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Abstract: Capturing polarization information has long been an important topic in the field of
detection. In this study, two polarization-dependent broadband absorbers based on a composite
metamaterial structure were designed and numerically investigated. Unlike in conventional
metamaterial absorbers, the bottom metallic film is functionalized to achieve a polarization
response or broadband absorption. The simulation results show that the type I absorber exhibits
TM polarization-dependent broadband absorption (absorptivity>80%) from 8.37 µm to 12.12 µm.
In contrast, the type II absorber presents TE polarization-dependent broadband absorption
(absorptivity>80%) from 8.23 µm to 11.93 µm. These devices are extremely sensitive to the
change of polarization angle. The absorptivity changes monotonically with an increase of the
polarization angle, but it is insensitive to oblique incidence. This design paves the way for
realizing broadband polarization-dependent absorption via a simple configuration. It has bright
prospects in thermal detection applications and imaging fields.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The asymmetry in light absorption plays an important role in building a series of optical devices
[1]. These devices are of fundamental significance both in thermal detection and image systems
[2–4]. However, most of these absorption devices require integration with polarizers and hardly
achieve a wide spectral response. The recent rise of metamaterial has attracted much attention
due to its designed electromagnetic properties and effects [5]. It can efficiently manipulate the
states of light on the nanometer scale and allow the creation of materials with effective values of
permittivity and permeability that are not possessed in natural materials [6,7]. Metamaterial
absorbers have been demonstrated in applications, such as photodetection [8–10], optical sensing
[11–13], energy harvesting [14,15], imaging devices [16–18], etc. As a significant branch, plenty
of metamaterial devices have been designed to manipulate the polarization-dependent absorption
of electromagnetic waves.

Utilizing asymmetry patterns to achieve polarization-dependent response has been demon-
strated, and the grating structure has been proved to be feasible in the literatures [19–21].
Owing to the intrinsic narrow bandwidth of plasmonic resonance, it is convenient to construct
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a narrowband metamaterial perfect absorber. However, a broadband absorption response im-
plies absorbing nearly the entire electromagnetic energy in the target wavelength region, thus
improving the utilization efficiency of electromagnetic radiation. Compared with other wave
bands, the long-wavelength infrared range has better detection capability when the target is
close to the heat source, or when there is stray radiation. It is still quite challenging to obtain a
perfect broadband metamaterial absorber using a simple design. There are three main common
approaches to realizing broadband absorption by metamaterial absorbers in current research.
The first arrangement consists of positioning different elements in a horizontal plane [22,23],
the second is placing elements on a multilayer vertically [24,25], and the last method is their
welding with lumped elements [26]. However, they all unavoidably increase the complexity of
the structure as well as the fabrication. It is feasible to construct broadband absorption using a
simple design structure by combining different resonant modes.

In this study, two different types of polarization-dependent broadband absorbers were designed
and numerically investigated. Unlike conventional metamaterial absorbers, in the composite
metamaterial absorbers, the bottom metallic film is functionalized. It is replaced by a nanostructure
to achieve polarization response or broadband absorption. Each layer of the absorber was fully
utilized and designed to achieve the desired characteristics. For the type I absorber, the
grating structure plays a role in broadband polarization-dependent transmission at the top layer,
and the cube is responsible for broadband absorption at the bottom. The absorber exhibits
TM polarization-dependent properties. The average absorptivity is over 83.02% in the long-
wavelength infrared range (8–12 µm) for TM polarization and as low as 5.22% for TE polarization
light. For the type II absorber, the grating structure reflects specific polarized light at the bottom,
producing a broadband polarization absorption response at the top. The absorber exhibited TE
polarization dependence. The average absorptivity was over 91.98% from 8 µm to 12 µm for TE
polarization and only 3.68% for TM polarization. Both absorbers exhibit not only broadband
absorption response and highly polarization-dependent properties, but also angle insensitivity
under oblique incidence and a simple configuration design. Owing to the multifunctionality
of polarization-dependent response and broadband absorption, the absorbers hold potential
applications in thermal detection and imaging fields.

2. Results and discussion

To achieve a broadband absorption response, a metamaterial absorber based on a cube nanostruc-
ture was proposed and investigated. Figure 1(a) shows the configuration of the unit cell of the
metamaterial absorber. The broadband absorber consists of a periodic array of Ti cubes on the top
layer, a Ge dielectric layer, and a Ti bottom layer to prevent transmission. The width of the cube is
0.6 µm and the period is 1.4 µm. The thickness of top layer Ti and middle layer Ge is 0.05 µm and
0.35 µm, respectively. The dimensions of the cube and the layer are chosen to satisfy impedance
matching condition and excite plasmonic resonance response in the long-wavelength infrared
range. The absorption spectrum of the absorber is shown in Fig. 1(b). The material parameters of
Ge and Ti were taken from Palik [27] and Ordal [28], respectively. In the simulation, the unit cell
was set using periodic boundary conditions along with X and Y directions and perfect matching
layer was set along with Z directions. Mesh type was set to auto-optimization gradient meshes.
The absorber exhibits polarization-independent broadband absorption with two resonance peaks
at 6.05 µm and 9.71 µm, respectively. To reveal the physical mechanism of broadband absorption,
the cross section along the x – z plane of the electric field |E| and magnetic field |H| distributions
at the resonance wavelengths are presented in Figs. 1(c)–(f). Surface plasmon polaritons are
excited at the periphery of the metal cube, which leads to SPP-induced light absorption, as shown
in Fig. 1(c) and 1(e). There is an electric field enhancement between adjacent elements, as
shown in Fig. 1(c). As for the magnetic field distribution, the propagating surface plasmon (PSP)
resonance is excited, as shown in Fig. 1(d). The magnetic field not only localizes in the gap
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region under the cube, but is also enhanced between adjacent cells. The resonance in Fig. 1(f) is
the localized surface plasmon (LSP) mode, where the magnetic field is mainly located in the
region between the cube and the Ti bottom layer. The broadband absorption is mainly due to the
combination of the LSP and PSP resonance modes.

Fig. 1. (a) Three-dimensional schematic of a unit cell of the metamaterial absorber. Ti cube
is placed on Ge dielectric layer, and the bottom layer is Ti continuous film. The geometric
parameter is p= 1.4 µm, a= 0.6 µm, t1= 0.05 µm, t2= 0.35 µm. (b) Absorption spectrum for
TM and TE polarization under normal incidence. (c)-(f) The distribution of electric field |E|
and magnetic field |H| at 6.05 µm and 9.71 µm, respectively.

Although the absorber mentioned above can achieve broadband absorption, it is not polarization-
dependent. The asymmetric properties originate from the asymmetry of the pattern, while
using the grating structure, in order to realize that the polarization-dependent property is a very
effective method. To enhance the transmission property, the grating structure is designed to
exhibit dielectric properties in the x-axis direction and metallic properties in the y-axis direction,
by adjusting the geometric parameters. Figure 2(a) shows a schematic of the Ti grating on
the Ge substrate with a period of 1µm. The width and height of the grating are 0.6µm and
2.15µm, respectively. To exhibit a wider bandwidth and higher transmission, the Fabry–Perot
cavity interference effect is enabled when the grating height is approximately one-fourth of the
response wavelength. The results show that the grating exhibits broadband transmission in the
long-wavelength infrared region for TM polarization light (electric field direction along the x-axis
direction) and extremely high reflectivity for TE polarization light (electric field direction along
the y-axis direction) in Fig. 2(b). Because Ti is a highly lossy metal, a part of the incident light is
absorbed by the grating structure. The broadband polarization response of the grating will be
used to construct a polarization-dependent broadband metamaterial absorber in the following
section.

The polarization-dependent broadband composite metamaterial absorber is presented in
Fig. 3, and it is referred to as the type I absorber. The structure combines the two types of
the aforementioned metamaterial structures. It consists of Ti gratings with a width of 0.3 µm
and a period of 1.2 µm on the top layer, an ultrathin Ti cube with a width of 0.8 µm on the
bottom, and a Ge dielectric layer in the middle. The thicknesses of Ti-Ge-Ti layers from top
to bottom are t1= 2.05 µm, t2= 0.4 µm, and t3= 0.05 µm, respectively. To better present the
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Fig. 2. (a) Ti grating on Ge substrate. (b) Response spectrum lines for TM and TE
polarization under normal incidence. The geometric parameter is p= 1 µm, a= 0.6 µm,
h= 2.15 µm

structural features, a three-dimensional and cross schematic of a unit cell of the composite
metamaterial absorber is presented in Fig. 3(a). The response spectrum lines under the TM
and TE polarization incidences are illustrated in Fig. 3(b). The absorptivity can be calculated
using the expressionA(λ) = 1 − R(λ) − T(λ), where, A(λ), R(λ) andT(λ) represent absorptivity,
reflectivity, and transmissivity, respectively. It is observed the absorption device exhibits
broadband absorptivity (>80%) from 8.37µm to 12.12µm for TM polarization. The average
absorptivity is 91.98% in the long-wavelength infrared range (8–12 µm), whereas it was as low as
5.22% for TE polarization light. The polarization-dependent properties of the absorber are shown
in Fig. 3(c). The broadband absorption spectrum under different polarization light and as the angle
is increased from 0° to 90° in steps of 15° is shown. The broadband absorption response decreased
gradually with an increase in the polarization angle. A novel phenomenon is shown in Fig. 3(d), in
which the absorption response and polarization angle show an analogy monotonicity relationship.
That is, the absorptivity at resonance wavelengths and average absorptivity (8-12µm) decrease
monotonically with an increase in the polarization angle. The proposed absorber exhibited a
broadband absorption response and a highly polarization-dependent property.

To gain insight into the mechanism of broadband absorption response, the current density and
electromagnetic field profiles on the x–z plane are calculated for the TM polarization incidence.
As shown in Fig. 4(a), the electric current distributed in the Ti cube reveals the main origin
of the energy loss of broadband absorption. The electric-field intensity is shown in Fig. 4(b).
Surface plasmon polaritons (SPPs) are excited in the gratings and cube structure, and light is
coupled into the air gap of the grating and localized around the metal corners, which leads
to SPP-induced light absorption. The magnetic fields are intrinsically different, as shown in
Fig. 4(c). The resonance at 8.79 µm is the PSP resonance in which the magnetic field is strongly
confined between the adjacent gratings in Fig. 4(c1). The incident light was coupled to the PSP
wave in the air gaps of the gratings. The distribution of the magnetic field at 11.2 µm is the
LSP resonance, and the enhancement is located within the gap between the top gratings and the
bottom cube in Fig. 4(c2). The combination of PSP and LSP resonances lead to a broadband
absorption response. The absorptivity of the absorber for the TE wave is extremely low. There is
no obvious field enhancement effect under the TE radiation. Therefore, the field distribution of
the TE wave is not presented in this paper.

The absorption effect under oblique incidence is an important factor for an effective absorber.
The absorption spectra as a function of the incident angle for TM polarization and TE polarization
are shown in Fig. 5(a) and Fig. 5(b), respectively. The angle was increased from 0° to 60° in steps
of 10°. Furthermore, the designed absorber has stable absorption performance over a wide range
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Fig. 3. (a) Three-dimensional and cross schematic diagram of a unit cell of the composite
metamaterial absorber. The geometric parameter is p= 1.2 µm, w= 0.3 µm, g= 0.3 µm,
a= 0.8 µm, t1= 2.05 µm, t2= 0.4 µm and t3= 0.05 µm. (b) The response spectrum (absorption,
reflectivity, and transmission) for TM and TE polarization light. If not particularly
emphasized, the absorber is always under normal incidence. (c) The broadband absorption
spectrum of different polarization incidence. (d) Absorptivity at resonance wavelengths
and average absorptivity in the long-wavelength range as a function of polarization angle,
respectively.

Fig. 4. Current density J and electromagnetic field distributions of type I absorber at
resonance wavelengths on the x–z plane. The current density J at (a1)8.79 µm (a2) 11.20 µm.
The distribution of electric field |E| at (b1)8.79 µm (b2) 11.20 µm. The distribution of
magnetic field |H| at (c1) 8.79 µm (c2) 11.20 µm.
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of incident angles regardless of being TE or TM radiation. The absorber exhibits angle-insensitive
absorption. At an oblique incidence angle of 40°, the absorptivity at resonance wavelengths and
average absorptivity (8–12 µm) for TM polarization declined slightly, as shown in Fig. 5(a). One
possible reason is the change in the equivalent impedance with oblique incidence. The equivalent
impedance in these two modes can be expressed by the following equations [29,30]:

ηTM=η × cos θ (1)

ηTE =
η

cos θ
(2)

Fig. 5. The absorption spectrum as a function of the incident angle for both (a) TM
polarization and (b) TE polarization.

According to Eq. (1), the equivalent impedance in the TM mode slightly declines with an
increase in the angle. The equivalent impedance of the absorber exhibits a relative mismatch
with the air impedance when the incident angle increases to a certain value, which leads to a
change in absorptivity. Almost all TE polarization light is reflected by the absorber configuration,
and the absorptivity is extremely low; therefore, the TE mode configuration is excluded from this
analysis.

To further improve the absorptivity of the broadband response and polarization-dependent
property, another type of polarization-dependent broadband composite absorber was proposed,
and the absorber was named type II. A schematic of the structure of its unit cell is shown in
Fig. 6(a). It consists of a Ti cube period array on the top layer, a Ti grating period array on
the bottom, and a Ge dielectric layer in the middle. The grating array mainly plays a role in
achieving polarization-dependent reflection. Thus, the thickness of the grating should be greater
than the skin depth of Ti in the target band. The TE polarization light is reflected by the grating
array to minimize the transmission. A period array of cubes was utilized to achieve broadband
absorption. The response spectrum lines are shown in Fig. 6(b). The absorber presents TE
polarization-dependent response and broadband absorption with absorptivity over 80% range
from 8.23 µm to 11.93 µm. Because the TE polarization light cannot pass through the grating
structure, it is reflected in the composite metamaterial structure. TM radiation can pass through
the grating array, and most of it is transmitted and reflected by the metamaterial structure. The
average absorptivity is over 91.98% for TE polarization, and it is only 3.68% for TM polarization
in the long-wavelength infrared range (8–12 µm). The polarization properties of the absorber
under different polarization incidences are shown in Fig. 6(c). The type II absorber exhibits a
polarization phenomenon different from that of the type I absorber, in which the absorptivity
increases gradually with an increase in the polarization angle. The absorption response and
polarization angle show an analogous monotonicity increasing relationship in Fig. 6(d).
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Fig. 6. (a) Three-dimensional schematic of a unit cell of type II metamaterial absorber.
The geometric parameter is p= 2.4 µm, w= 0.6 µm, a= 0.7 µm, t1= 0.5 µm, t2= 0.45 µm and
t3= 0.05 µm, respectively. (b) The response spectrum under TM and TE polarization light.
(c) The broadband absorption spectrum of different polarization incidence. (d) Absorptivity
at resonance wavelengths and average absorptivity in the long-wavelength range as a function
of polarization angle, respectively.

The electromagnetic field distribution of the type II absorber at resonance wavelengths under
TE polarization radiation was calculated to analyze the physical mechanism of the broadband
absorption in Fig. 7. The electric field is simulated in the y-z plane, as illustrated in Fig. 7(a)
and 7(c). It can be seen from the figure that SPPs are excited around the cube, which leads to
SPP-induced light absorption. The magnetic field distributions at the resonance wavelengths
are shown in Fig. 7(b) and 7(d). It is also considered to be a PSP resonance at 8.95 µm and a
LSP resonance at 10.98 µm. The magnetic field at 8.95 µm is not only enhanced between the
adjacent cells but also localized in the gap region underneath the cube, as shown in Fig. 7(a). At
a wavelength of 10.79 µm, the LSP resonance dominates the absorption and the enhancement in
the gap between the cube and the gratings.

Figure 8 shows the absorption spectrum of the type II absorber under oblique incidence for
TM and TE polarization incidences, respectively. The results show that the oblique incidence has
little effect on absorption response for TM polarization, and the designed broadband absorber
can maintain a high absorption in which absorptivity at resonance wavelengths and average
absorptivity are still over 80% when the oblique incidence angle is up to 60° in Fig. 8(a). Similarly,
the slight change in absorptivity is also due to the change of equivalent impedance caused by
oblique incidence. As for TE polarization, from Fig. 8(b), the absorber shows angle insensitive
absorptions, and the absorptivity is independent of incident angle. The results reveal that the
proposed absorber still performs fine angle tolerance when the oblique incidence is increased to
60°.
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Fig. 7. Electromagnetic field distributions of the type II absorber at resonance wavelengths
on the y–z plane. The distribution of electric field |E| at (a) 8.95 µm (c) 10.98 µm, respectively.
The distribution of magnetic field |H| at (b) 8.95 µm (d) 10.98 µm, respectively.

Fig. 8. The absorption spectrum as a function of the incident angle for both (a) TM
polarization and (b) TE polarization.

To better illustrate the two different types of metamaterial absorbers, a comparison of the
broadband absorption and polarization-dependent properties between type I and type II absorbers
are shown in Table 1. The absorbers present different polarization features: type I is TM
polarization-dependent and type II is TE polarization-dependent. This is because for type I
absorber, the grating structure is located at the top layer and it will reflect TE polarized light and
allow TM polarized light to pass through. The absorber only presents high absorption property
for TM light. For the type II absorber, the grating structure is located at the bottom layer. TE
polarized light cannot pass through the grating structure and can be fully absorbed by the absorber.
As for TM polarized light, most of it is reflected and transmitted and rarely absorbed. It can be
seen from the table that the polarization property of type II is higher than that of type I, but the
bandwidth of type I is greater than that of type II. The two designed metamaterial absorbers show
unique absorption characteristics.
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Table 1. Response comparative results between type I and type II metamaterial absorber

Name Configuration Material Response
wave
band

Response
feature

Polarization Average ab-
sorptivity
(8–12 µm)

Bandwidth
(Absorptivity
>80%)

Type I Grating-
dielectric-
cube

Ti-Ge-Ti 8–12 µm TM
polarization-
dependent

TM 83.02% 3.75 µm

TE 5.22% —

Type II Cube-
dielectric-
grating

Ti-Ge-Ti 8–12 µm TE
polarization-
dependent

TE 91.98% 3.68 µm

TM 3.68% —

3. Summary

In conclusion, two polarization-dependent broadband absorbers were demonstrated by utilizing a
composite metamaterial design. The grating structure is used to realize a broadband polarized
response, whereas the plasmonic cube can excite broadband absorption response. The two devices
exhibited significantly different polarized properties. The type I absorber is TM polarization-
dependent, and the average absorptivity is over 83.02% for TM polarization and as low as 5.22%
for TE polarization in the long-wavelength infrared range. For Type II, the absorber is TE
polarization-dependent. Its average absorptivity (8–12 µm) is 91.98% for TE polarization, while
it is merely 3.68% for TM polarization. The absorptivity of the two absorbers can be tuned
by changing the incidence polarization angle. In the case of oblique incidence, the absorption
response exhibits angle-insensitive properties until the angle is increased to 60°. Benefitting
from the simple structural design and highly polarization-dependent broadband absorption, the
proposed absorbers offer many promising applications in infrared detection and imaging fields.
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