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Ultrahigh Extinction Ratio Long-Wave Infrared
Polarization-Selective Broadband Metamaterial Absorber

Zheng Qin, Zhongzhu Liang,* Xiaoyan Shi, Dejia Meng, Rui Dai, Chunfang Sun,
Wei Xin, Fuming Yang, Yingzheng Ren, and Jiajing Feng

Metamaterial absorbers (MAs) provide new miniaturization, integration, and
high-performance solution for infrared polarization imaging systems. However, it
is challenging for past MAs to obtain broadband absorption and a high extinction
ratio simultaneously. Herein, a long-wave infrared broadband polarization-
selective MA with an ultrahigh extinction ratio is proposes and numerically
demonstrated. The MA is composed of a metal-dielectric—-metal sandwich
structure. The cut-wire resonator on the top layer and the wire pair on the bottom
layer provide the MA with excellent polarization selectivity. In the wavelength
range of 8.28-14.15 pm, the absorption of the Transverse Magnetic (TM) wave is
greater than 90%, while the absorption of the Transverse Electric (TE) wave is less
than 0.15%, and the average extinction ratio reaches 724. The high extinction
ratio remains to reach 119 when the MA is integrated into a silicon substrate.
This work promises to bring new solutions to infrared polarization imaging.

1. Introduction

Metamaterials are artificial structures with subwavelength-
ordered arrangements. Their optical properties can be manipu-
lated by changing the morphology and arrangement of their unit
cells, thereby receiving extensive attention and research in
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recent years.'™ Metamaterial absorbers

(MAs) can concentrate and perfectly absorb
incident light of target wavelength in a
thickness much smaller than the wave-
length,”) wildly applied in solar energy-
harvesting,'® thermal emitters,"”! sensing,®*!
photoelectric detection,™ etc. Since the first
MA working in the microwave band pro-
posed in 2008, this subwavelength perfect
absorption structure based on the patterned
metal-dielectric-metal sandwich structure
has been verified theoretically and experi-
mentally in various wavelength bands from
microwave to visible light.!'*~°!

Previous MA studying often focuses on
only their spectral response range. These
designs employ rotationally symmetric
patterns to maximize the utilization of
incident light energy to obtain polarization-
insensitive broadband or narrow-band absorption.!*>"~2"!
In recent years, polarization imaging and detection techniques
have developed booming,*!*% and polarization-selective absorp-
tion has become increasingly important. Generally, the sponta-
neous emission and reflection of objects in the infrared band
have polarization characteristics. Therefore, more abundant
and multidimensional information can be obtained by detecting
polarization state differences, thereby improving the detector’s
ability to identify targets in complex backgrounds. However,
the traditional infrared focal plane cannot distinguish polariza-
tion information. To realize polarization detection, additional
polarization optical components such as Woolaston prism,
Glan-type polarizer, dichroic film polarizer, wire grid polarizer,
etc. are required to modulate the incident light.”>®! These addi-
tional devices make the detection system bulky and complex.*”!
Integrated MAs enable infrared focal planes to obtain pixel-level
spectral and polarization selectivity simultaneously, making it
more compact and economical and avoiding the optical path
alignment problem caused by the additional assembled device.*®!
The polarization-selective absorption of MAs is usually via the
anisotropic resonator, such as asymmetric patterns or 1D grating
patterns.'%?*733 For polarized elements, the extinction ratio,
defined as the ratio of the intensity of two polarization parame-
ters, is a critical performance parameter. In the infrared polari-
zation imaging application of MAs, although the extinction ratio
of a single wavelength can reach 136,%* the average extinction
ratio of broadband is still less than 50,2 and the polarization
selection ability is far inferior to existing polarimeters such as
wire gratings.*®l

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


mailto:liangzz@nenu.edu.cn
https://doi.org/10.1002/adpr.202200269
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

Here, we propose a long-wave infrared polarization-selective
metamaterial absorber (PSMA) configuration with wide operat-
ing bandwidth and ultrahigh extinction ratio. The three-layered
PSMA consists of the top layer resonator array, the wire pair bot-
tom, and a dielectric layer filled in the middle. The TM wave com-
ponent of the incident light is coupled with the cut-wire
resonator, excites the propagating and localized surface plasmon
resonances (LSPRs), and induces high absorption to exceed 90%
in the wavelength range of 8.28-14.15 pm. The absorption of the
TE wave component is effectively suppressed below 0.15% owing
to the polarization-selective response of the top resonator and
bottom wire pair. Therefore, the PSMA has an excellent
polarization-selective ability close to commercial metal gratings
in the broad spectral range of long-wave infrared as its average
extinction ratio reaches 724 (peak value 1700). The polarization-
selective broadband absorption of our PSMA depends on the res-
onator and the underlying metal’s topography. The broadband
absorption and polarization selectivity are maintained when
the PSMA is integrated into a transparent substrate. Our pro-
posed PSMA may be a candidate for high-performance infrared
polarization detection devices.

2. Modeling and Simulation

As shown in Figure 1a, our proposed PSMA consists of a three-
layer structure of cut-wire resonator array—dielectric layer—metal
wire pair. The geometric parameters of the PSMA are character-
ized by the unit period P, the resonator length L, the resonator
width W;, the metal wire pair width W,, the intermediate gap g,
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the resonator thickness ¢, the dielectric layer thickness d, and the
metal wire pair thickness t,. Here, the material of the top reso-
nator is titanium (T1i), the dielectric layer is silicon (Si), and the
wire pair is aluminum (Al). These materials are commonly used
in existing infrared devices and can be prepared by magnetron
sputtering or electron beam evaporation. The top resonator array
and underlying wire pair can be prepared by nanoprocessing
methods such as electron beam lithography (EBL) and nanoim-
printing. To characterize the performance of the metamaterial
absorption, we performed a simulation using the finite-difference
time-domain (FDTD) method. The material parameters of Al and
Ti were obtained from Raki¢,?”) and the material parameters of
Si were obtained from Palik;®® the optical parameters in the sim-
ulation band are shown in Figure 1b. In the simulation, the
geometric parameters of the PSMA are set as: P=15pm,
L=1.2pm, W; =200nm, g=300nm, W, =300nm, t =50 nm,
d=650nm, and #, =100 nm. The light is incident perpendicu-
larly along the negative direction of the z-axis. Periodic boundary
conditions are used in the x and y directions, and the perfectly
matched layer (PML) boundary is used in the z-direction.

3. Optical Properties and Physical Mechanisms

When the incident light is a TM wave, which electric field vector
is incident along the x-axis, parallel to the cut-wire resonator.
As shown in Figure 1c, the absorption of PSMA is more than
80% in the wavelength range of 7.97-14.95 ym and exceeds
90% in the wavelength range of 8.28-14.15 pm. The absorption
peaks are located at 8.95 and 13.1 pm, and the absorptivity reach
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Figure 1. a) Schematic diagram of the configuration of PSMA. b) The optical parameters of Al, Ti, and Si (date from refs. [37,38]). c) The absorption

spectrum and extinction ratio of PSMA.
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97.5% and 94.1%, marked by m, and m,, respectively. When the
TE wave is incident, the electric field vector along the y-axis is
perpendicular to the cut-wire resonator. The absorption of the
PSMA in the whole simulation band is less than 4%, and the
absorptivity decreases with the wavelength increase. The absorp-
tivity at the wavelength of 8 pm is about 0.5%, and the average
absorption in the wavelength range of 8.28-14.15 pm is about
0.15%. The extinction ratio of a MA is defined as the ratio of
the absorbed TM wave light intensity to the TE wave light inten-
sity, which can be expressed as the ratio of the TM wave and TE

wave absorptivity: (4 ) = /2((?)1':, and the average extinction ratio is
expressed as: 7j / f‘ld " It can be seen from Figure 1c that the

maximum extinction ratio of the PSMA in the simulation band
can reach 1700 (at 14.2 ym), and the average extinction ratio in
the wavelength range of 8.28-14.15 pm reaches 724. This value is
much higher than previous reports,*®** and our proposed
PSMA polarization-selective ability is close to that of commercial
polarization gratings.

To analyze the physical mechanism of broadband polarization-
selective absorption, we plot the electric and magnetic field dis-
tributions at the two absorption peaks upon TM wave incidence
in Figure 2. The electric and magnetic field distributions at cor-
responding wavelengths when TE waves are incident are also
listed below. We marked the outline of the resonator in the figure
with a white dashed line. Figure 2a shows the electric field dis-
tribution of the two absorption peaks of 8.95 and 13.1 pm under
TM wave incidence. It can be seen that the incident electric field
is concentrated at the edges on both sides of the resonator, and its
intensity at 13.1pm is about 3 times stronger than that at
8.95 um. Figure 2b shows the cross section of the magnetic field
distribution at the wavelengths of 8.95 and 13.1 pm under TM
wave incidence. The incident magnetic field is mainly concen-
trated near the upper and lower surfaces of the resonator.
The difference between the two absorption peaks is that a part
of the magnetic field at 8.95 pm is concentrated near the upper
surface of the wire pair below the two sides of the resonator, indi-
cating that the propagating surface plasmon (PSP) is excited.
At the wavelength of 13.1 pm, a part of the magnetic field is

Figure 2. a) The electric field distribution at the two absorption peaks of the TM wave incident, b) the magnetic field distribution at the two absorption

peaks of the TM wave incident, and c) the electric field distribution at the corresponding wavelength of the TE wave incident, d) the magnetic field
distribution at the corresponding wavelength of the TE wave incident.
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concentrated in the dielectric layer just below the resonator,
indicating that the localized surface plasmon (LSP) is excited.
For PSPI*’

P Eméq
e [ (1)
P45tV emtTeq

Here, P is the period of the PSMA; ¢, and ¢4 are the permit-
tivity of metal and dielectric, respectively. The LSP can be
explained by the equivalent circuit model™*”!

Jisp = 21c/LC/2 2)

Here, L and C are the equivalent inductance and equivalent
capacitance. The equivalent inductance depends on the dielectric
constant of the material and the distance between the two layers
of metal and has L « d. For equivalent capacitance, C « % and
Cx %

When the TE wave is incident, the cut-wire resonator does not
generate surface plasmon resonance in the simulated wavelength
range. As shown in Figure 2¢,d, neither the incident electric field
nor the magnetic field has a noticeable concentration effect.
On the other hand, as the duty cycle of the underlying wire pair
is small and the size in the y-direction is much smaller than the
wavelength (<1/20 1), it cannot support efficient reflection, and
cavity modes cannot be excited here. In addition, silicon is a loss-
less dielectric in long-wave infrared, so there is no appreciable
absorption of TE wave in the whole simulated wave band.

Next, we analyze the effect of the geometric parameters of the
resonator on the performance of PSMA. Figure 3a shows that as
the length of the resonator increases, m, produces a noticeable
redshift while the position of m; maintains. As predicted by
Equation (2), the MA’s equivalent capacitance increases with
the resonator’s length, resulting in a redshift of the LSPR.
Figure 3b shows that the change in the resonator length little
affects the absorption of the TE wave and the absorption spec-
trum of the three cases with different values of the resonator
length overlap entirely. As shown in Figure 3c, as the period
increases, my has a redshift, which is in line with the prediction

A Q [H/[Hol

/1PSP =

(o]

0
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Figure 3. a) The dependence of the TM wave absorption spectrum on resonator length, b) the dependence of the TE wave absorption spectrum on
resonator length, c) the dependence of the TM wave absorption spectrum on resonator width, and d) the dependence of the TE wave absorption spec-

trum on resonator width.

of Equation (1). And m, produces a blueshift owing to PSMA’s
equivalent capacitance decreasing with the period’s increase
(according to Equation (2)). Due to the opposite movement of
my and m,, the absorption bandwidth of PSMA also decreases
with the period increasing. Figure 3d shows that the absorption
of the TE wave slightly decreases as the period increases, which is
due to the decrease in the duty cycle of the underlying wire pair
as the period increases.

4. Influence of Top and Underlying Metal
Patterns on the Performance of PSMA

As mentioned above, the size change of the resonator has little
effect on the polarization-selective ability of PSMA. Next, we will
analyze the effect of the resonator and underlying metal
topography.

Figure 4 shows the dependence of PSMA performance on the
top resonator pattern. Figure 4a shows that we consider three
resonator patterns: cross-shaped, I-shaped, and T-shaped. The
length of the three patterns is equal to the length of the cut-wire
resonator, L; = L= 1.2 pm, the width is the same as that of the
resonator, and the short axis length of the I-shaped resonator is
L, = 0.6 pm. The absorption spectrum of the incident TM wave is
shown in Figure 4b. It can be seen that the absorption of the
cross-shaped resonator almost coincides with the cut-wire

Adv. Photonics Res. 2023, 4, 2200269 2200269 (4 of 8)

resonator, indicating that the existence of the longitudinal axis
of the cross-shaped resonator hardly affects the absorption of
the TM wave. Compared with the cut-wire resonator, the m;
of the I-shaped resonator and the T-shaped resonator has almost
no change, while the m, has a significant redshift, and the
absorptivity decreases. The electric dipole resonance generated
by the coupling of the incident TM wave and the resonator makes
the incident electric field concentrated at both ends of the reso-
nator, so the topography changes at both ends of the resonator
can significantly affect its LSPR. Although the I- and T-shaped
resonators are only elongated in the y-direction relative to the
cut-wire resonators, the effective length of the resonators
increases significantly, so the LSPR peaks (m,) are redshifted.
The absorption spectrum of the incident TE wave is shown in
Figure 4c. It can be seen that the absorption of the TE wave
of the three pattern resonators is significantly increased com-
pared with the cut-wire resonator. The absorption of the cross-
and T-shaped resonator structures is more than 4% in the whole
simulation band and close to 20% at the wavelength of 6 pm.
The absorption of the I-shaped resonator structure is slightly
higher than that of the cut-wire resonator in the wavelength
longer than 10 pm, while it is significantly elevated in the wave-
length band less than 10 pm and reaching 34% at the wavelength
of 6pm. Therefore, only cut-wire resonators can achieve
broadband polarization-selective absorption with high extinction
ratios.
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Figure 4. Optical properties of MAs with different resonator patterns. a) Schematic diagram of three resonator patterns, b) absorption spectrum of TM

wave, and c) absorption spectrum of TE wave.

Figure 5 shows the dependence of PSMA performance on the
underlying metal pattern. Figure 5a shows that we consider three
cases of underlying layer: a rectangular hole at the corresponding
position of the resonator, a strip grating directly below the cut-
wire resonator, and a continuous layer (plane). Here, the width of
the rectangular hole and the stripe grating equals the gap of the
wire pair (Figure 1a), g= 300 nm. The length of the rectangular
hole is equal to the cut-wire resonator, L; = L = 1.2 pm. It can be
seen in Figure 5b that the rectangular hole configuration and the
continuous layer configuration exhibit broadband absorption,
and the positions of the two absorption peaks are slightly
blueshifted relative to the wire pair configuration. Meanwhile,
the two absorption peaks of the stripe grating configuration have
noticeable redshifts relative to the metal wire pair configuration,
and the absorptivity of the m; has dropped significantly.
The absorption spectrum of the incident TE wave is shown in
Figure 5c, and the absorption spectrum of the stripe grating
configuration almost coincides with the wire pair configuration.
The continuous layer configuration excites an F-P cavity mode at
the wavelength of 9.1 pm with an absorptivity of 16%. The rect-
angular hole configuration excites a new resonance mode and
couples with the F-P cavity mode, resulting in the absorptivity

Adv. Photonics Res. 2023, 4, 2200269 2200269 (5 of 8)

at the wavelength of 10.5 pm (absorption peak) reaching 30%,
and the absorptivity at 6 pm is close to 50%. The continuous layer
and the rectangular hole configuration noticeably lack polariza-
tion selectivity due to the noticeable absorption of TE waves.
The duty cycle of the underlying metal pattern indeed determines
the polarization selectivity of PSMA. Despite the stripe grating
configuration having low TE wave absorption, its TM wave
absorption is lower than that of the wire pair configuration.
For more, we calculate the performance of PSMA when the
lower metal wire pairs take different values. Figure 6a shows
the absorption spectrum of the TM wave. When W, =200 nm,
the working wave band of PSMA redshift (relative to
W, = 300 nm) and the A > 90% wavelength range is 9-14.75 pm.
When W, =400 nm, the working wave band of PSMA blueshift
(relative to W, =300 nm) and the A > 90% wavelength range is
7.92-113.6 pm. Figure 6b shows the absorption spectrum of the
TE wave. The PSMA’s absorption to the TE wave decreases with
the decrease of the wire pair’s width (duty cycle). Accordingly, as
shown in Figure 6¢, PSMA’s extinction ratio increases with the
wire pair’s width (duty cycle) decrease to a certain extent.
When W,=200nm, PSMA’s average extinction ratio in the
wavelength range at 9-114.75 pm reaches more than 1300.
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Figure 5. Optical properties of MAs with different underlying metal patterns. a) Schematic diagram of three underlying metal patterns, b) TM wave
absorption spectrum, and c) TE wave absorption spectrum.
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Figure 6. Optical properties of PSMA with different values of W,. a) TM wave absorption spectrum, b) TE wave absorption spectrum, and
c) the extinction ratio of the MA.

When W, =400 nm, the average extinction ratio of PSMA in the
wavelength range at 7.92-113.6 pm decreases to 398. Although
PSMA obtained a higher extinction ratio when W, =200 nm,
its TM wave absorption bandwidth and average absorptivity
slightly decreased.

5. With a Substrate

In the previous simulations and calculations, we only considered
the metal-dielectric-metal three-layer structure, that is, the case
where there is no substrate under PSMA. For general MAs, the
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Figure 7. a) Schematic diagram of the configuration of PSMA with silicon substrate, b) the TM wave absorption spectrum of PSMA, c) the TE wave

absorption spectrum of PSMA, d) the extinction ratio spectrum of PSMA.

underlying metal is a continuous layer thick enough to block any
incident light’s penetration, so the underlying substrate’s influ-
ence is not considered in calculations and analyses. When the
underlying metal is no longer a continuous plate, it cannot
wholly block the penetration of incident light, whether for TM
or TE waves. In this condition, we need to consider the interac-
tion of the incident light with the medium (substrate) below the
underlying metal.

As shown in Figure 7a, we added a silicon substrate (300 pm)
much thicker than the wavelength below the structure of
Figure la, and considering the practical fabrication, the wire
pairs are wrapped in the silicon substrate. Figure 7b shows
the absorption spectrum of the incident TM wave. It can be seen
that the existence of the substrate has almost no effect on the
absorption of the TM wave, and the absorptivity of the with-
substrate configuration in the wavelength range of 8.17-14.67 pm
is greater than 85%. Figure 7c shows the absorption spectrum
of the incident TE wave. It can be seen that the absorption of
the TE wave with the with-substrate configuration is improved
compared with the without-substrate configuration. The absorp-
tivity of the PSMA reaches 3.3% at the wavelength of 6 pm, 1.7%
at 8 ym, and 0.4% at the longer wavelength. Due to the increased
absorption of the TE wave, the extinction ratio of the with-
substrate configuration is less than that of the without-substrate
structure. As shown in Figure 7d, the average extinction ratio of
the with-substrate configuration in the wavelength range of
8.17-114.67 pm drops to119.

Adv. Photonics Res. 2023, 4, 2200269 2200269 (7 of 8)

6. Conclusion

We propose a broadband PSMA design with an ultrahigh extinc-
tion ratio. The cut-wire resonator—dielectric layer-wire pair sand-
wich structure exhibit high absorption exceeding 90% of TM
wave in the wide wavelength range of 8.28-14.15 um and signifi-
cantly low absorption of TE wave, and then ultrahigh extinction
ratio with an average value of 724 is obtained. The broadband
absorption of TM waves is owing to the simultaneous excitation
of PSPR and LSPR. In contrast, the low absorption of TE waves
benefits from the polarization-selective properties of cut-wire
resonators and the underlying wire pair. The resonator pattern
and the underlying metal pattern determine the broadband
polarization-selective capability of PSMA. When PSMA is inte-
grated into a silicon substrate, the broadband absorption and
high extinction ratio can still be maintained. Our proposed
PSMA is expected to be applied in infrared polarization detection
and thermal polarization emitters.
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