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Using Periodic Trapezoidal Silver Strips and Silicon Dioxide Slab
for Polarization-Independent Narrowband Absorber
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Abstract

This paper proposes a perfect electromagnetic absorber composed of a trapezoidal silver metal-dielectric array and a double-
layer base layer. Based on the finite element method, the absorber achieves an absorption efficiency in the near-infrared
band of 99.91% under transverse-electric (TE) polarization, and 93.40% under transverse-magnetic (TM) polarization. And
the accuracy of this calculation result is verified by the finite difference time domain method. By analyzing the distribution of
electric field intensity under other parameters, the mechanism of the structure parameters to affect the absorption efficiency
is studied. Finally, the manufacturing tolerance of each structural parameter is calculated when the absorption efficiency is

above 90%. Trapezoidal perfect narrow-band absorber can be applied in optical sensor and optical detection.
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1. Introduction

Gratings are widely used in many fields due to their special
periodic structure.l**1 With its unique characteristics of beam
splitting, polarization, dispersion, absorption, and phase
matching, gratings occupy an important position in optical
communications,[*® wavelength division multiplexing,5*!
photoelectric sensors,[4 liquid crystal displays,*>*1 and
optical signal acquisition and processing.[*821 The absorber
can achieve single-band and multi-band absorption with
different structural designs. And the use of different materials

can get broad-band and narrowband absorbers.?*%1 Feng et. al.

designed a wide-angle dual-band infrared perfect absorber
based on simple asymmetric T-shaped plasmonic array. The
dual-band absorber realizes two distinct absorption peaks at
the wavelength 4.61 um and 6.53 pm. The nature of the
absorption is due to the localized surface plasmon polariton
(LSPP) mode excited in the cavities. Thus, the two absorption
peaks can be tuned independently by changing the cavity
length of each cavity.?l Wu et al. presented a polarization
independent, wide-angle spectrum selective absorber
exhibiting perfect absorption at the infrared wavelength. It
contains two pairs of stacked metal-dielectric grating
structures. Rigorous coupled-wave analysis (RCWA) and the
simulated annealing (SA) algorithm are employed to obtain
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the optimized structure dimensions of the absorber.
Polarization independent near-unity absorption is achieved at
the wavelength of 1635 nm.P3 Lin et al. investigated the
feature of enhanced absorption for polarization-independent
broad-band absorbers in the visible regime. The absorbers are
three-layered structures consisting of a three-layered structure
consisting of a top layer of tungsten (W) grating, a middle
layer of polysilicon (p-Si) slab, and a bottom layer of tungsten
substrate. Enhanced absorption (A > 80%) occurs over a wide
range of wavelength (200 nm) for both polarizations.?!

This paper presents a narrowband trapezoidal dielectric
array absorber using two materials of silver and silicon dioxide
in the near-infrared wave, using finite element method?"28 and
finite difference time domain method®1 to calculate and
analyze. Table 1 lists the comparison between the absorber in
this paper and the references. Absorption peaks of 99.91% is
simultaneously achieved around the wavelength of 1558 nm
for transverse-electric (TE) polarization, and 93.40% 1is
achieved around the wavelength of 1539 nm for transverse-
magnetic (TM) polarization. The underlying physics of such
perfect absorption effects is also illustrated by investigating
the field distribution and power loss density in these absorbers.
At last, the relationship between the absorption spectrum and
the geometric parameters of the structures is studied. Narrow-
band absorber can transform these signals into visual signals
by changing the current or conductivity and the optical
properties to realize the application of optical sensor and
optical detection.
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Table 1. The comparison between the absorber in this paper and the references.
Absorpti Absorption peak
Grating sorption Grating structure Lo P P Lo
band TE polarization TM polarization
Reported Dual-band ) 99.8% at 4610 nm and
T-shaped plasmonic array —
Ref. [24] narrowband 99.9% at 6530 nm
Reported Single-band . 99.74% at 1635
Tri-layer structure 98.7% at 1635 nm
Ref. [25] narrowband nm
Reported Single-band
eporte mgie-ban Tungsten grating walls 99.9% at 600 nm 99.6% at 609 nm
Ref. [26] broadband
) Single-band Trapezoidal silver metal- 99.91% at 1558
This paper 93.40% at 1539 nm

narrowband

dielectric array

nm

2. Structure of polarization-independent narrowband the size of the model can help reduce computational costs.

absorber
The illustration of the suggested one-dimensional (1D)
absorption structure as well as the propagation configurations
of the incident electromagnetic wave are presented in Fig. 1.
As depicted in Fig. 1, the trapezoidal grating ridges are
periodically arranged on the double-layer dielectric plane with
aperiod d. The upper base of the trapezoidal grating ridge is a,
the lower base is b, and the thickness of each grating ridge is
h;. The duty cycle fi = a/d and f, = b/d. Two-layer metallic
ground plane consists of a silicon dioxide layer with a
thickness of hs and a silver layer with a thickness of h,. Silver
is chosen as the metallic components, and the frequency-
dependent complex dielectric constants are taken from Ref.[*d
The refractive index and dispersion curves of the material used
in the grating are shown in Fig. 2. The simulation of the
absorber in the near-infrared band is realized by the finite
element method. In the finite element method of dielectric
periodic structures, the boundary condition is used to truncate
the open-domain boundary, and the finite element scheme
suitable for the scattering problem of dielectric gratings with
arbitrary gate shape is directly established, the method is
simple and the algorithm program is universal to any structure.
Maxwell's equations in frequency domain are solved by finite
element method. The electromagnetic wave propagates along
the x-y plane, and the electric field is polarized along the z
direction. At the same time, it is assumed that the analog
domain is a complete vacuum, so the Maxwell equation in the
frequency domain can be simplified to:[*!

V. (ﬂ;lVEz) - kgSrEz =0 (1)
Among them, E, is the electric field, the relative permeability
in vacuum, and the dielectric constant is p—=¢~1, and ko is the
wave number. A finite simulation domain and a set of
boundary conditions are needed to solve the above equation
by the finite element method. A finite simulation domain is a
simulation domain with an open boundary, that is, the
boundary of the computational domain allows electromagnetic
waves to pass through without reflection. The exterior is
transparent to all radiation, so some boundary conditions are
applied along the exterior to truncate the domain to a
reasonable approximation of the free space. It is also desirable
to truncate the domain as small as possible, since controlling
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Fig. 1 Schematic of the one-dimensional absorber based on
trapezoidal grating ridge consisted of Ag and SiO,.The optimized
dimensions are d=640 nm, f;=a/d=0.23, f,=b/d=0.27, h;=45 nm,
h=240 nm, h,=200 nm, respectively.
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Fig. 2 The refractive index and dispersion curves of the material

used in the grating.

The grating structure with trapezoidal grating ridge is
modeled and calculated using the wave optics module in
COMSOL software. A data analysis is carried out to set a

Eng. Sci., 2022, 20, 236-243 | 237



Research article

Engineered Science

1.0 1.0
¢ FEM TE b ﬁ * FEM TM
@ FDTD TE ®) : aa FDTD TM
0.8 08 e
A * ]
? 9
= = o 9
206 06} ° ?
Rl o o "]
£ = s b
S ) o ?
1723 ) ] ']
= 04 204 F @ 3
< < 9 9,
9
0.2 02}
0.“ 1 = 1 1 1 ['.0 1 1 1 1 1
1400 1450 1500 1550 1600 1650 1700 1400 1450 1500 1550 1600 1650 1700

wavelength (nm) wavelength (nm)

Fig. 3 The absorption spectrum of the near-infrared band calculated by the finite element method and the finite difference time
domain method at normal incidence (a) under TE polarization and (b) under TM polarization.

domain method is used for verification. By the finite
difference time domain method, M3 szonm = 94.39% |,
Mt ssgnm = 99-89% . The results calculated by the two
methods are almost completely consistent. By using the wave
optics module in COMSOL software, Fig. 4 shows the
normalized electromagnetic field distribution at the absorption

suitable range for the structural parameters of the grating. In
the calculation, its structural parameters are: d=640 nm,
fi=a/d=0.23, £,=b/d=0.27, hj=45 nm, h=240 nm, h,=200 nm.
From the absorption spectrum in Fig. 3, it can be seen that
M s30nm = 93:40% , N1 csgnm = 99:91% . In order to
verify the accuracy of the data, the finite difference time
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Fig. 4 The normalized electromagnetic field distributions at the resonant wavelength of 1558 nm (TE polarization) and 1539 nm (TM
polarization): (a) Electric field and (b) Magnetic field for the TE polarization, (¢) Electric field and (d) Magnetic field for the TM

polarization.
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peak under TE and TM polarization.*4 From Fig. 4(a), it can
be seen that the electric field intensity reaches the peak in the
center of the silicon dioxide (SiO») layer, which is named as
Region A. while the magnetic field intensity distribution map
of Fig. 4(b) shows a completely opposite intensity distribution.
The magnetic field intensity under TE polarization reaches a
valley value at the center of the SiO; layer and the junction of
the two periods of the SiO layer, and the two small areas
above and below the center of the SiO, layer reach a peak
value. Since the absorption depth under TM polarization is not
as large as that under-TE polarization, the electromagnetic
field distribution under TM polarization in Figs. 4(c) and (d)
is not as obvious under TE polarization. However, it can be
seen that the electric field intensity reaches the peak value at
the two bottom corners of the trapezoidal grating ridge which
is named as Region B, and the magnetic field intensity reaches
the peak value at the bottom of the trapezoidal grating ridge.
In addition to the influence of the transmittance of the base
layer and reflection, the absorption of the absorber also
accounts for a part of the loss in the metal layer. Fig. 5 analyzes
the loss in the metal layer under the two polarizations. The loss
under TE polarization is mainly concentrated on the bottom
layer of the grating ridge and the upper surface of the silver
layer substrate, and the loss of TM polarization is partly
concentrated on the very thin layer at the bottom of the grating
ridge. The loss of the absorber in the metal layer is greater
under TE polarization than under TM polarization.

Hm

14 (a) (b)

0.9
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0.7
0.6

0.5

Hm
Fig. 5 The loss in the metal Ag at the absorption peak in the
contrast of the two polarizations under normal incidence.

3. Analysis and discussions

The tolerance of each structural parameter is continued to be
analyzed using COMSOL software based on the finite element
method.®>%1 Fig. 6 analyzes the absorption characteristics of
an angle change at absorption peaks. The polarized wave with
a wavelength of 1558 nm under TE polarization is incident
from the air layer into the grating, and the absorber exhibits
extremely sensitive angle characteristics. The angle range
where the absorption efficiency is higher than 90% is -2° to 2°.

© Engineered Science Publisher LLC 2022

Under TM polarization, the absorber exhibits its large-angle
insensitivity. Within the angular bandwidth of 152°in [-76°,
76°], the absorption efficiency is higher than 90%. It can also
be seen from the calculation results that the absorption
efficiency is symmetric about the axis of vertical incidence.

TE polarization
—TM polarization

OQ

-60° 60°

-900 " L N 1 { . L 1 Il 900

0.0 02 04 06 08 1.0

Absorpion

Fig. 6 Polar plot of the absorption of polarization independent 1D
perfect absorber as a function of incident angle at the peak
wavelength under TE- and TM-wave incidence.

The influence of the duty cycle fi and f, on the absorption
peak is shown in Fig. 7. Under TE polarization, the changing
trends of the duty cycles fi and f; on the absorption peak are
roughly the same. When the duty cycle fi or f; increases, the
absorption peak will shift to the left. In Fig. 7(a), take f; = 0.1
as an example to do a lateral analysis. As the wavelength
increases. The diffraction energy of the diffraction wave is
increased to enter the inner part of the grating, and the higher
absorption efficiency is obtained. When the wavelength
increases beyond the diffraction threshold, the diffraction
wave energy cannot enter the grating, and the absorption
efficiency is close to 0. The electric field intensity diagram
shows that when the TE-polarized light diffracted into the
grating, the energy concentrates at the SiO, layer below the Ag
grating ridge, and the f; increases, that is, the upper bottom of
the grating ridge increases, the blocking of TE-polarized light
increases accordingly, which reduces the absorption efficiency
under TE polarization. From the electric field intensity
diagram of f; = 0.4 in Fig. 7(b), it can be seen that the energy
concentration region moves upward under TM polarization,
which explains the reduced absorption efficiency. When n™F is

higher than 90%, the satisfied range is 1 E[0.20, 0.29] and A

€[1556 nm, 1560 nm]; £,E€[0.22, 0.29] and AE[1558 nm,

1560 nm]. In Fig. 7(c), the electric field of TE polarization at
f,= 0.1 and f, = 0.9 are analyzed, respectively, showing the
blocking of energy by the structural parameter a of the grating
ridge. Fig. 7(d) shows that the electric field intensity
distribution at £ = 0.5, A = 1539 nm is compared with that in
Fig. 4(c). the electric field intensity in region B decreases with
the increase of f>. When fj is in the range of 0.20-0.27, and A
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Fig. 7 Absorption as a function of duty cycle: (a) f; in TE wave and (b) TM wave, (c) f; in TE wave and (d) TM wave from 0 to 1.

is in the range of 1534-1542 nm, n™ is higher than 90%.
When f; increases, the absorption peak under TM polarization
slowly moves to the right. The wavelength A is in the range of
1532-1544 nm at f, = 0.27, and the absorption peak is higher
than 90%. When TM-polarized light is diffracted into the
grating, only the two bottom corners of the grating ridge
capture the energy. This explains why Figs. 7(b) and (d) have
a smaller tolerance range.

Fig. 8 depicts the influence of hs on the absorption
spectrum. When the thickness of the SiO; layer changes, the
TE polarization spectrum of the absorber is distributed
intermittently; the TM polarization spectrum is striped.
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Because the energy of TE-polarized light mainly concentrates
on the SiO; layer whose thickness is hs, the change of hs has a
great influence on the absorption efficiency of TE-polarized
light. As can be seen from Fig. 8(a), the tolerance range at A =
1558 nm shows a point-like distribution. However, the
absorption efficiency under TM polarization is not badly
affected by hs, but confined to its energy capture region, and
hs has a slightly smaller tolerance range. When hs = 240 nm,
the bands with absorption efficiency higher than 90% are
[1556 nm, 1560 nm] under TE polarization and [1532 nm,
1544 nm] under TM polarization.
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Fig. 8 The influences of silicon dioxide layer thickness hs on the absorption performances for the (a) TE and (b) TM polarization.
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Fig. 9 The influence of different grating ridge thickness h; on the absorption peak of the trapezoidal grating ridge absorber for the (a)

TE and (b) TM polarization.

In order to find out the influence of the thickness h; of the
grating ridge on the absorption peak, Fig. 9 describes the
change of the absorption spectrum under different h;. When
the step length is 20 nm, h; increases, the absorption peak
under TE polarization shifts to the right, but the absorption
peak under TM does not move much, and the absorption
efficiency decreases. By analyzing the electric field intensity
distribution at the absorption peak of the absorption curve, it
is found that the electric field intensity under TE polarization
is more affected by h; than that under-TM polarization at the
same step length, the main reason is the energy absorption
region. When 0" of the absorption peak (A = 1558 nm) is
higher than 90%, the manufacturing tolerance of h; is [29 nm,
60 nm]. Under TM polarization, the manufacturing tolerance
of h; is [32 nm, 54 nm] when A = 1539 nm.

The correlation between period d and absorption spectrum
is investigated. It is observed from Fig. 10 that the
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manufacturing tolerance of d is larger under TM polarization
than under TE polarization in the absorption peak band (1550-
1560 nm). As the period increases, the wavelength of the
absorption peak also increases, and there is a positive
correlation between the two. The manufacturing tolerance of
the period d is [638 nm, 642 nm] of TE wave and [632 nm,
651 nm] of TM wave. Similar to the effect mechanism of hs,
the absorption efficiency is affected by the energy absorption
region of TE polarized light, so the change trend is similar to
Fig. 8(a). Under TM polarization, when the absorption
efficiency reaches the maximum, a small amount of energy is
accumulated in Region A besides Region B. Finally, in order
to clearly show the manufacturing tolerances of the absorber,
the tolerance ranges of each structural parameter at the
absorption peaks under the two polarizations are listed in
Table 2.
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Fig. 10 The influences of the period d of the absorber on the absorption performances for the (a) TE and (b) TM polarization.
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Table 2. The manufacturing tolerance of absorber geometrical parameters at the absorption peak with absorption higher than

90%.
Polarizations Absorption Fabrication tolerances
ranges h1l (nm) hs (nm) fl 2 d (nm)
TE n>90% 29~60 239~241 0.11~0.50  0.22~0.35 638~642
™ n0>90% 32~54 238~241 0.14~0.32 0.27 632~651

4. Conclusions

In conclusion, polarization independent 1D perfect absorber
based on trapezoidal grating ridge have proposed. This
absorber has absorption peaks at the wavelength 1558 nm
under TE polarization with the absorption achieve 99.91% at
normal incidence. Under TM polarization, the absorption
efficiency of 93.40% is achieved at the absorption peak with a
wavelength of 1539 nm. It is found that the absorber shows
narrow-angle (angle bandwidth is 4°) absorption
characteristics under TE polarization and wide-angle (angle
bandwidth is 152°) absorption characteristics under TM
polarization. The normalized electromagnetic field pattern
distribution and the loss generated in the metal layer are
explored, which clearly shows the electromagnetic intensity
distribution in the absorber. It is found that the structure
parameters affect the absorption efficiency by affecting the
energy absorption region of the grating. The absorption
efficiency under TE polarization is greatly affected by the
structure parameters of region A, while the absorption
efficiency under TM polarization is greatly affected by region
B. Finally, the manufacturing tolerance of each grating
structure parameter is calculated. Trapezoidal perfect
absorbers have great advantages in optical sensor, optical
detection and other fields.
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