dipoles and the perfect absorption peaks are achieved at different resonances. The geometry of HC design is simple
and easy to fabricate, and is therefore more suitable for optical frequency applications
than other types of metamaterial designs. These features are highly desired for various
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applications such as photovoltaics, thermal emitters, photodetectors, and metamaterials in general.
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