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Abstract: A polarization sorting metamaterial with polarization filtering and absorption is
proposed. When unpolarized incident light strikes the metamaterial, one polarization component
is completely absorbed, and the other polarization component is completely transmitted. We
achieved an absorption extinction ratio of up to 350 and a transmission extinction ratio of
425 simultaneously in the LWIR. Unlike the 50% energy utilization limit of other polarization
absorbers due to the complete reflection of another polarization component, our proposed
metamaterial can be composed of layered polarization selective absorption devices to achieve
more than 90% energy utilization. Therefore our design can provide a new solution for real-time
polarization detection.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metamaterials are a powerful platform to manipulate the amplitude, phase, and polarization
of light at subwavelength scales [1,2]. Metamaterials can achieve functions that are difficult
to achieve by natural materials, such as negative refractive index [3], induced transparency [4],
metalens [5], stealth cloak [6], and near field enhancement [7], and perfect absorption [8]. Among
them, metamaterial absorbers have received extensive attention because they can achieve perfect
absorption at any target wavelength through rational geometric parameters. Since Landy et al.
first proposed and demonstrated a metamaterial absorber working in the microwave band in 2008
[9], perfect absorption based on the metal-dielectric-metal sandwich metamaterial structure has
been achieved in wavelengths varying from microwave to visible light [8,10,11]. Metamaterial
absorbers can confine the incident light field to a spatial scale much smaller than the wavelength,
resulting in local hot spots and perfect absorption within a minimal thickness [12]. It shows
applications in solar energy absorption [13], thermal emitters [14], photodetectors [15], and
optical sensing [16,17], radiative cooling [18].

Previous metamaterial absorbers always focus on their spectral response range and sensitivity
to the incident angle. To maximize the utilization of incident light energy, rotationally symmetric
patterns are often used to obtain polarization-insensitive absorption [8]. In recent years,
polarization-sensitive absorption has begun to receive significant attention with the development of
polarization imaging and polarization detection technology [19-22]. Compared with polarization
filters, polarization gratings, and other devices that require additional assembly, the metamaterial
absorber with polarization selection can be directly integrated into the device with a smaller
size and compact structure. Many reports have used asymmetric resonators to achieve linear
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polarization selective absorption and circular polarization selective absorption [23-25]. However,
the extinction ratio of polarization selective metamaterial absorbers realized by asymmetric
patterns is generally too low to meet the needs of applications. Absorbers using one-dimensional
grating patterns can obtain a high extinction ratio [26-28], and a broad wavelength band’s
polarization-selective absorption can be achieved using combined gratings with multiple widths.
For example, the multilayer dielectric-metal grating structure proposed by Liu Zhang et al.
achieves polarization-selective absorption of three peaks in the mid-and long-wave infrared [28].
Yan Kai Zhong et al. proposed an integrated aluminum grating on a multilayer stacked metal-
dielectric layer, which achieved a broadband absorption in the wavelength range of 1.98-11.74
um [27]. To the best of our knowledge, the strategy to achieve polarization-selective absorption in
existing reports is to absorb one polarization component of the incident light and reflect the other
polarization component. This also means that we cannot obtain information on both polarization
components in a beam of light simultaneously, and the limit of energy utilization is less than
50%. In the polarization detector, absorbers with multiple polarization directions need to be
placed on a plane [29,30], which sacrifices the spatial resolution.

Here we propose a metamaterial that can simultaneously achieve polarization absorption and
transmission. When the unpolarized incident light reaches the surface of the metamaterial, the
TM component (polarization direction parallel to the cut-wire) of incident light coupled with the
cut-wire resonator is completely absorbed. The TE component (perpendicular to the cut-wire
resonator) is transmitted through the metamaterial, which can be further absorbed by the below
layer and utilized. The absorption extinction ratio of our metamaterial at the target wavelength
can reach 380, the transmission extinction ratio can reach 425. Furthermore, we demonstrate that
polarization-selective absorption and transmission over a broad spectral range can be achieved
by adopting the structure of stacking multiple resonators in combination. Unlike the function
switching of absorption and transmission realized by phase change materials such as vanadium
oxide [31-34], our proposed metamaterial can realize real-time polarization-selective absorption
and transmission. It may have promising applications for infrared polarization detection. For
example, we can use layered focal planes to obtain real-time information on both polarization
directions, enabling high-resolution real-time polarization detection.

2. Single wavelength polarization selective absorption and transmission
2.1. Design and modeling

As shown in Fig. 1, our proposed metamaterial consists of a three-layer structure of cut-wire
resonator array-dielectric layer-subwavelength metal grating. Each period of subwavelength
metal grating contains one wire pair. The following geometric parameters characterize the
structure of the metamaterial: The length (x-axis) and width (y-axis) of the cut-wire resonator are
denoted by L and W1, and the period is Py and P,. The period (y-direction) of the subwavelength
metal grating Py, the width of the wire is W5, and the gap of the wire pair is g. The thickness of
resonator, dielectric and grating layers are denoted by ¢4, #,, and #3. The metal here is aluminum
(Al), and the dielectric layer is zinc selenide (ZnSe). We chose aluminum because its optical
properties are comparable to noble metals (gold) in infrared wavebands at a lower cost. Zinc
selenide is a commonly used infrared glass material. In our simulation band, nz,s, =2.36~2.41.
Compared with silicon and germanium, it has a lower refractive index, higher transmittance and
has no absorption in the long-wave infrared band.

To characterize the performance of the metamaterial, we performed a simulation using the
finite-difference time-domain (FDTD) method. The material parameters of aluminum and zinc
selenide were obtained from Rakic [35] and Querry [36], respectively. The light is incident
along the negative direction of the z-axis, periodic boundary conditions are used in the x and y
directions, and the PML boundary is used in the z-direction. We set the geometric parameters
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Fig. 1. Schematic diagram of the metamaterial

of the metamaterial as: L=1.8 um, Wi= W, =g=0.3 pm, P,= Py=P;=2 ym. t; =50nm,
t, = 150nm, 73 = 100nm.

2.2. Result and discussion

The optical properties of our proposed metamaterial are shown in Fig. 2. When the TM wave is
incident (the incident electric field is along the x-axis direction), it behaves as a metamaterial
absorber. The reflectivity at 8.85 pm is less than 0.2%, and the reflectivity at other wavelengths
rises rapidly and gradually approaches 100%. When the TE wave is incident (the incident electric
field is along the y-axis direction), the structure exhibits low reflection. The reflectivity in the
simulated band is lower than 28%. The TM wave has almost no transmission in the entire
simulated wavelength band, except for a transmission peak of about 9% at 9.6 um caused by
surface plasmon resonance. The metamaterial shows high transmission of TE waves in the
whole simulation band, with a minimum transmissivity of 72%, and the transmissivity at long
wavelengths is close to 95%.

The absorptivity of the metamaterial is calculated by A = /-R-T. It can be seen that the TM
wave has a prominent absorption peak in the simulation band, and the absorptivity at 8.85 pm
reaches 94%. In contrast, the TE wave has almost no absorption, the absorptivity in the whole
simulation band is less than 0.5%. We plot the metamaterial absorber’s absorption spectrum (gray
dashed line) with the underlying metal as a continuous layer in Fig. 2(c). It can be seen that the
performance of our proposed metamaterial is comparable to that of the traditional metamaterial
absorber, but only the peak position is slightly blue shifted. To evaluate the polarization-selective
properties of the metamaterial, we calculated the absorption extinction ratio (defined as the ratio
of TM absorption to TE wave absorption) and the transmission extinction ratio (defined as the
ratio of TE wave transmissivity to TM wave transmissivity), respectively. As shown in Fig. 2(d),
the absorption extinction ratio of the metamaterial reaches 380 at the absorption peak of the TM
wave, and the transmission extinction ratio reaches a peak value of 425 at the wavelength of 8.34
um, comparable to that of a grating filter. The peaks of the absorption extinction ratio and the
transmission extinction ratio do not coincide. The transmission extinction ratio decreases due
to the enhanced transmission of the TM wave at the absorption wavelength, but it also remains
above 10.
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Fig. 2. The optical properties of our proposed metamaterial. (a) reflection spectrum, (b)
transmission spectrum, (c) absorption spectrum, (d) and extinction ratio.

We calculated the equivalent impedance of the metamaterial structure to further illustrate the
different responses of TM and TE waves by [37]:

1+ 511)2 - S%l
(1-Sn)* -2

ey

Here Z = Z’ + iZ". The equivalent impedance is calculated from the scattering parameters, and
the impedance of air is considered to be Z,;- = 1. The real and imaginary parts of the equivalent
(Z-1’+z")
@ +1)*+(2)
shown in Fig. 3(a), when the TM wave is incident, the metamaterial’s impedance matches with
the air at 8.85 um, metamaterial behaves as a perfect absorber. As shown in Fig. 3(b), when
the TE wave is incident, the real and imaginary parts of the equivalent impedance are almost
a straight line in the entire simulation band. It shows that the metamaterial is equivalent to a
transparent dielectric flat plate to the incident light.

To further illustrate the physical mechanism of polarization-selective absorption and transmis-
sion of our metamaterial, we plot the electric and magnetic field distributions at the absorption
peak of the TM wave and the same wavelength of the TE wave. As shown in Fig. 4(a), when the
TM wave is incident, the incident electric field couples with the upper resonator and gathers at both
ends of the resonator, causing electric dipole resonance, which is consistent with the resonance
of the metamaterial absorber (Fig. 4(b)). The incident magnetic field is concentrated below the
resonator’s dielectric layer (Fig. 4(d) and (e), thus illustrating that the physical mechanism of our
proposed metamaterial TM wave absorption is consistent with that of a metamaterial absorber
with a continuous metallic bottom layer [38]. Its response wavelength can be interpreted with the

LC circuit model [10] as:
A =21+LC/2 (2

impedance both contribute to the reflectivity of the absorber, according to R = As
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Fig. 3. (a) The impedance of the metamaterial under TM wave incident. (b) The impedance
of the metamaterial under TE wave incident.
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Fig. 4. (a) Electric field distribution at the incident absorption peak of TM wave, (b) electric
field distribution at the absorption peak of metamaterial absorber with continuous metal
bottom layer, (c) electric field distribution at the corresponding wavelength of TE wave
incident, (d) TM wave The magnetic field distribution at the incident absorption peak, (e)
the magnetic field distribution at the absorption peak of the metamaterial absorber with
the continuous metal bottom layer, (f) the magnetic field distribution at the corresponding
wavelength of the incident TE wave.

Here the slight blue shift of the absorption peak position of the TM wave of our metamaterial
relative to the metamaterial absorber is due to the reduction of the effective relative area of the
upper and lower metal layers leading to the reduction of the capacitance. For the incident TM
wave, the underlying metal grating is continuous in the polarization direction of the incident
optical field. Since the incident electric field is concentrated in the range of tens of nanometers at
the edge of the resonator, the metal grating below the resonator can effectively act as a reflection
layer for the same perfect absorption as a continuous metal layer.

For the incident TE wave, it can be seen thaneither the upper resonator nor the lower grating
structure produces a surface plasmon response in the simulated band (Fig. 4(c) and (f)), thus
causing no significant absorption. Due to the small duty ratio of the cut-wire resonators and the
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bottom gratings (0.09 for the upper layer and 0.3 for the bottom layer), the metamaterial can be
regarded as a single ZnSe film. As is shown by the gray dotted line in Fig. 2(b), we calculated
the transmissivity of the ZnSe film using the formula [39]:

T=1-— (no — n2)2c0s26 + (moma/m1 — ,71)2“-”25 5
(0 + m2)*cos26 + (poma /my + m1 ) sin®s

Here 6 = ZT”nld cos 6., is the phase shift in the film. 79, 171, and 77, are the admittances of the
upper dielectric of the film, the film, and the lower dielectric of the film, respectively. Due to
the low refractive index of ZnSe, the transmissivity remains above 90% in the simulation band.
Compared with the ZnSe film, the transmissivity of our metamaterial under TE wave drops by
about 15% at short wavelengths and about 5%at long wavelengths. This is because the strong
reflectivity of metal increases the effective thickness of the film. We plot the transmissivity
(green dashed line) of the 250 nm thick ZnSe slab in Fig. 2(b), which almost coincides with the
metamaterial’s TE wave transmissivity spectrum. It shows that the upper and lower two-layer
metal increases the effective thickness by about 100nm.

Therefore, we can attribute the polarization-sorting function of metamaterials to the polarization-
selective surface plasmon resonance of metamaterials and the high transmittance of ZnSe thin film.
When the TM wave is incident, the metamaterial excites localized surface plasmon resonance and
behaves as a perfect absorber. When the TE wave is incident, the resonator does not excite surface
plasmon resonance in the simulated band. The cut-wire resonators and the bottom gratings do not
cause significant reflections. The metamaterial is approximated as a transparent ZnSe thin film.
Therefore, our proposed metamaterial possesses high transparency (non-absorbing polarized
component) that other polarized metamaterial absorbers do not have.

We examine the effect of the topography of the underlying metal grating on the performance of
the metamaterial. We consider four cases in Fig. 5(a), the gap of the grating line pair is equal to
the resonator width(I), smaller than the resonator width(I), larger than the resonator width(III),
and only a wire grid(IV). Other parameters remain the same as above. As the gap between the
grating line pairs increases, the capacitance between the upper and lower metal layers gradually
decreases. Hence, the absorption peak gradually turns blue from the absorption spectrum of the
TM wave in Fig. 5(b). While the transmission spectrum under TE wave incident of the three
structures I, I, and IIT in Fig. 5(c) are almost the same because the duty cycle of the grating is not
changed. For structure IV, due to the reduced duty cycle of the metal grating, the transmissivity
of the TE wave is significantly higher than that of the other three structures, with a 5% increase
in the whole simulation band. While for TM waves, the absorptivity drops significantly, and the
transmissivity rises significantly, so the performance of polarization selection drops degraded
significantly. Although the grating is located directly below the resonator, the increase in
capacitance between the upper and lower metal layers red-shifts the absorption peak. Its optical
field confinement ability is also significantly reduced, resulting in decreased absorptivity and
increased transmissivity.

To characterize the dependence of the metamaterial’s performance on the incident angle, we
carried out a scanning simulation with the step length as 10° under the incident TM and TE
waves, and the results are shown in Fig. 6. It can be seen in Fig. 6(a) that when the incident
angle of the TM wave reaches 60°, the metamaterial still maintains more than 90% absorption.
The absorption peak wavelength blue shifts with the increase of the incident angle. When the
incident angle reaches 60°, the absorption peak is blue-shifted to 8.55 um since the equivalent
value of the resonator length decreases as the angle between the incident electric field component
and the resonator increases. As is shown in Fig. 6(b), the transmissivity of TE wave decreases
with increasing incidence angle, which follows the prediction of Eq. (3). This reduction is more
pronounced at short wavelengths. When the incident angle reaches 60°, the transmissivity drops
to 46% at 6 um and 83.5% at 16 ym.
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Fig. 5. (a) Schematic diagram of four topographies of the underlying metal grating. (b) The
absorption spectrum of the four structures under TM wave incident. (c) The transmission
spectrum of the four structures under TE wave incident.
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Fig. 6. The dependence of the metamaterial’s performance on the incident angle. (a)
absorption of TM wave, (b) transmission of TE wave.
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3. Broadband wavelength polarization selective absorption and transmission

The high absorption of thin films for broadband infrared radiation is essential for many devices
such as thermal imaging, thermal switches, etc. We try to achieve polarization-selective
absorption and transmission over a broad spectral range. In Fig. 7(a), we replaced the upper
single-layer resonator with a metal-dielectric-metal triple-layer structure. The period is 2.2 um,
the length of the resonator is 2 um, the width is 0.3 pm, and a silicon nitride dielectric layer is
filled between the two resonators. The thickness of the two layers of resonators is 50 nm, and the
thickness of silicon nitride is 100 nm. Other parameters remain the same as above.
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Fig. 7. (a) Schematic diagram of broadband polarization sorting metamaterial stacked
resonator structure, (b) absorption spectrum and absorption extinction ratio (the inset is
the magnetic field distribution at the two absorption peaks), (c) transmission spectrum and
transmission extinction ratio.

Figure 7(b) shows the absorption spectrum and absorption extinction ratio. It can be seen
that when the TM wave is incident, the absorptivity of the stacked resonator structure exceeds
70% in the wavelength range of 7.7 um to 10.1 pm, and the absorptivity at the two absorption
peaks of 8 um and 9.8 um wavelengths reaches 82.2% and 82.6%. When the TE wave is incident,
the absorptivity of the stacked resonator structure is less than 0.3% in the whole simulation
wavelength range, and the absorption extinction ratio reaches more than 250 accordingly. The
average absorption extinction ratio is 293 in the broad spectral range of 7.7-10.1 pm, which is one
order of magnitude higher than previously reported [27,40]. In the inset of Fig. 7(b), we plot the
magnetic field distribution at the two absorption peaks. At the wavelength of 8 um, the incident
magnetic field is mainly concentrated in the silicon nitride layer between the upper and lower
resonators. At the wavelength of 9.8 um, the incident magnetic field is mainly concentrated in
the zinc selenide layer between the lower resonator and the grating. It is shown that the localized
surface plasmon resonance of the two resonators excited respectively induces high absorption at
two wavelengths of the TM wave.
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Figure 7(c) shows the stacked resonator structure’s transmission spectrum and extinction
ratio. It can be seen that under TE wave incident, the stacked resonator structure maintains
high transmission in the whole simulation band, sightly high than the single resonator structure.
The transmissivity of the whole simulation band remains above 80%, the transmissivity at long
wavelengths reaches 96%, and the average transmissivity reaches 91.7%. When the TM wave
is incident, two transmission peaks appear near the wavelengths of the two absorption peaks
due to the localized surface plasmon resonance. At other wavelengths, TM waves exhibit low
transmissivity. In the whole simulation band, the transmission extinction ratio remains above 10,
and the peak value reaches 25. We can further improve TM waves’ high absorption wavelength
range by stacking multiple resonators in the vertical direction or adopting multiple coplanar
resonators of different sizes.

4. Conclusion

We proposed a polarization sorting metamaterial to achieve TM wave absorption and TE wave
transmission simultaneously. We adopted a sandwich structure of cut-wire resonator-dielectric
layer-metal grating. The TM wave incident was perfectly absorbed due to the localized surface
plasmon resonance at 8.85 um. The incident TE wave transmitted the metamaterial in the
whole simulation band. Therefore, the absorption extinction ratio of our proposed metamaterial
reaches 350, and the transmission extinction ratio reaches 425. In addition, we adopt stacked
resonators to achieve polarization-selective absorption and transmission with a wide wavelength
range of 7.7-10.1 um. Our proposed polarization sorting metamaterial can bring new ideas for
infrared polarization imaging. For example, we can use layered focal planes to obtain real-time
information on both polarization directions. Although the transmission extinction ratio of the
broadband polarization-selective metamaterial is not very high due to the transmission of TM
waves, we can employ polarization sorting metamaterial (top) and polarization-selective absorber
(low) bilayer focal planes to achieve real-time full-polarization component imaging with a high
extinction ratio and spatial resolution.
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