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We theoretically propose a narrowband perfect absorber metasurface (PAMS) based on surface phonon polaritons in
the terahertz range. The PAMS has unit cell consisting of a silver biarc on the top, a thin polar-dielectric in the middle
and a silver layer at the bottom. The phonon polaritons are excited at the interface between the silver biarc and the polar
dielectric, and enhance the absorption of the PAMS. The absorption peak is at 36.813 pum and the full width half maximum
(FWHM) is nearly 36 nm, independent of the polarization and incidence angle. The electric fields are located at the split
of the biarc silver layer and the quality factor Q is 1150. The FWHM decreases with the decreasing split width. When the
thickness of the bottom layer is larger than 50 nm, the narrow band and high absorption are insensitive to the thickness of
those layers. The designed absorber may have useful applications in terahertz spectra such as energy harvesting, thermal

emitter, and sensing.
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1. Introduction

Metasurfaces (MSs) are artificial dielectric metamateri-
als, which are composed of metal elements with subwave-
length size in periodic or nonperiodic arrangement.!l:?) MSs
support integration and miniaturization of optical components
and control the amplitude, phase, and polarization of the re-
flected wave. Many interesting physical effects were realized,
such as super resolution imaging,*! optical cloaking,!® and
negative refraction.l!

Perfect absorber metasurfaces (PAMSs) have attracted
tremendous interest recently. They exhibit nearly total absorp-
tion in a special frequency range. In general, a PAMS is struc-
tured as follows: a metallic resonators layer, a subwavelength-
thick dielectric layer and a highly reflective layer.!! A per-
fect absorber (PA) has a unity absorption band in gigahertz,!”]

(101 Many nar-

terahertz,!®) visible light,®! or infrared bands.
rowband metasurface absorbers have been proposed, includ-
ing steering,!'! focusing,!'?! total absorption,!!3! solar pho-
tovoltaic cells,!' heat radiations,['>! photo-detections,!'®!
and so on.!'718] Deng et al.!'! proposed a facile meta-
grating hologram approach to address the fundamental lim-

its of both bandwidth and angle tolerance experienced by

DOI: 10.1088/1674-1056/ab81fa

phasegradient metasurfaces. The dual-way polarization-
switchable vectorial meta-holograms realized by our proposed
diatomic metasurfaces provide a new paradigm for a variety of
polarization-encrypted anophotonic applications with drasti-
cally enhanced capacity and security.?" Li er al.>!! reported a
two-dimensional structure with periodically arranging a large
number of individual absorber units in the horizontal and ver-
tical directions. The reflection loss from 9.2 GHz to 18.0 GHz
is under —10 dB (the bandwidth reaches 8.8 GHz), and the
peak of Sy; is —14.4 dB.

Some of representative results of different kinds of nar-
rowband metasurface absorbers are given in Table 1. Various
metasurfaces have their own distinctive characteristics, open-
ing new opportunities for electromagnetic wave manipulation.
The absorption frequency region covering from microwaves
to ultraviolet. Various kinds of localized optical resonances
are commonly used to realize narrowband absorption (e.g.,
Mie resonances, 2% plasmonicresonances, ?*! surface plasmon
resonances, 4! lattice resonance[34]). For the narrowband ab-
sorbers, the higher the Q-factor or the figure-of-merit (FOM)
is, the better the sensitivity is. Thus, a structure with high Q-
factor or FOM has a potential application as a sensor.
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Nos. HSDSSCX2018-77 and HSDSSCX?2018-79), Key Laboratory of Engineering Dielectrics and Its Application (Harbin University of Science and Technol-
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Table 1. Frequency range, wavelength, frequency, absorption efficiency, quality factor and figure-of-merit of narrowband metasurface absorbers.

Frequency range =~ Wavelength Frequency Absorption efficiency ~ Quality factor ~ FOM References
Microwave 1.5,3 mm 10, 20 x 10° Near 100% 54.3,66.7 20181221
THy 167.48 um 1.79 x 1012 99.4% 474 38.8/RIU 20191231
116.20 um 2.58 x 10!2 98.86% 385.07 201704
L 12.9 um 2.3240 x 1013 80% 170 2019123
Mid-infrared
1.6085 pum 1.86 x 104 100% 36.4 20171261
2.6055 pum 1.15 x 10 3.14
2403.15nm 1.2475 x 10 >98% 3640 20171271
1.550 um 1.9341 x 104 >99% 221.43 214.29 20181281
1.55 um 1.9341 x 104 99.8% 1329 2018129
Near infrared 1500-1850 nm 1.62-1.99 x 10" 100% 291 20198301
1.47 um 2.0394 x 1014 100% 6400 20181311
1150 nm 2.6069 x 1014 100% 374 2018832
1125 nm 2.6648 x 104 100% 338.6 20188331
930 nm 3.2236 x 104 99% 63 2017134
750 nm 3.9972 x 1014 95% 233.5 2017131
700-800 nm 3.74-4.28x10'* 99.67% 14.78 2019836
Visible light 642 nm 4.6697 x 1014 20191371
824 nm 3.6383 x 1014 99.95% 50.3
711 nm 4.2165 x 1014 100% 356 20191381
503.5 nm 5.9542 % 104 99.969% 92333/RIU 2019839
Ultraviole 176.1 nm 1.7024 x 10 85% 483 20181401

A phonon polariton means that optical-phonon modes of
lattice vibration couple with electromagnetic waves.!*’! Po-
laritons in polar-dielectrics provide possibly strong photon
confinement. The phonon polaritons are less lossy due to
the charge neutral and bosonic nature of the phonons. The
phonon polaritons have longer propagation lengths and life-
times. Specifically, surface phonon polaritons (SPhPs) sup-
ported on polar crystals,®¥! such as SiC,*°! h-BN[0! and
TIBr,[*! have inherent long lifetimes (~1 ps) and low opti-
cal loss,*! but surface plasmon polaritons (SPPs) in metals,
which are lossy with a lifetime of ~10 fs.[*?) Confinement
factors (B = Ao/Ap, defined as the ratio of free space pho-
ton propagation wavelength to polariton wavelength) of over
40 have been achieved for both h-BN phonon polaritons, 43!
which means that infrared wave (5-20 um) can be modulated
with wavelength down to a few hundreds of nanometers. This
ability to localize light to achieve deep subwavelength control
is of great technological significance as it allows the integra-
tion of the merits of both electronics and photonics at high de-

(44 At room temperature,

vice density into a single technology.
TIBr is stable in the CsCl structure. Thallium bromide shows
great promise for room temperature gamma ray spectroscopy
due to its well-suited material properties and the relative ease
with which it can be grown in bulk. 4]

In this paper, we propose a narrowband PAMS based on a
polar-dielectrics crystal. The PAMS is a sandwiched structure
composed of a biarc silver structure and a silver layer sepa-
rated by a thin TIBr layer. All the simulations are performed
in the COMSOL Multiphysics software with an RF module.
Some basic points for the model and simulation are as fol-
lows: the perfect matched layer (PML) boundary conditions

were used on the top and bottom surfaces. A symmetric peri-
odic boundary condition was used along the x and y directions.
It is noted that periodicity is a basic requirement for metasur-
faces, and thus periodic boundary conditions are applied in
the simulations. The reflection and transmission spectra were
computed via the “S parameter” analysis object, which makes
use of a plane-wave excitation source incident from upside to
the PAMS.

2. Structure design and simulation

The PAMS consists of three functional layers, as shown
in Fig. 1(a). The top layer consists of a biarc silver structure
with thickness dps, which is responsible for the electromag-
netic response. The middle polar-dielectrics crystal (PC) layer
with a thickness dj, offers the required multi-reflection reso-
nance path necessary for destructive interference. The bottom
Ag layer with thickness dy, is used to completely eliminate the
transmission of an electromagnetic wave through the Ms. [
and R are the incident and reflected waves, respectively, while
0 represents the angle between the incidence and z-axis. The
incidence wave and z-axis plane constitute the incidence plane,
while f represents the angle between the incidence plane and
the x-axis. The upper space and the bottom space are air.

For subsequent theoretical and numerical calculations,
the permittivity of polar dielectrics is &. = & + (& —
&) 0r/ (0} — ®® — i®>T), wherein or is the frequency of
the transverse optical phonon and 7 is the damping respon-
sible for losses. We assume that PC is a TIBr crystal with
or =48.0 cm™!, &, = 5.34, § = 30.4 and 7 = 0.01.13%] The
permittivity of silver layers is defined as &, = €. — (& —
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£.)0; /(©* — i®*7'), which appears to be appropriate for the
top surface and bottom layer. The physical parameters of Ag
are taken as @, = 1.419 x 106 rad/s, €., = 4.017, &, = 4.896
and 7/ = 0.01.371 A unit cell of the biarc silver layer is also
shown in Fig. 1(b). The geometry dimensional parameters
of the unit cell are as follows: We fixed the length of the
square a = 6 um, the outer radius r; = 2.5 um, the inner ra-
dius r, = 2.2 um, the width of the strip d; = 0.3 um and the
width of a split d = 0.3 um with the angle ¢, the thickness
dpc = 2 um, dp = 100 nm and dps = 100 nm. The reflec-
tion and transmission are given by R = |r/I|* and T = |t /I|*.
The absorption coefficient (AC) A is calculated by applying
the following equation A =1—-R—T.

(b)

=]

Fig. 1. (a) Conceptual illustration of the proposed three-layered meta-
surface consisting of the TiBr layer sandwiched by top biarc silver sur-
face and a bottom silver layer. (b) The top view of circularly-polarized
metallic sub-cell.

3. Results and discussions

The absorption of PAMS with TE wave normal inci-
dence are shown in Fig. 2. In order to show the influence
of the phonon polaritons, we have simulated the absorption
of PC layer and PAMs. For fixed PC thickness, the absorp-
tion of PAMS of TE wave (black line) and TM wave (blue
line) is significantly larger than that of PC layer (red line).
For TE wave, the maximum absorption is 99.99% at center
of 36.816 um with absorption FWHM of 32 nm. To analyze
the localization of the PAMS, we calculate the quality factor
0 = A/AL = 1150, where AL is the FWHM of the absorp-
tion. For TM wave, the maximum absorption is only 76.7%.
The inset of Fig. 2 shows the electric field patterns (arrows for
the direction and color for the intensity) at interface of biarc
silver and polar-dielectrics crystal at the absorption peaks. For
TE wave normal incidence, the electric fields are parallel to
the PAMS surface and along the y-axis, the electric field fo-
cuses on both sides of the split in biarc structure. The max-
imum of the induced electric field is larger than that of the
incident wave nearly 20 times. For TM polarization, the mag-
netic field is along the y-axis and the electric field is along the
x-axis, the induced electric field is larger than that of the inci-
dent wave only 2.5 times. The electric field is highly localized
for TE wave incidence, resulting in absorption of TE larger
than TM polarization. The absorption peak is located at cen-
ter of 36.816 um, i.e., 8.143 THz for TM polarization. The

narrow-band perfect absorber will provide the great potential
applications to filters and plasmonic refractive index sensors.

1.0

PAMS, TE wave

0.8}
0.6
0.4

0.2

0 1 N 1
36.60 36.70

36.80
A/um

36.90 37.00

Fig. 2. Absorption spectra of TE and TM wave incidence. The red line for
the PC layer with TE wave, black line for PAMS with TE wave and blue line
for PAMS with TM wave. The inset shows the electric field patterns at the
absorption peak of the PAMS for TE and TM polarizations.

1.0
(a) dpc=0.5 ym dpc=1.0 um
A=0.804 A=0.858
08FFLo=7153 Q=438.7
l dpc=1.5 pm
A=0.774
0.6 Q=1375.3

ﬂt \

0.2 :
0

1.0

0.8

0.6

0.4

0.2

36.7 36.8 36.9 37.0 37.1 37.2
A/pm

Fig. 3. Absorption spectra of the PAMS with the PC layer thickness
from 0.5 pm to 3.0 um for TE wave incidence: (a) the PC layer thick-
ness from 0.5 pm to 1.5 pm, (b) the PC layer thickness from 2.0 um to
3.0 pum.

To investigate the effect of the PC layer thickness val-
ues on the absorption amplitudes, we sweep the thicknesses
from 0.5 pum to 3.0 wm with a step size of 0.5 um. The
effect of layer thicknesses on the absorption amplitudes is
shown in Fig. 3. The PC layers with various thicknesses pro-
duced different absorption amplitudes ranging from 0.774 to
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0.998. For dpc = 2.0 um and 2.5 um, the PAMS is a per-
fect absorber. It is worth mentioning that absorption spectra of
dpc = 2.0 um have one absorption peak with high Q. For the
following analyses, we choose the thickness of the PC layer to
be dpc = 2.0 um.

An important characteristic feature of the PAMS is the
angular independence of the incident wave. This is very use-
ful in thermal imaging/sensing and energy harvesting applica-
tions to receive off incident wave. Figure 4 shows the angular
dispersions of the absorbance peak at various angles (6) of
incidence for both TE and TM configurations. For the TE po-
larization (Fig. 4(a)), the perfect absorption at the wavelength
of 36.8163 um with FWHM of 32 nm was maintained up to
60°. The wavelength of absorption peak is not shifted as the
incident angle increases from 0° to 80°, the magnetic field can-
not drive the localize efficiently at large angles. For larger

36.7

| EI?/| Eo|?

0.6

0.2

angle incidence, the maximum of the induced electric field is
larger than that of the incident wave only 1.6 times, as seen in
Fig. 4(c). However, in normal incidence, the maximum of the
induced electric field is larger than that of the incident wave
only 20 times, as seen in Fig. 2. The electric field is about an
order of magnitude lower than that in normal incidence, so the
absorption efficiency is obviously reduced. Conversely, for the
TM polarization (Fig. 4(b)), the absorbance peak is nearly in-
dependent of the incident angle. This is because the direction
of the magnetic field of the incident light remains unchanged
with various incident angles and it can efficiently localize at
all angles of incidence, so the PA has good angular indepen-
dence. For larger angle incidence, the electric field remains
larger than that of the incident wave 3—4 times, so the absorp-
tion is also stable, as seen in Fig. 4(d).

80 (& 0.8
60 0.6
< 40 0.4 <

20 0.2

0

A/pm

3.5
2.5 o
o
S
>
15 8
0.5

Fig. 4. Color plot of angular dependence (0) of absorption: (a) TE polarization, (b) TM polarization. The electric field patterns at the top

surface of PA with (¢) TE and (d) TM waves for 8 = 80°.

Next, we investigate the polarization-angle dependence
of the PA. We employed a TE wave with switching the inci-
dent plane angle () to illuminate the structure, the absorption
is maintained normal incident, as shown in Fig. 5. For nor-
mal incidence, TE and TM indicate § = 0° and 8 = 90°, re-
spectively. The wavelengths of the absorption peak for TE
and TM waves are 36.8163 um and 36.7889 um, respec-
tively. For the incidence wave from TE wave to TM wave,
the absorption of the PA is blue-shifted as 8 increases, Ay =
(Arm — Ate)/AtE ~ 0.07%. Figures 5(b) and 5(c) show the
electric field patterns for § = 45° and 90° (arrows for the di-
rection and color for the intensity) at the top of PA at their
absorption peaks. For § = 0° that is TE wave, the electric
field pattern is shown in Fig. 2(b). For B = 45°, the electric

field focuses on four areas at the boundary of Ag and PC, the
maximum of the electric field is larger than that of incident
wave nearly 15 times, as shown in Fig. 4(b). For 8 = 90°
of TM wave, the electric field is along the x-axis, the electric
field enhancement is located at eight areas around the biarc, as
shown in Fig. 5(c). The electric field inside the biarc is larger
than that outside the biarc. For TM wave, the maximum of the
electric field is smaller than that of TE wave.

To discuss the tolerance of fabricating the PAMS, we sim-
ulate the effect of the split width d, and the angle a. For
a fixed split width, the angle of the split has little effect on
wavelength and FWHM of the absorption peak, as shown in
Fig. 6. We have chosen five angles to simulation, the deviation
of the wavelength of absorption peaks are smaller than 10 nm

054210-4



Chin. Phys. B  Vol. 29, No. 5 (2020) 054210

and the absorptivity has ranged from 97% (a = 0°) to 91%
(e =60°). The electric field patterns of those angles are shown
in Fig. 6(b). The maximum of the electric field is larger than
that of the incident wave nearly 18 times, the electric fields are
located near the split.

For a fixed split angle, the split width has little effect
on the wavelength of the absorption peak and enhances the
FWHM of the PAMS, as shown in Fig. 7. For the split width
from 0.5 um to 2.0 um, the FWHMs increase from 36.9 nm
to 40 nm. The results show that the FWHMs decrease with

0
36.6 36.8 37.0 37.2
A/pm

the decreasing split width. The maximum of the electric fields
decreases from 18 times to 14 times of the incident wave.

We set the biarc structure and bottom layers as silver and
took the thicknesses 5 nm, 10 nm, 50 nm and 150 nm at an TE
wave normal incidence. The thickness of the biarc structure
has little effect on absorption shown in Fig. 8(a). However,
the bottom layer has effect on absorption. The corresponding
absorption ranges from 0.65 to 0.98 as seen in Fig. 8(b). It can
be observed that the absorption peaks are insensitive to vari-
ation of thickness of silver larger than 50 nm. In the studied

14
14
10;—0 ol
= 10§
6 o o
=2 6 B
2
2

Fig. 5. Color plot of angular dependence (f3) of absorption: (a) absorption of PA, and the electric field patterns at the top surface of PA with (b)

B =45°and (c) § = 90°.

1.0

0.8

0.6

<

0.4

0.2

1 1 1
36.78 36.82 36.86

A/pm

0 1
36.70 36.74 36.90

(b) 18
:q_" 4.2
= 10 ~
5] 6 =R
2
a=20° =40°
18 16
45 12 ==
10 2 =
o 8 X
6 3 4 B
2
0

a=60° a=80°

Fig. 6. Absorption spectra for angular dependence (¢t): (a) absorption of PA, and (b) the electric field patterns at the top surface of PA with

o =20°, 40°, 60° and 80°.

1.0
L« (a)
osf B
0.6
< o
0.4}
r dy=0.5 pm
0.2 dy=1.0 ym
do=1.5 pm
dy=2.0 pm

36.76 36.78 36.80 36.82 36.84 36.86
A/pm

8 (b) 14
14 % 10 %5
53] S
10 T .
. 6 <
6 B =
2 2
dy=0.5 pm
14
i ~
10 § S
g = =
=B 5]
2

do=1.5 pm

Fig. 7. Absorption spectra for the split width: (a) absorption of PA, and (b) the electric field patterns at the top surface of PA with d, = 0.5 pum,

1.0 um, 1.5 pm, and 2.0 um.
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regimes, the peak absorbance remains higher than 98% and
the resonant wavelength is also stable. Thus, we choose the
thicknesses of the biarc structure and the bottom layer to be
100 nm to eliminate the transmission wave. All these features
are of importance to practical fabrication and applications.

1.0
[ 0=0"  TE wave (a)
0°
0.8} ¢
[ —dps =5 nm
0.6 — dps =10 nm
< dps =50 nm
L —— dps = 150 nm
0.4
0.2
0 1 1 1
36.7 36.8 36.9 37.0 37.1 37.2
A/pm
1.0
[ 0=0° TE wave (b)
0.8} $=0
L ——d, =5 nm
0.6 F ——dy, =10 nm
< [ dym =50 nm
04l ——dyu =150 nm
0.2
0 1 1 1
36.7 36.8 36.9 37.0 37.1 37.2

A/um

Fig. 8. Absorption spectra for the biarc structure and bottom layer thick-
ness: (a) the biarc structure thickness, and (b) bottom layer thicknesses
dms = 5 nm, 10 nm, 50 nm and 150 nm.

4. Conclusion

We have numerically investigate design of a narrowband
PAMS. The absorber is composed of a biarc silver structure
layer, a T1Br layer, and a silver ground layer. Several possibil-
ities in the geometry of the structure are taken into considera-
tion to obtain the PAMS. Such a PAMS is analyzed by scaling
various design parameters. The simulation results show that
the PAMS is obtained with the absorption at 36.813 pum and
the FWHM nearly 36 nm. The absorption is insensitive to the
polarization and strip angle, and the FWHM decreases with
the decreasing split width. When the thicknesses of the biarc
structure and the bottom layer are larger than 50 nm, the nar-
row band and high absorption are insensitive to the thickness
of those layers. This study can be used for THz imaging and
detection design.
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